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Peripheral cytokines affect central nervous system (CNS) function, manifesting in symptoms of anxiety and cognitive decline. Although

the peripheral blockage of tumor necrosis factor (TNF)-a has been effective in alleviating depression and rheumatoid arthritis, it is yet

unknown whether central blockade of TNF-a is beneficial for immune-challenged CNS function. This study investigated the effects of

central etanercept administration following a peripheral immune challenge on anxiety-like and cognition-like behaviors and microglia and

astrocyte numbers. Twelve-week-old C57BL/6 mice (n¼ 40) were treated with either LPS or saline administered peripherally 24 h

before being treated with either etanercept or artificial CSF (aCSF) by intracerebroventricular injection. Mice underwent behavioral

analyses for locomotion, memory, and anxiety-like behavior 24 h post-etanercept/aCSF treatment, and tissue was collected to estimate

the numbers of hippocampal microglia and astrocytes. Following peripheral immune challenge with LPS, mice showed increased anxiety-

like behavior, which was significantly improved following treatment with etanercept (two-way ANOVA: Interaction: F(1,30)¼ 0.60,

P¼ 0.44; Saline/LPS challenge: F(1,30)¼ 23.92, Po0.0001, etanercept vs aCSF: F(1,30)¼ 11.09, P¼ 0.0023). For cognition, a significant

interaction effect found by two-way ANOVA (Interaction: F(1,20)¼ 4.96, P¼ 0.037, Saline/LPS challenge: F(1,20)¼ 4.966, P¼ 0.31, aCSF/

etanercept treatment: F(1,20)¼ 0.06, P¼ 0.80) and post-hoc analysis revealed a significant decrease in cognition in LPS-aCSF compared

with Sal-aCSF mice (P¼ 0.038), but no significant difference was noted between LPS-aCSF and LPS-Etan mice (P40.9). A significant

reduction in the number of microglia within the hippocampus of these mice was noted (two-way ANOVA: Interaction: F(1,15)¼ 11.41,

P¼ 0.0041; Saline/LPS challenge: F(1,15)¼ 50.13, Po0.0001, etanercept vs aCSF: F(1,15)¼ 3.36, P¼ 0.08). Centrally administered

etanercept improved anxiety-like behavior but not spatial memory under a peripheral immune challenge and was associated with a

decrease in the hippocampal microglia numbers. This suggests that etanercept recovers anxiety-like behavior possibly mediated by a

reduction of TNF-a-related central inflammation.
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INTRODUCTION

Tumor necrosis factor (TNF)-a has an important role in the
development and progression of cognitive decline, as well as
depressive and anxiety disorders (Bai et al, 2013; Baune
et al, 2012; Camara et al, 2013; Kaster et al, 2012). Indeed,
peripheral inflammatory conditions like rheumatoid arthri-
tis (RA) and psoriasis that show high levels of circulating
TNF-a are associated with psychiatric symptoms, such as
cognitive decline, anxiety, and depression (Bassukas et al,
2008; Chandarana et al, 1987; Menter et al, 2010).
This association is likely related to extensive cross-talk

occurring between immune cells within the central nervous

system (CNS), such as microglia, and peripheral TNF-a-
producing monocytes (Kerfoot et al, 2006). Peripheral
lipopolysaccharide (LPS) inflammation activates Toll-like
receptor 4 present on circumventricular organs and choroid
plexus, resulting in NFkB activation and subsequent
production of TNF-a. This activates microglia (Rivest,
2003), creating a positive feedback loop whereby activated
microglia produce more TNF-a and other pro-inflammatory
cytokines (Nadeau and Rivest, 2000). These pro-inflamma-
tory cytokines activate neurons, causing an increase in
DFosB within regions such as the limbic system that govern
mood-like behaviors (Frenois et al, 2007). Indeed, infiltra-
tion of immune cells into the CNS can result in behavioral
changes manifested by increased anxiety and depression
(Dantzer et al, 2008).
One current method used to abate this inflammatory

process is through the use of TNF-a antagonists, such as
etanercept. It is a large (molecular weight of 150 000Da)
fusion protein that consists of extracellular region of human
TNF-R2 fragment coupled to an Fc region of human IgG

*Correspondence: Professor BT Baune, Discipline of Psychiatry, School
of Medicine, University of Adelaide, Adelaide, SA 5005 Australia,
Tel: +1 61 8 8222 5141, Fax: +1 61 8 8222 2774,
E-mail: Bernhard.Baune@Adelaide.edu.au
Received 21 March 2014; revised 22 July 2014; accepted 31 July 2014;
accepted article preview online 8 August 2014

Neuropsychopharmacology (2015) 40, 502–512

& 2015 American College of Neuropsychopharmacology. All rights reserved 0893-133X/15

www.neuropsychopharmacology.org

http://dx.doi.org/10.1038/npp.2014.199
mailto:Bernhard.Baune@Adelaide.edu.au
http://www.neuropsychopharmacology.org


that binds to transmembrane TNF-a and acts as a decoy
receptor (Mohler et al, 1993). Etanercept is clinically used
in the treatment of RA and psoriasis, via subcutaneous
administration (Hunt and Emery, 2013; Tyring et al, 2007),
and reduces co-morbidities of depression and cogni-
tive impairment (Kekow et al, 2011; Tyring et al, 2006).
As this drug cannot cross the blood–brain barrier (BBB)

due to its large size (Boado et al, 2010), it is unable to
directly interact with TNF-a present within the CNS and
exerts its effects peripherally. However, etanercept indir-
ectly reduces CNS inflammation by decreasing peripheral
inflammation and preventing cross-talk (Kerfoot et al,
2006). This principal was evident in a 12 week treatment
trial in psoriasis patients, where improved depressive
symptoms were observed following subcutaneous etaner-
cept injections (Tyring et al, 2006).
However, it is uncertain whether central blockade of

TNF-a is efficacious in preventing CNS manifestations of
peripheral inflammatory diseases. Furthermore, although
research into the effects of centrally and peripherally
administered TNF-a blockade on cognition and depressive
symptoms has improved our understanding of cytokine
actions in the CNS (Couch et al, 2013; Tobinick and Gross,
2008), little work has been undertaken to enhance our
knowledge on the effects of TNF-a blockade on anxiety
behaviors. This is surprising as peripheral inflammatory
conditions, such as RA and psoriasis, involving TNF-a
upregulation are commonly associated with anxiety (Chen
et al, 2013; Salim et al, 2011), although the exact mechanisms
whereby inflammation induces psychiatric symptoms are
unclear (Chandarana et al, 1987; Couch et al, 2013). It is
suggested that peripheral inflammation can cause upregula-
tion of TNF-a, which in turn activates macrophages
peripherally and microglia centrally (Qin et al, 2007) and
is further linked to the development of anxiety-like behavior
(Wohleb et al, 2011). Recently, a study has shown that
chronic peripheral administration of etanercept in rats
reduced both depression- and anxiety-like behaviors in the
absence of immune stimulation (Bayramgurler et al, 2013).
Although the study showed that chronic blockade of TNF-a
action under physiologically normal conditions may be
beneficial against anxiety-like behavior (Bayramgurler et al,
2013), it is unclear whether this mechanism will translate
to peripheral inflammatory conditions. Astrocytes are
known to be activated by LPS stimulation to produce
cytokines such as TNF-a, though the involvement in the
development of behavioral disruptions is unknown (Zhang
et al, 2014).
The present study sought to first determine the effects of

peripheral immune challenge on anxiety- and cognition-like
behaviors by treating mice with an acute dose of LPS.
Due to the link between peripheral cytokines and immune
cells of the CNS (Kerfoot et al, 2006), we also sought to
understand whether a single peripheral immune challenge
would be sufficient to activate CNS immune cells. Our next
aim was to investigate whether central blockage of TNF-a by
etanercept would reverse the behavioral and neurobiologi-
cal effects seen after LPS challenge. We hypothesized that
centrally administered etanercept reduces anxiety-like
behaviors, improves cognition-like behavior, and reduces
CNS inflammation in mice that have received a peripheral
immune challenge.

MATERIALS AND METHODS

Mice

Male C57BL/6 mice (Jackson stock number: 000664), aged
12 weeks, were purchased from the University of Adelaide
breeding facility and used in this study (n¼ 40). Male mice
were chosen for this study to avoid the possibility of con-
founding factors arising out of sexually dimorphic behavior
(Brown et al, 2000). All mice were housed in groups of five
per cage during the experimental period, with food and
water available ad libitum. Ambient temperature of the
housing and testing rooms was 22±1 1C. Mice were housed
under a 12-h light–dark cycle, lights on at 0700 hours, and
all behavioral testing was conducted between 0800 and 1600
hours. Animal procedures were approved by the University
of Adelaide Animal Ethics committee.

Drugs

LPS. To induce a systemic inflammatory reaction for
experimental procedures, LPS from Escherichia coli (Sigma
Chemical, St Louis, MO; 0111:B4) was diluted in saline and
injected via intraperitoneal injection (IP) at a dose of 1mg/kg
at 1400 hours. Control mice were injected with saline only
by IP injection. Pilot studies in our lab using the same dose
of LPS showed inflammation 24 h post-LPS in the form of
increased serum levels of the cytokines TNF-a, IL-6, and
MCP-1, as well as hippocampal and prefrontal cortex (PFC)
gene expression of TNF-a, IL-1b and IL-10. This led us to
choose this dose of LPS and time point for administering
etanercept, in the hope that it would decrease TNF-a and
other signs of inflammation, including glia.

Etanercept. Etanercept (Enbrel, Wyeth-Ayerst Labora-
tories, 25mg/kg) was diluted 1 : 10 in artificial cerebrospinal
fluid (aCSF, composition detailed in Supplementary
Table S1) and administered intracerebroventricularly (ICV).
A total volume of 2 ml was injected as previously established
by Nilsberth et al (2009). Eighteen hours post-LPS/saline
administration, mice were anesthetized with isoflurane
(1%), mounted in a stereotaxic frame, and kept at 37 1C
through a feedback-controlled heating pad. A 0.3-mm
burrhole was made at the point relative to Bregma: 1mm
to the right and 0.5mm posterior to inject into the lateral
ventricle. A 33-gauge needle connected to a 5-ml Hamilton
syringe was then lowered 2.5mm and either etanercept or
aCSF (2 ml) was injected at a rate of 0.5 ml/min. The needle
was then left in place for 2min, before being removed to
suture the skin. Mice were then placed on a heat pad to
recover. Once mice had regained normal mobility, they were
returned to their home cage with unlimited access to food
and water and checked regularly for 24 h to ensure that
there were no adverse effects from surgery.

Design and Treatment Groups

Mice were divided into four treatment groups (n¼ 40). Two
groups were challenged with an acute dose of LPS (n¼ 20;
IP administration) while two groups received saline (n¼ 20;
IP administration). Of the LPS groups, one group received
etanercept via ICV administration (n¼ 10; LPS-Etan: LPS
challenge IP with etanercept administered ICV) and a
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control group received aCSF also via ICV administration
(n¼ 10; LPS-aCSF: LPS challenge IP with aCSF administered
ICV). Similarly with the saline-treated mice, one group
(n¼ 10) received etanercept through ICV injection
(Sal-Etan: saline treatment IP with etanercept administered
ICV) while the other group (n¼ 10) received aCSF also
through an ICV injection (Sal-aCSF: saline treatment IP
with aCSF administered ICV) (Table 1).

Behavioral Analysis

A behavioral battery was carried out to assess locomotor
activity, anxiety-like behavior, and cognition-like behavior
with an hour between tests to prevent interference.
Equipment for all tests was purchased from Stoelting
(USA), and all movements were tracked using the ANY-
MAZE imaging software Stoelting (USA).

Locomotor activity: open field test (OFT). Basal locomotor
activity was measured in the OFT. Mice were placed at the
center of a brightly lit plexi-glass box (40� 40 cm2), and
movements were tracked over a 5-min period as previously
published (Camara et al, 2013). Distance travelled and time
spent in the outer and inner zones of the box were measured.

Anxiety-like behavior: elevated zero maze (EZM). The
EZM measures anxiety-like behavior and consists of a grey
perspex circular platform of 50 cm diameter and 5 cm width,
at a height of 40 cm. The platform was divided into four
equal quadrants (arms), two closed quadrants with grey
Perspex walls (27 cm high) on the inside and outside, and
two open quadrants without walls. The EZM and the
elevated plus maze (EPM) provide a similar evaluation of
anxiety-like behavior, but the circular design of the EZM
eliminates the difficulty in the EPM of interpreting time
spent in the central square (Shepherd et al, 1994).

Mice were placed at the center of either one of the open
arms and allowed to explore the apparatus for 5min. Time
spent in open arms was used as a measure of anxiety-like
behavior, where more anxious mice spend less time in the
open arms. Head dipping behavior and time spent in
stretch/attend posture from the closed arm were also
recorded as measures of anxiety-like behavior wherein
increased time spent in these behaviors was taken as a
measure of low anxiety-like response.

Spatial recognition memory: Y Maze. The Y maze
assesses hippocampal spatial recognition memory and

consists of a three-armed chamber, with the arms at a 1201
angle from each other. Each arm is 35 cm long, 5.0 cm wide,
and 10 cm high (Choy et al, 2008).

Phase 1. One arm of the maze was closed off, and mice
were placed at the bottom of the ‘start’ arm and allowed to
explore the two arms for 10min.

Phase 2. Forty-five minutes after phase 1mice were
tested with all three arms left open. Mice were again placed
at the bottom of the start arm and allowed to explore the
three arms for 5min. As mice have a preference for exploring
novel environments, normal mice should spend more time
exploring the novel arm (Dulawa et al, 1999). A preference
for the novel arm for each mouse was calculated as follows:
Time in novel arm/(Time in novel armþ time in familiar
arm)� 100. Mice that did not enter either the familiar or
novel arms during Phase 2 were excluded from the analysis.

Gene Expression Analysis (RT-qPCR)

A subset of mice was selected for qPCR analysis to measure
the expression of Tnfa post-LPS and etanercept treatment
(n¼ 5/treatment group). Mice were killed via a lethal dose
of pentobarbital via IP injection, and the hippocampal and
PFC tissue from mice was collected and stored in RNAlater
(Ambion, Life Technologies) at � 20 1C until required for
RNA extraction. The hippocampus was analyzed as it has a
role in spatial cognition (Sweatt, 2004) as well as some emo-
tional responses (Sweatt, 2004), while the PFC was chosen
for analysis as it has a role in cognitive control (Miller
and Cohen, 2001) and goal-oriented emotional processing
(Davidson, 2002).
Brain tissue was lysed with TissuelyserLT (Qiagen, Australia)

with 5-mm stainless steel lysis bead (Qiagen). RNA was then
extracted from the lysed tissue using PureLink RNA mini
extraction kit (Ambion) as per the manufacturer’s instruc-
tions. RNA was then quantified using Nanodrop Lite
(Thermo Fischer Scientific). Gene expression analysis
for Tnfa was performed by RT-qPCR in two steps. First,
complementary DNA (cDNA) was synthesized from the
total RNA using the SuperScript III First-Strand Synthesis
System (Invitrogen) in a thermal cycler (MJ Research)
following the manufacturer’s instructions. The products
were then diluted to attain uniform concentration of
10 ng/ml of cDNA for qPCR.
In the next step, qPCR was performed on the cDNA using

the Applied Biosystems 7500 Fast real-time PCR machine

Table 1 Dosing and Testing Schedule for Experiments

Day 1 Day 2 Day 3 Day 4

Saline dosing via IP injection (n¼ 10)
(1300 hours)

aCSF treatment by ICV injection (n¼ 10)
(Start at 0900 hours)

Etanercept treatment by
ICV injection (n¼ 10)

OFT (0900–1000 hours)

EZM (1100–1200 hours)

LPS dosing via IP injection (n¼ 10)
(1300 hours)

Y maze (1300–1500 hours)

Tissue collection

The experimental set-up was conducted over 2 weeks with n¼ 20 animals treated and tested per week.
Dosing and testing schedule of experimental procedures. The experimental set-up was conducted over 2 weeks with n¼ 20 animals treated and tested per week.
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(ABI, Life technologies). Expression of Tnfa was quantified
with Gapdh used as the endogenous reference gene using
the primers listed below;
Tnfa-forward: 50-CCACCACGCTCTTCTGTCTA-30;
Tnfa-reverse: 50-AGGGTCTGGGCCATAGAACT-30;
Gapdh-forward: 50-TGTTCCTACCCCCAATGTGT-30; and
Gapdh-reverse: 50-CCTGCTTCACCACCTTCTTG-30.
Samples and negative controls (without cDNA) for each

gene were run in triplicates on a 96-well MicroAmp Fast
optical-qPCR plate (ABI, Life technologies). Briefly, 4ml of
cDNA was added to a master mix consisting of 10 ml of 2X
Power SYBR Green PCR master mix (ABI, Life technolo-
gies), and 0.14 ml each of forward and reverse primer along
with 5.72 ml of double distilled water to make a total reaction
volume of 20 ml. The raw data consisting of the Ct (Cycle
threshold) values for individual reactions were exported to
excel files, and analysis was conducted manually using the
delta-delta CT method (Livak and Schmittgen, 2001).

Immunohistochemistry (IHC)

Following behavioral testing, animals were injected IP with
pentobarbital and perfused via transcardiac injection with
10% neutral buffered formalin. Brains were embedded in
paraffin wax, and 5 mm sections spaced 150-mm apart of the
hippocampus and PFC were taken. After de-waxing and
dehydrating slides, endogenous peroxidases were blocked,
before antigen retrieval in citrate solution. Non-specific
binding was then blocked with normal horse serum, before
application of primary antibody with incubation overnight
(Abcam, IBA1 1 : 1000, Santa Cruz, GFAP 1 : 40 000, Dako).
The next day, slides were incubated with the appropriate
species of secondary antibody (Abacus, 1 : 250) followed
by streptavidin peroxidase (list of antibodies detailed in
Supplementary Table S2). The antigen–antibody complex
was then detected with diaminobenzadine Sigma) followed
by counter staining with hematoxylin prior to dehydration
and mounting with DePex mounting media.
Slides were digitally scanned using the Nanozoomer

(Hamamatsu) and viewed with the associated software
(NDP view). Serial images of the dentate gyrus of each
section were captured as jpegs and then exported to Image J
(NIH) to count number of positive cells.

Statistical Analysis

Data analyses were carried out using the GraphPad Prism
software (version 6.01). All data are presented as mean±
SEM. Comparisons between groups were carried out using
two-way ANOVA with Bonferroni’s multiple comparisons
post-hoc test where appropriate. Weight of mice was
analyzed using a 2� 2� 3 ANOVA. A significance level of
Po0.05 was regarded as significant in all tests.

RESULTS

Age and Weight of Animals

All male mice that were used in this study were tested and
killed at 13 weeks of age. Weight was measured at baseline
and 24 h following LPS challenge as well as 24 h following
etanercept treatment (48 h after LPS). Change in weight over

time was analyzed using a 2� 2� 3 ANOVA. Tests of
within-subjects’ measures showed a significant effect of time
(F(2,36)¼ 42.2, Po0.001), indicating a decrease in weights over
the 48-h period of immune challenge and etanercept treat-
ment. In addition, a significant effect of time� LPS
(F(2,36)¼ 23.6, Po0.001) was observed, indicating LPS
significantly reduced weights in mice over time. However,
an effect of time� etanercept was not seen (F(2,36)¼ 2.34,
P¼ 0.10), suggesting that etanercept had no effect on weight
and was not able to reverse the decrease in weight caused by
LPS treatment. No significant three-way interaction between
time, LPS, and etanercept (F(2,36)¼ 0.99, P¼ 0.37) was
observed (Figure 1).

Locomotor Activity

Locomotor activity was measured under stressful condi-
tions using the open field test. Analysis by two-way ANOVA
found no interaction effect or effect of etanercept treatment
on locomotor activity, but a significant effect of LPS
challenge was observed (Figure 2: Two-way ANOVA:
Interaction: F(1,36)¼ 0.049, P¼ 0.8254, Saline/LPS challenge:
F(1,36)¼ 25.84, Po0.0001, aCSF/etanercept treatment:
F(1,36)¼ 1.35. P¼ 0.25). Bonferroni’s multiple comparison
showed that LPS-aCSF-treated mice were less active than
Sal-aCSF-treated mice (P¼ 0.009). These results suggest
that, while treatment with LPS impaired locomotor activity,
etanercept was ineffective in reversing this impairment.

Anxiety-like Behavior

Anxiety-like behavior was measured using the EZM
(Figure 3). Mice were allowed to move freely between open
and closed arms. Time spent in the open arm is regarded as
an indicator of lower levels of anxiety-like behavior, as are
time spent in head dipping and stretched posture (Shepherd
et al, 1994). No significant interaction effect was seen
between groups for time in open arms, but a significant

Figure 1 Weight of mice before and after LPS dosing. The figure depicts
the weight of mice over the 48-h experimental period. All data represent
mean±SEM (n¼ 10/group). Sal-aCSF: saline treatment IP with aCSF
administered ICV, Sal-Etan: saline treatment IP with etanercept adminis-
tered ICV, LPS-aCSF: LPS challenge IP with aCSF administered ICV, LPS-
Etan: LPS challenge IP with etanercept administered ICV. Data compared
using 2� 2� 3-way ANOVA with Bonferroni’s multiple comparison test.
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effect for aCSF/etanercept treatment was noted (two-way
ANOVA: Interaction: F(1,31)¼ 0.64, P¼ 0.42, Saline/LPS
challenge: F(1,31)¼ 1.18, P¼ 0.28, aCSF/etanercept treat-
ment: F(1,31)¼ 4.58, P¼ 0.04).
No interaction effect for time spent in head dipping

behavior was observed; however, an effect of LPS challenge
and etanercept treatment was seen (two-way ANOVA:
Interaction: F(1,30)¼ 0.60, P¼ 0.44, Saline/LPS challenge:
F(1,30)¼ 23.92, Po0.001, aCSF/etanercept treatment:
F(1,30)¼ 11.09, P¼ 0.0023; Figure 3b). Bonferroni’s multiple
comparison of LPS effect showed that LPS-aCSF-treated
mice spent less time in head dipping behavior than Sal-aCSF
mice (P¼ 0.0031), suggesting that LPS increases anxiety-
like behavior. Bonferroni’s multiple comparison for eta-
nercept effect showed that LPS-Etan-treated mice spent
more time in head dipping behavior than LPS-aCSF mice
(P¼ 0.025), indicating that etanercept was able to reverse
the effects on LPS on head dipping behavior.

Similar results were also seen for stretch–attend posture
(two-way ANOVA: Interaction: F(1,31)¼ 2.98, P¼ 0.096;
Saline/LPS challenge: F(1,31)¼ 14.55, P¼ 0.0006; aCSF/eta-
nercept treatment: F(1,31)¼ 13.93, P¼ 0.0008; Figure 3c).
Bonferroni’s multiple comparison of LPS effect showed that
LSP-aCSF-treated mice spent less time in stretch–attend
posture compared with Sal-aCSF mice (P¼ 0.0032), indica-
tive of LPS-induced anxiety-like behavior. Again, Bonferro-
ni’s multiple comparison for etanercept effects showed that
LPS-Etan-treated mice spent more time in stretch–attend
posture than LPS-aCSF mice (P¼ 0.002), indicating that
etanercept can reduce anxiety behaviors in LPS-treated
mice.
Distance travelled in the open arm was also measured

between groups, and no significant differences were detected
(two-way ANOVA: Interaction: F(1,34)¼ 1.17, P¼ 0.28;
Saline/LPS challenge: F(1,34)¼ 0.15, P¼ 0.69; aCSF/etaner-
cept treatment: F(1,34)¼ 1.20, P¼ 0. 81; Mean±SEM: Sal-
aCSF: 10.4±1.05, LPS–aCSF 8.189±1.9, Sal-Etan: 8.45±
1.06, LPS-Etan: 9.45þ 1.83). This indicates that though
there were significant changes observed in the OFT between
LPS and Saline-treated mice, this difference did not extend
to the EZM and the differences observed in this test were
reflections of anxiety-like behavior and not locomotor
deficits

Cognition-Like Behavior

The Y maze was used as a measure of spatial recognition
memory. A preference index for the novel arm was
calculated and a significant interaction effect was found
by two-way ANOVA (Interaction: F(1,20)¼ 4.96, P¼ 0.037,
Saline/LPS challenge: F(1,20)¼ 1.04, P¼ 0.31, aCSF/etaner-
cept treatment: F(1,20)¼ 0.06, P¼ 0.80). Bonferroni’s post-
hoc analysis revealed a significant decrease in spatial
recognition memory in LPS-aCSF compared with Sal-aCSF
mice (P¼ 0.038), but no significant difference was noted
between LPS-aCSF and LPS-Etan mice (P40.9), suggesting
that this impairment was not rescued by etanercept.
Distance travelled in the Y maze was also measured between

groups, and no significant differences were detected (two-
way ANOVA: Interaction: F(1,36)¼ 0.96, P¼ 0.33; Saline/LPS

Figure 2 Locomotor activity (OFT). Distance travelled in OFT, as a
measure of baseline locomotor activity All data represent mean±SEM
(n¼ 10/group). Sal-aCSF: saline treatment IP with aCSF administered ICV,
Sal-Etan: saline treatment IP with etanercept administered ICV, LPS-aCSF:
LPS challenge IP with aCSF administered ICV, LPS-Etan: LPS challenge IP
with etanercept administered ICV. Data compared using two-way ANOVA
(Interaction: P¼ 0.8254, Saline/LPS challenge: Po0.001, aCSF/etanercept
treatment: P¼ 0.25). **Po0.01 LPS-aCSF compared with Sal-aCSF-treated
mice, analyzed by Bonferroni’s multiple comparison.

Figure 3 Anxiety-like behavior (EZM). (a) Time spent in open arm, (b) Time spent in head dipping behavior, (c) Time spent in stretch/attend posture. All
data represent mean±SEM (n¼ 10/group). Sal-aCSF: saline treatment IP with aCSF administered ICV, Sal-Etan: saline treatment IP with etanercept
administered ICV, LPS-aCSF: LPS challenge IP with aCSF administered ICV, LPS-Etan: LPS challenge IP with etanercept administered ICV. Data compared
using two-way ANOVA; ((a) Interaction: P¼ 0.42, Saline/LPS challenge: P¼ 0.28, aCSF/etanercept treatment: P¼ 0.04; (b) Time in head dipping behavior:
Interaction: P¼ 0.44, Saline/LPS challenge: Po0.001, aCSF/etanercept treatment: P¼ 0.0023; (c) Stretch–attend posture: Interaction: P¼ 0.096, Saline/LPS
challenge: P¼ 0.0006, aCSF/etanercept treatment: P¼ 0.0008). **Po0.01 LSP-aCSF compared with Sal-aCSF mice, #Po0.05, ##Po0.01 LPS-Etan
compared with LPS-aCSF mice, analyzed by Bonferroni’s multiple comparisons.
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challenge: F(1,36)¼ 0.91, P¼ 0.34; aCSF/etanercept treat-
ment: F(1,34)¼ 1.81, P¼ 0.18; Mean±SEM: Sal-aCSF:
6.39±1.28, LPS–aCSF 10.87±3.78, Sal-Etan: 5.54±0.63,
LPS-Etan: 5.47þ 2.24) (Figure 4).

Expression of (mRNA) Tnfa in the Hippocampus
and PFC

Levels of (mRNA) Tnfa in the hippocampus and PFC of
mice were measured 48 h after LPS challenge. This was done
first to test whether LPS would increase Tnfa levels in these
CNS areas and then to test whether etanercept would be
effective in reversing the upregulation of Tnfa.
In the hippocampus (Figure 5a), we found significant differ-

ence in mRNA levels of Tnfa between groups (Interaction:

F(1,13)¼ 28.04, P¼ 0.0001, Saline/LPS challenge: F(1,13)¼
24.52, P¼ 0.0003, aCSF/etanercept treatment: F(1,13)¼ 6.84,
P¼ 0.021). Post-hoc analysis showed that indeed LPS-aCSF
mice had significantly higher levels of Tnfa compared with
Sal-aCSF mice (Po0.001), indicating that peripheral LPS
was effective in increasing CNS Tnfa levels. Furthermore,
etanercept treatment was successful in significantly redu-
cing Tnfa levels in LPS-Etan mice compared with LPS-aCSF
mice (P¼ 0.001).
In the PFC (Figure 5b), the difference between treatment

groups was not as robust as in the hippocampus. Two-way
ANOVA comparing the different treatment groups found
a significant positive effect of LPS in increasing the Tnfa
expression (Interaction: F(1,15)¼ 0.09, P¼ 0.76, Saline/LPS
challenge: F(1,15)¼ 14.25, P¼ 0.018, aCSF/etanercept treat-
ment: F(1,15)¼ 0.07, P¼ 0.79) but no significant interaction
effects, suggesting that LPS was effective in increasing Tnfa
but etanercept was ineffective in reversing this effect. Post-
hoc analysis of LPS effect confirmed that LPS was effective
in increasing the Tnfa levels in LPS-challenged mice (LPS-
aCSF) compared with Sal-aCSF mice (P¼ 0.026). LPS-Etan
mice also had significantly higher Tnfa levels than Sal-Etan
mice (P¼ 0.045).

Examination of Microglial and Astrocyte Numbers
following LPS Treatment

To study the effects of LPS and etanercept on resident
immune cells in the brain, microglial (IBA1) and astrocyte
(GFAP) numbers were examined by staining hippocampal
slices using IHC and counting the number of positive cells
in the dentate gyrus and the PFC. Immune challenge with
LPS had no effect on astrocyte number within the dentate
gyrus (two-way ANOVA: Interaction: F(1,15)¼ 1.24, P¼ 0.28,
Saline/LPS challenge: F(1,15)¼ 0.077, P¼ 0.78, aCSF/etaner-
cept treatment: F(1,15)¼ 3.58, P¼ 0.07, Supplementary
Figure S1A) or in the PFC (two-way ANOVA: Interaction:
F(1,12)¼ 0.11, P¼ 0.73, Saline/LPS challenge: F(1,12)¼ 0.69,
P¼ 0.42 aCSF/etanercept treatment: F(1,12)¼ 0.63, P¼ 0.44,
Supplementary Figure S1B).

Figure 4 Cognition-like behavior (Y maze). (a) Percentage of time spent
in the novel arm vs the familiar arm of the retention phase of Y maze, All
data represent mean±SEM (n¼ 5–7/group). Sal-aCSF: saline treatment IP
with aCSF administered ICV, Sal-Etan: saline treatment IP with etanercept
administered ICV, LPS-aCSF: LPS challenge IP with aCSF administered ICV,
LPS-Etan: LPS challenge IP with etanercept administered ICV. Data
compared using two-way ANOVA (Interaction: P¼ 0.037, Saline/LPS
challenge: P¼ 0.31, aCSF/etanercept treatment: P¼ 0.80). *Po0.05 LPS-
aCSF compared with Sal-aCSF-treated mice, analyzed by Bonferroni’s
multiple comparison.

Figure 5 Expression levels of (mRNA) Tnfa in the PFC and hippocampus. (a) Fold difference of Tnfa expression between treatment groups in the
hippocampus, (b) fold difference of the Tnfa expression between treatment groups in the PFC. All statistical analysis were done using the delta Ct values
(expression of Tnfa normalized to Gapdh), and the data represent mean±SEM (n¼ 5/group). (Sal-aCSF: saline treatment IP with aCSF administered ICV,
Sal-Etan: saline treatment IP with etanercept administered ICV, LPS-aCSF: LPS challenge IP with aCSF administered ICV, LPS-Etan: LPS challenge IP with
etanercept administered ICV). Data compared using two-way ANOVA ((a) Interaction: P¼ 0.0001, Saline/LPS challenge: P¼ 0.0003, aCSF/etanercept
treatment: P¼ 0.021; (b) Interaction: P¼ 0.76, Saline/LPS challenge: P¼ 0.018, aCSF/etanercept treatment: P¼ 0.79). *Po0.05, ****Po0.0001 compared
with Sal-aCSF mice, ###Po0.001 LPS-Etan compared with Sal-Etan, analyzed with Bonferroni’s post-hoc test.
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LPS, however, did lead to a significant increase in
microglial numbers in the hippocampus, with a significant
interaction effect between LPS challenge and etanercept
treatment (two-way ANOVA: Interaction: F(1,15)¼ 11.41,
P¼ 0.0041, Saline/LPS challenge: F(1,15)¼ 50.13, Po0.001,
aCSF/etanercept: F(1,15)¼ 3.36, P¼ 0.08). Bonferroni’s mul-
tiple comparison of LPS effect on microglial numbers
showed that LPS-aCSF-treated mice had higher number of
IBA1-positive cells in the dentate gyrus compared with Sal-
aCSF mice (Po0.001). Bonferroni’s multiple comparison of
etanercept effects showed that LPS-Etan mice had lower
number of BA1-positive cells within the dentate gyrus
compared with LPS-aCSF (P¼ 0.016). In the PFC, however,
we found that, while there was a significant interaction
effect between treatment groups, there was no significant
effect of LPS or etanercept (two-way ANOVA: Interaction:
F(1,9)¼ 6.81, P¼ 0.02, Saline/LPS challenge: F(1,9)¼ 0.05,
P¼ 0.81, aCSF/etanercept treatment: F(1,15)¼ 1.7, P¼ 0.22).
These results indicate that LPS increased microglial numbers
only in the hippocampus and not in the PFC and that
this increase was prevented with etanercept treatment
(Figure 6).

DISCUSSION

In the present study, we have shown that acute systemic
immune challenge with LPS resulted in sickness behavior in
mice, evident by a significant decrease in weight at 24 h, and
impaired locomotor activity in the OFT. Furthermore, LPS
significantly increased some aspects of anxiety-like beha-
vior in the EZM and significantly reduced preference for the
novel arm in the Y Maze. Etanercept treatment post-LPS
was able to prevent the effects of LPS on anxiety-like behaviors
in the EZM, but we were unable to observe a significant
effect on cognition-like behavior (Y Maze), weight loss, or
locomotor activity. LPS challenge increased (mRNA) Tnfa
expression in the hippocampus and PFC of treated mice,
whereas etanercept treatment was significantly effective in
reversing these effects in the hippocampus only. The effects
of etanercept were also associated with a significant reduc-
tion in microglial numbers within the hippocampus of these
mice following LPS administration.
LPS is a potent and robust model of acute sickness

behavior, triggering activation of Toll-like receptors and
upregulation of chemokines and cytokines, such as TNF-a,

Figure 6 Microglia counts across experimental conditions. (a) The figure shows IHC images of the microglia in the dentate gyrus while the graph
represents the number of IBA1-positive cells in the dentate gyrus. (b) The figure shows IHC images of the microglia in the PFC while the graph represents
the number of IBA1-positive cells in the PFC. All data represent mean±SEM (n¼ 5/group, Sal-aCSF: saline treatment IP with aCSF administered ICV, Sal-
Etan: saline treatment IP with etanercept administered ICV, LPS-aCSF: LPS challenge IP with aCSF administered ICV, LPS-Etan: LPS challenge IP with
etanercept administered ICV). Data compared using two-way ANOVA ((a) Interaction: P¼ 0.0041, Saline/LPS challenge: Po0.001, aCSF/etanercept:
P¼ 0.08; (b) Interaction: P¼ 0.02, Saline/LPS challenge: P¼ 0.81, aCSF/etanercept treatment: P¼ 0.22). ****Po0.001 LPS-aCSF compared with Sal-aCSF,
#Po0.05 LPS-Etan compared with LPS-aCSF, analyzed by Bonferroni’s multiple comparisons.
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IL-1b, and CXCL1 (Ortega et al, 2011). This leads to acute
changes in food intake, fever, hypo-activity, lethargy, and
changes in mood in mice (Dantzer et al, 2008), akin to
clinical features of depression and anxiety-like behavior
(Dantzer et al, 2008; Yirmiya et al, 2001). These features
were replicated in this study, with LPS causing weight loss,
reduction in locomotor activity as well as cognitive impair-
ment and increased anxiety-like behavior 48 h postadminis-
tration. This corresponds with previous studies that showed
that while the peak of peripheral LPS activity, marked by
increased cytokine expression, occurs 4–8 h postadminis-
tration, its central effects are delayed. Indeed, it is reported
that LPS-related effects on cognition-like behavior manifest
as early as 4 h and are present up to 24 h postadministra-
tion, while depression-like behaviors are evident only from
6 h, up to 24 h postadministration (Frenois et al, 2007;
Noble et al, 2007). In our study, we extended these findings
by determining that changes in cognition and anxiety-like
behavior were still present 48 h after LPS administration,
although the peak effects of LPS-induced behavioral changes
may have been missed due to the delay between LPS
treatment and behavioral analyses. The exact mechanisms
whereby inflammation induces neurological symptoms are
not yet clearly understood (Cavailles et al, 2013; Chandarana
et al, 1987; Couch et al, 2013), and in the present study, the
anxiety-like effects of LPS appear to be partially dependent
on TNF-a, as anxiety-like behavior on the EZM could be
reduced by central administration of etanercept. Although
these effects were significant for head dip and stretch–attend
measures only, time spent in open arms showed the same
trend across groups, suggesting the effects of LPS and
etanercept are consistent across measures. Higher number of
mice may have led to all three measures showing significant
differences between groups. Additionally, no differences
between groups were observed for distance travelled in this
test, indicating that the behavior observed was representative
of anxiety-like responses and not merely locomotor
differences. A role for TNF-a in anxiety-like behavior is
supported by studies demonstrating that chronic peripheral
administration of TNF-a antagonists reduce levels of
depression and anxiety in conditions, including chronic
pain (Chen et al, 2013) and RA (Uguz et al, 2009) while
genetic knockout of TNF-a lowers anxiety-like behavior in
young mice (Camara et al, 2013). The role of TNF-a in
regulating emotional responses within the CNS is yet to be
determined with suggestions that TNF-a may be involved in
the regulation of the serotonin transporter pathway, as well
as stimulation of the hypothalamic–pituitary axis, which are
involved in generating emotional responses (Bayramgurler
et al, 2013; Himmerich et al, 2006; Zhu et al, 2006).
Supporting the present findings, that a single challenge

with LPS systemically can increase central TNF-a expres-
sion, Bossu et al (2012), showed that a single dose of LPS
(5mg/kg) was effective in increasing TNF-a expression in
the hippocampus and PFC from 7 days after LPS challenge,
lasting up to 10 months after challenge and that these
changes were associated with cognitive impairments. These
results indicate that TNF-a, through systemic LPS, can have
lasting neuroinflammatory effects in the brain and may lead
to cognitive decline. High doses of LPS have also been
shown to cause loss of neuronal loss in the frontal cortex
along with cognitive impairment (Semmler et al, 2007). LPS

challenge has also been linked to decreased parvalbumin
reactivity (required for inhibitory neurons) in neurons of
the hippocampus without any corresponding change in the
frontal regions of rodents (Jenkins et al, 2009). Further-
more, extremely high doses of LPS (10mg/kg and 5mg/kg)
were shown to reduce cholinergic innervations (Semmler
et al, 2007)and cause degeneration of dopaminergic neurons
(Qin et al, 2007). High LPS (5mg/kg) also increased TNF-a
levels in the brain, serum, and liver (Qin et al, 2007). These
studies support the current findings of increased (mRNA)
Tnfa in the hippocampus and PFC 48 h after systemic LPS
challenge of a relatively lower dose.
In the present study, TNF-a appears to have an important

role in mediating the anxiety-like effects induced by LPS as
etanercept reduced anxiety-like behaviors. This role of TNF-
a is supported by previous studies where genetic knockout
of TNF-a reduced anxiety-like behavior in young mice
(Camara et al, 2013), while central blockade reduced experi-
mental autoimmune encephalitis -induced anxiety in mice
(Haji et al, 2012). Additionally, TNF-a antagonists reduced
anxiety in chronic pain models in mice after peripheral
administration (Chen et al, 2013), and this was supported
by decreased anxiety observed in RA patients after anti-
TNF-a treatment (Uguz et al, 2009). Haji et al (2012)
showed that the release of TNF-a from activated microglia
altered excitatory transmission within the striatum pro-
motes the development of anxiety-like behavior, whereas
etanercept decreased decay time and duration of mini
excitatory postsynaptic currents, indicating a reduction in
glutamatergic signalling. Other potential mechanisms
whereby TNF-a may induce the development of anxiety-
like behavior include the stimulation of microglia to release
glutamate causing neurotoxicity by cell death (Takeuchi
et al, 2006) and by silencing cell survival signals (Tamminga,
1998; Venters et al, 2000). Moreover, dysfunction in
glutamate signalling has been related to cognitive decline
and development of psychotic symptoms (Francis, 2009).
Furthermore, it has been suggested that TNF-a modifies the
serotonin transporter uptake through p38 mitogen-activated
protein kinases and thereby altering emotional behavior,
which has been related to anxiety, depression, and other
mood disturbances, such as aggression ( Zhu et al, 2006).
Although the present study demonstrated a significant

effect of LPS challenge on cognition-like behaviors,
independent of changes in locomotor activity in this test,
etanercept failed to significantly reverse these deficits.
This contrasts previous reports where continuous peripheral
TNF-a antagonism in RA patients improved cognition
(Chen et al, 2010), suggesting that chronic rather than a
single dose administration is needed to achieve such effects.
However, it should be noted that Tobinick et al (2006) and
Tobinick and Gross, (2008) observed a rapid improvement
in cognition in a small cohort of patients with Alzheimer’s
disease (AD) following a single dose of peri-spinal etanercept
and was supported by animal research on AD models where
antagonism of TNF-a by ICV injection had immediate
effects on cognition (Medeiros et al, 2007). Additionally,
these findings suggest that centrally administered etaner-
cept is more effective in attenuating cognitive impairment
in CNS disease models such as AD, which are associated
with more substantial cognitive deficits, than in our
peripheral inflammatory model induced with a single dose
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of LPS. The lack of significant effects of etanercept in
cognition-like behavior in our study may be linked to the
time delay between LPS administration and etanercept
treatment. As major effects of LPS on cognition have
previously only been reported up to 24 h post-LPS (Noble
et al, 2007), the present study may have missed the peak of
cognitive dysfunction, although significant deficits were still
noted in the LPS-treated mice. Thus measuring the efficacy
of etanercept at an earlier time point post-LPS administra-
tion may be necessary to observe significant treatment
effects on cognition-like behavior. Another alternative for
the non-significant effect of etanercept on cognition is the
high variation within groups in this test compared with
others. Using increased numbers or a more sensitive test of
cognition could have helped us see a significant effect of
etanercept treatment. Future studies should take this into
account as well as timing of drug treatments.
Interestingly, our study failed to observe effects of LPS on

astrocytic as opposed to microglia numbers, suggesting
differential activation of the two glial cell types, whereby
microglia may be more sensitive to peripheral administra-
tion of LPS than astrocytes. This may relate to the dose of
LPS, as chronic administration (daily for 7 days) generated
an astrocyte response in another study, whereas in our
study only a single LPS administration was employed (Bian
et al, 2013). Another possibility is that there is a temporal
difference between the reactivity of the two cell types, with
microglia responding more quickly to this insult than
astrocytes (Kuhlmann and Guilarte, 2000; Ni et al, 2010).
Kuhlmann and Guilarte (2000) also reported that while
microglia responded within 48 h to an insult generated by
administration of neurotoxicant trimethyltin, astrocytic
response was delayed, seen at 14 days but not 48 h following
injury. This may explain the lack of findings of peripheral
LPS administration on astrocytic number in the current
study, and future work would need to look at the delayed
effects of LPS on astrocytes.
The behavioral deficits seen in this study were associated

with increased microglia numbers within the dentate gyrus
in LPS-treated mice, 48 h postadministration, but not in the
PFC. It is known that peripherally stimulated monocytes
affect the CNS via the BBB and the blood–CSF barrier and
express cytokines, such as TNF-a (Ubogu et al, 2006).
Indeed, this peripheral–central immune cross-talk is further
supported by a study that showed how a single high dose of
LPS (5mg/kg) given IP was effective in increasing cytokine
expression, particularly TNF-a, in the hippocampus and
prefrontal cortex even 7 days after administration (Bossu
et al, 2012). Thus, activation of peripheral inflammation can
promote central activation and proliferation of microglia
and subsequent production of cytokines within the brain
itself (Bossu et al, 2012; Qin et al, 2007), providing a potential
mechanism to explain the increase in microglia numbers
noted within this study only in the hippocampus but not in
the PFC. The differences in microglia findings in the hippo-
campus and the PFC between the present study and previous
results by Bossu et al (2012) may be due to the relatively low
dose of LPS used in this study. It may be plausible that a
higher dose of LPS is required to illicit a change in microglial
numbers in the PFC, but the hippocampus is more suscep-
tible to immune activation; however, these speculations will
need to be clarified by further studies.

Chronic and acute stressors are known to prime microglia,
leading to upregulation of pro-inflammatory cytokines,
such as TNF-a. Microglia are also believed to be activated by
psychological and peripheral immune factors, which can
result in behavioral changes (Li et al, 2014). Zhu et al (2014)
proposed that, as activated microglia that are known
to produce pro-inflammatory cytokines, this may cause
neuronal toxicity through free radicals, cytokines, and
decreased neurogenesis leading to behavioral impairments,
particularly social impairment and prepulse inhibition.
Additionally, chronic stress has been shown to increase
microglial activation leading to increased uptake of peri-
pheral monocytes perpetuating cognitive and emotional
impairment possibly by impairing synaptic connections
(Hinwood et al, 2012; Li et al, 2014; Wohleb et al, 2011;
Wohleb et al, 2013). Furthermore, high levels of TNF-a
promote microglia activation inducing a positive feedback
loop causing more activation and proliferation of microglia
and TNF-a (Takeuchi et al, 2006). Thereby our study
supports that blocking TNF-a action in the brain would be
expected to reduce microglia proliferation by stopping this
feedback loop. Indeed, studies on traumatic brain injury in
rats showed that etanercept administration is effective in
reducing microglia numbers within the CNS following
injury (Chio et al, 2013).
Overall, this study shows that following LPS-induced

behavioral changes and increased microglia in the dentate
gyrus, a single dose of etanercept can significantly reduce
anxiety-like behavior and microglia numbers 48 h after
peripheral immune challenge. Future work should explore
whether a single dose of etanercept administered at the peak
of LPS activity (4–8 h) will be more effective in reducing
inflammation as well as in improving cognition and mood-
like behaviors compared with a later point of administra-
tion. Furthermore, it would be worth investigating whether
prolonged etanercept administration would be more effective
than simply increasing the dosage concentration.
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