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Abstract Abnormal approach-avoidance behavior has
been linked to deficits in the mesolimbic dopamine (DA)
system of the brain. Recently, increasing evidence has
indicated that toll-like receptor 4 (TLR4), an important
pattern-recognition receptor in the innate immune system,
can be directly activated by substances of abuse, resulting
in an increase of the extracellular DA level in the nucleus
accumbens. We thus hypothesized that TLR4-dependent
signaling might regulate approach-avoidance behavior. To
test this hypothesis, we compared the novelty-seeking and
social interaction behaviors of TLR4-deficient (TLR4 ")
and wild-type (WT) mice in an approach-avoidance con-
flict situation in which the positive motivation to explore a
novel object or interact with an unfamiliar mouse was
counteracted by the negative motivation to hide in exposed,
large spaces. We found that TLR4 '~ mice exhibited
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reduced novelty-seeking and social interaction in the large
open spaces. In less stressful test apparatuses similar in size
to the mouse cage, however, TLR4™~ mice performed
normally in both novelty-seeking and social interaction
tests. The reduced exploratory behaviors under approach-
avoidance conflict were not due to a high anxiety level or
an enhanced fear response in the TLR4™/~ mice, as these
mice showed normal anxiety and fear responses in the open
field and passive avoidance tests, respectively. Importantly,
the novelty-seeking behavior in the large open field
induced a higher level of c-Fos activation in the nucleus
accumbens shell (NAcSh) in TLR4 ™~ mice than in WT
mice. Partially inactivating the NAcSh via infusion of
GABA receptor agonists restored the novelty-seeking
behavior of TLR4~~ mice. These data suggested that
TLR4 is crucial for positive motivational behavior under
approach-avoidance conflict. TLR4-dependent activation
of neurons in the NAcSh may contribute to this
phenomenon.

Keywords Toll-like receptor 4 - Novelty-seeking - Social
interaction - Approach-avoidance conflict - Nucleus
accumbens shell

Introduction

Approaching positive and avoiding negative stimuli facil-
itate the adaptation of an organism to its environment and
are fundamental for survival [1]. Abnormal approach-
avoidance behavior has been linked to many neuropsy-
chiatric and neurological disorders, including drug addic-
tion [2-4], eating disorders [5], and autism [6, 7]. For
example, the addicted individual shows compulsive drug-
seeking behavior, manifested by continuing to use the drug
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of abuse despite the negative health, economic, and social
consequences [4]. Therefore, investigating approach-
avoidance behavior has attracted increasing attention,
particularly in the drug addiction field [4, 8-10]. But the
detailed mechanisms underlying approach-avoidance
behavior are still largely unknown.

Increasing evidence suggests that toll-like receptor 4
(TLR4), an important pattern-recognition receptor in the
innate immune system, is critical in affective and motiva-
tional behaviors. TLR4 is widely expressed in both glial
cells and neurons throughout brain development [11-13]. It
functions in neurogenesis, axonal growth, and structural
plasticity [12, 14, 15], and regulates the cognitive and
affective behaviors associated with depression [16, 17] and
drug addiction [18, 19]. Notably, TLR4 can be activated
directly by opioids [19] and cocaine [20], and this activa-
tion contributes to drug reinforcement via increasing the
level of extracellular dopamine (DA) in the nucleus
accumbens (NAc) [20]. It is well established that the
mesolimbic DA system is closely associated with
approach-avoidance behavior [21, 22]. We thus hypothe-
sized that TLR4 signaling might play a critical role in
mediating this behavior.

In this study, we tested the hypothesis by comparing the
novelty-seeking and social interaction behaviors of TLR4-
deficient (TLR4~") and wild-type (WT) mice under
approach-avoidance conflict.

Materials and Methods
Animals

We used male congenic TLR4~~ (C57BL/10ScNJNju)
mice and their WT littermates at 10—15 weeks of age. The
mice were housed in a temperature-controlled room on a
12-h light: 12-h dark cycle (lights on at 07:00). Food and
water were available ad libitum. All animal use procedures
were reviewed and approved by the Animal Care and Use
Committee at Zhejiang University, following the National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals.

Novelty-Seeking Test

The open field apparatus was an open white plastic box
(40 x 40 x 40 cm3) with 250 lux of illuminance at the
center. A central square region (20 x 20 cm?) was marked
as the central area. After 3 days of 5-min habituation, mice
were placed in the center of the box without any novel
object and allowed to explore for 180 s. The time spent in
the central area was recorded as the pretest score. Then a
novel object (a colored bottle, 5 cm in diameter and 15 cm
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high) was placed in the center of the open field, and the test
continued for another 180 s, during which the time spent in
the central area was recorded as the test score. The location
and movement of mice were monitored by an overhead
webcam (Pro C920, Logitech, Suzhou, China) and ana-
lyzed for time spent in the central area and the locomotor
distance using a custom tracking script written in MatLab
(MathWorks, Natick, MA). The apparatus was cleaned
with 75% ethanol between tests.

To test novelty-seeking in a less anxiety-provoking way,
a smaller apparatus (30 x 25 x 20 cm’) similar in size
and color to the animals’ home cages was used. The illu-
minance was set at 250 lux at the center of the apparatus.
The novel object was replaced by a black-and-white bottle
(3 cm in diameter and 12 cm high). The pretest and test
scores were recorded using the same procedure as above.

Social Interaction Test

To measure the social interaction behavior, the social choice
test was conducted in two three-chamber apparatuses [23].
The large apparatus was a non-transparent Plexiglas box
(60 x 40 x 25 cm’) composed of three equal-sized cham-
bers separated by two dividers with a central opening of
10 x 20 cm?”. The small apparatus was one third the size of
the large one. The social target cage was a transparent and
hollow plastic cylinder (8 cm inner diameter) in both the left
and right chambers of the two apparatuses. The social
interaction test was conducted in a room lit at about 250
lux. Mice were tested in the small apparatus on day 1, and
retested in the large one on the next day. Different social
target mice were used on the day 1 and day 2 tests for each
test mouse to ensure that the test mouse had never encoun-
tered these social target mice before.

The test comprised habituation, baseline, and social
interaction phases. In the habituation phase, mice were
allowed to explore the chambers freely for 5 min to
habituate to the test environment. In the baseline phase, the
mice were placed in the central chamber and allowed to
explore the apparatus freely for 5 min, during which the
time spent in each chamber was recorded as the pretest
score. In the social interaction phase, the social interaction
chamber and the control chamber were randomly chosen
from the left and right chambers. A stranger male con-
specific mouse was placed in the cage of the social inter-
action chamber, and the cage in the control chamber
remained empty. The mice were placed in the central
chamber and observed for another 5 min. Test mice were
recorded with the overhead webcam (Pro C920) and the
time spent in each chamber was automatically scored with
a custom script written in MatLab. The preference score
(time spent in the social interaction chamber — time spent
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in the control chamber) was calculated. The apparatus was
cleaned with 75% ethanol between tests.

Open Field Test

The open field apparatus was an open white plastic box
(40 x 40 x 40 cm®) with 250 lux of illuminance at the
center. Mice were placed in the center of the open field and
allowed to explore for 300 s. The time spent in the central
area and the total locomotor distance were recorded. The
apparatus was cleaned with 75% ethanol between tests.

Passive Avoidance Test

This test was performed in a two-compartment plastic box
with a lit compartment (15 x 15 x 13 cm®) connected to a
dark compartment of the same size by a guillotine door. As
soon as the mice entered the dark compartment, the door
was closed and they received a punishing electric foot
shock (0.75 mA, 1 s). The latency to enter the dark com-
partment was recorded in the training test and in the
retention test 24 h later. The apparatus was cleaned with
75% ethanol between tests.

Immunohistochemistry

Approximately 90 min after the novelty-seeking test, the
mice were deeply anaesthetized by isoflurane inhalation
and transcardially perfused with phosphate buffer saline
(PBS), followed by 4% paraformaldehyde (PFA) in PBS.
The brains were dissected and post-fixed in 4% PFA
overnight and then moved to 30% sucrose in PBS. After
they were saturated in 30% sucrose (36 h), coronal sections
(30 um) were cut on a freezing microtome (CM30503,
Leica Microsystems, Wetzlar, Germany). The sections
were first washed in PBS (3 x 5 min) and then incubated
in a blocking solution containing 10% normal donkey
serum (017-000-121, Jackson ImmunoResearch, West
Grove, PA), 1% bovine serum albumen (A2153, Sigma, St.
Louis, MO), 0.3% Triton X-100 in PBS for 1 h at room
temperature. Next, the sections were incubated with an
anti-c-Fos antibody (1:800, 2250, Cell Signaling Technol-
ogy, Beverly, MA) for 72 h at 4 °C. The sections were then
washed with PBS (7 x 5 min) and incubated with the
secondary antibody, donkey anti-rabbit Alexa Fluor 488
(1:1000, A-21206, Life Technologies, Carlsbad, CA), at
room temperature for 1 h. After washing with PBS
(7 x 5 min), the sections were mounted onto glass slides
with 30% glycerol in PBS and the glass edges were sealed
with nail polish. All images were captured using a Nikon
Al laser-scanning confocal microscope (Nikon, Tokyo,

Japan) with fixed settings. The numbers of immunopositive
cells were counted and analyzed using ImageJ (NIH,
Baltimore, MD).

Microinfusion of GABA Receptor Agonists

Two weeks prior to the novelty-seeking test, mice were
deeply anesthetized by isoflurane inhalation and placed in a
stereotaxic apparatus (REW Life Science, Shenzhen,
China). Stainless-steel guide cannulae [outer diameter
(0.d.) 0.48 mm, inner diameter (i.d.) 0.34 mm] were
implanted bilaterally, ending 1 mm above the injection site
[nucleus accumbens shell (NAcSh): bregma + 1.34 mm,
midline & 0.5 mm, 4.7 mm ventral to the skull] [24]. A
mixture of baclofen and muscimol (Bac-Mus mix, 0.06/
0.006 nmol/pL or 0.12/0.012 nmol/uL, Sigma) was injec-
ted bilaterally in a volume of 0.5 pL into the NAcSh on
each side 10-15 min prior to the novelty-seeking test. The
Bac-Mus mix was delivered through an injection cannula
(o.d. 0.3 mm, id. 0.14 mm) coupled with a 1.0 pL
Hamilton microsyringe driven by a microinfusion pump
(Stoelting, Wood Dale, IL) at a rate of 0.25 pL/min. The
injection cannulae were lowered into the NAcSh to a depth
of 1 mm beyond the tips of the guide cannulae. After
infusion, the injection cannulae remained in the guide
cannulae for 1 min to prevent fluid backflow.

Statistical Analysis

Analyses of the novelty-seeking, social interaction, and
passive avoidance tests were performed using two-way
ANOVA with a Bonferroni post-hoc test. We used Grubbs’
test to determine the outliers in data sets. The independent
t-test was used to analyze the open field and the c-Fos
expression data. All data are expressed as mean == SEM
and were analyzed using SPSS 22.0 software for Windows
(SPSS, Chicago, IL). The significance level was set at
P < 0.05.

Results

TLR4~’~ Mice Exhibited Reduced Exploratory
Behaviors Under Approach-Avoidance Conflict

To determine the role of TLR4 deficiency in positive moti-
vation-related exploration, we first tested the novelty-seek-
ing behavior of the mice in an exposed, large field with a
central object (Fig. 1A). Two-way ANOVA revealed a sig-
nificant interaction effect between test type (pretest vs test)
and genotype (WT vs TLR4™") (F,. 13 = 21.809,
P < 0.001). The main effects of test type (F(;, 13, = 63.000,
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Fig. 1 TLR4 deficiency caused a reduction in novelty-seeking
behavior in mice. A. Representative tracings of WT (middle panel)
and TLR4™"~ mice (right panel) performing the novelty-seeking task
in the large apparatus (left panel). B. Bar graphs showing the time WT
(n = 8) and TLR4™~ (n = 7) mice spent in the exploration zone in
the 3-min novelty-seeking test phase in the large apparatus. C. The
locomotor distances of WT and TLR4 ™"~ mice in the 3-min novelty-

P < 0.001) and genotype (F(;, 13y = 13.550, P < 0.01) were
both significant. Bonferroni post-hoc analysis showed that
during the test phase, the TLR4 ™"~ mice (n = 7) spent less
time in the exploration zone than the WT mice (n = 8)
(P < 0.001) (Fig. 1B). Besides, TLR™™ mice showed nor-
mal locomotor activity, as they traveled the same distance as
WT mice during the test phase (Fig. 1C). These data indi-
cated that TLR4 ™"~ mice exhibit impaired novelty-seeking
behavior in a large open space.

@ Springer

pretest test

seeking test phase in the large apparatus. D. Representative tracings
of WT (middle panel) and TLR4~’~ mice (right panel) performing the
novelty-seeking task in the small apparatus (left panel). E. Bar graphs
showing the time WT (n = 8) and TLR4™~ (n = 6) mice spent in the
exploration zone in the 3-min novelty-seeking test in the small
apparatus. *P < 0.05, ***P < 0.001.

However, the decreased novelty-seeking behavior of
TLR4~'~ mice in the open field apparatus may have been
due to an impairment of exploratory behavior or an
increased anxiety level in the exposed, large field. To
investigate these possibilities, we retested the same mice in
a less stressful apparatus (Fig. 1D), a small apparatus
similar in size and wall color to the mouse cage. Two-way
ANOVA showed no significant interaction effects between
test type and genotype (F(;, 12y = 0.040, P > 0.05). The
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main effect of genotype was also not significant
(Fa, 12 = 1.52, P > 0.05) (Fig. 1E). However, we found a
significant main effect of test type (F(, 12y = 19.311,
P < 0.01). Bonferroni post-hoc analysis showed that both
TLR4™~ (n=6, P<005 and WT mice (n=S8,
P < 0.05) spent more time in the exploration zone in the
novelty-seeking test than in the baseline test (Fig. 1E),
indicating that the novel object was capable of eliciting
clear exploratory behavior of TLR4~"~ mice in the small
apparatus. These results indicated that TLR4 ™"~ mice still
possess a drive to explore novel objects.

The reduced exploratory behavior in the large open field
might have been due to a change in the anxiety level and/or
fear responses of TLR4 '~ mice. To determine if the
novelty-seeking change in TLR4~’~ mice was due to
increased anxiety, the behaviors of a separate group of
mice were evaluated in an open field apparatus (Fig. 2A).
In the regular open field test, there was no difference in the
time spent in the central area (Fig. 2B) and in the loco-
motor distance (Fig. 2C) between TLR4~"~ and WT mice
(n = 11). These data indicated that TLR4™"~ mice have a
normal anxiety response in the open field. To further test if

A

the TLR4~"~ mice showed aggravated fear responses, we
used the passive avoidance test to evaluate these responses
by measuring the latency to enter the dark (shocked)
compartment. Two-way ANOVA revealed no significant
interaction effects between training type (non-foot shock vs
foot shock) and genotype (F1, 34y = 0.027, P > 0.05). Foot
shocks induced a significant increase in the latency score in
WT and TLR4 ™"~ mice (F(;, 34, = 14.021, P < 0.01), but
the main effect of genotype was not significant
(Fa, 34 =0.011, P>0.05) (Fig.2D). These data
demonstrated that TLR4 ™"~ mice exhibit normal fear-mo-
tivated responses in the passive avoidance test. Taken
together, TLR4™~/~ mice showed normal fear/anxiety
responses. Neither a reduced motivation to explore nor a
high level of fear/anxiety could explain the decreased
novelty-seeking behavior of these mice in the large open
field.

One possible explanation for the reduced novelty-seek-
ing behavior in the open space is that the TLR4 ™'~ mice
may respond differently in an approach-avoidance conflict
environment. When the environmental novelty simultane-
ously evokes fear and curiosity, such as in the case of

O wWT

B W TLR4-/- C

% 20- — 15001
= 5

Sl T g | T
S 154 o

© S 1000
= o

8 10+ 'S

() [}

< 5 500-
£ 51 £

£ g

F 0 0

Fig. 2 TLR4~~ mice showed normal anxiety levels and fear
responses in the open field and passive avoidance tests, respectively.
A. Representative tracings of WT (left panel) and TLR4™~ (right
panel) mice in the open field. B. Bar graphs showing the time WT
(n = 11) and TLR4™"~ (n = 11) mice spent in the central area in the
5-min test phase of the open field test. C. Bar graphs showing the
locomotor distances of WT and TLR4 ™~ mice in the test phase of the
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open field test. No significant differences in the central exploration
time and the total distance traveled were found between WT and
TLR4™"~ mice. D. The latency to enter the dark compartment in the
passive avoidance test was similar in WT and TLR4~~ mice. n = 8
for the non-foot shock WT group, 8 for the non-foot shock TLR4 ™~
group, 10 for the foot shock WT group, and 8 for the foot shock
TLR4™~ group. *P < 0.05, **P < 0.01.
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placing a novel object in an open field apparatus, a typical
approach-avoidance conflict situation is generated. In this
conflict situation, TLR4 ™'~ mice may “play it safe” and
choose to hide instead of exploring, although they will
explore the novel object if the environment is less stressful.

To further determine if the positive motivation-related
behavior of TLR4 ™~ mice is suppressed under approach-
avoidance conflict, the social approach behavior of these
mice was tested in a large social interaction test apparatus
(Fig. 3A). We found a significant interaction effect
between test type and genotype (F(;, 3 = 5.849,
P < 0.05), and the main effects of test type (F(;, 13y =
13.774, P <0.01) and genotype (F, 13 = 11.539,
P < 0.01) were both significant. Bonferroni post-hoc
analysis showed that the social interaction preference score
was lower in TLR4 ™/~ mice than in WT mice during the
test phase (P < 0.05) (Fig. 3B). We also tested the social
interaction behavior in a small apparatus (one third the size
of the large one) to remove the conflict (Fig. 3C). Two-way
ANOVA did not reveal any significant interaction effects
between test type and genotype (F(, 13 = 0.083,
P > 0.05) and the main effect of genotype (F(. 13y =
0.007, P > 0.05), although the main effect of test type was
significant (F(;, 13y = 50.433, P < 0.001) (Fig. 3D). Bon-
ferroni post-hoc analysis showed that both TLR4™~
(n="17,P <0.01)and WT mice (n = 8, P < 0.01) showed
a preference for the social compartment in the social
interaction test (Fig. 3D). These data indicated that the
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Fig. 3 Effects of TLR4 deficiency on mouse social behavior. A.
Schematic of the large 3-chamber social interaction apparatus with
choice between a cage containing a novel mouse and an empty cage.
B. Bar graphs showing the preference scores for a conspecific stranger
mouse in the large apparatus. The preference score of TLR4 ™ mice
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TLR4™~ mice prefer to stay in the compartment of the
small apparatus where an unfamiliar mouse is present, and
this preference is lost in the large apparatus. These results
are consistent with the phenomenon observed in the nov-
elty-seeking tests. Taken together, these results indicated
that suppression of positive motivation-related behaviors in
TLR4™~ mice is manifested under approach-avoidance
conflict.

Partially Inactivating the Nucleus Accumbens Shell
Rescued the Exploratory Behavior of TLR4 ™'~ Mice
Under Approach-Avoidance Conflict

The reduced positive motivation-related behavior of
TLR4~'~ mice under approach-avoidance conflict suggested
that there might be changes in relevant neuronal circuitry in
these mice. We next investigated if c-Fos activation was
altered in the brain after the novelty-seeking task. In com-
parison to WT mice, we found that c-Fos expression was
significantly increased in the NAcSh (P < 0.01) and reduced
in the ventral medial prefrontal cortex (P = 0.059) in
TLR4~'~ mice after the novelty-seeking test (Fig. 4A, B).
The c-Fos expression in the basolateral amygdala and par-
aventricular thalamic nucleus, however, was similar in WT
and TLR4~'~ mice after this test (Fig. 4A, B). These results
suggested that the NAcSh plays a key role in decision-
making under approach-avoidance conflict. Increased
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(n = 7) was lower than that of WT mice (n = 8) in the test phase. C.
Schematic of the small social interaction apparatus. D. Bar graphs
showing the preference scores for a conspecific stranger mouse in the
small apparatus. There was no difference in the preference score
between WT and TLR4 ™~ mice. *P < 0.05, **P < 0.01.
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Fig. 4 The density of c-Fos-
positive cells in the NAcSh was
significantly higher in TLR4™~
than in WT mice after
performing novelty-seeking
behavior. A. Representative
photomicrographs showing
c-Fos-positive cells in the BLA,
mPFCv, NAcSh, and PVT of
WT (n = 5) and TLR4™/~

(n = 3) mice. B. Histograms
quantifying the density of
c-Fos-positive cells in the BLA,
mPFCv, NAcSh, and PVT of
WT and TLR4~~ mice. BLA,
basolateral amygdala; mPFCyv,
ventral medial prefrontal cortex;
NAcSh, nucleus accumbens
shell; PVT, paraventricular
thalamic nucleus. Scale bar,
100 pm. **P < 0.01.
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neuronal activity in the NAcSh might account for the
reduction of exploratory activity induced by approach-
avoidance conflict in TLR4~~ mice.

To further determine whether increased neuronal activity
in the NAcSh is necessary to suppress the exploratory
behavior of TLR4 "~ mice under approach-avoidance con-
flict, we next injected a cocktail of GAB Aergic agonists into
the NAcSh to block neuronal activity (Fig. 5A), since the
major projection neuron in the NAcSh, the medium spiny

BLA mPFCv  NAcSh PVT

neuron (MSN), receives synaptic inputs from local
GABAergic interneurons [25]. We found a significant
interaction effect between test (pretest vs test) and drug type
(vehicle vs Bac-Mus) (F, 12) = 8.625, P < 0.05) for WT
mice, and the main effects of test (F, 12 = 29.121,
P < 0.001) and drug type (F(;, 12y = 9.709, P < 0.01) were
both significant (Fig. 5B). Bonferroni post-hoc analysis
revealed that WT mice spent less time in the central area
(P <0.01) after the low dose of Bac (0.03 nmol)-Mus

Fig. 5 Injecting a low dose of GABA receptor agonists into the
NAcSh rescued the novelty-seeking behavior of TLR4 ™"~ mice placed
in a large open space. A. Schematic of the intracranial cannula
infusion sites in the NAcSh. Black dots indicate the locations of
injector tips. Numbers on the right indicate the section position

B
- 50- —_ ..
3 T
= 40 [ Vehicle
= Hl Bac-Mus(0.03/0.003)
£ 301 B2 Bac-Mus{0.06/0.006)
8
o 204
ES
£
E oLl e (W=
pretest test pretest test
WT TLRA4-/-

posterior to bregma. The figure was adapted from The Mouse Brain in
Stereotaxic Coordinates (Franklin & Paxinos, 2008, Third Edition,
Elsevier). B. Bar graphs summarizing the effects of NAcSh inacti-
vation on the novelty-seeking behaviors of WT (n = 7) and TLR4™~
(n = 6) mice. *P < 0.05, **P < 0.01.
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(0.003 nmol) in the test phase (Fig. 5B). On the other hand,
partially increasing GABAergic transmission in the NAcSh
of TLR4™~ mice by injecting Bac (0.03 nmol)-Mus
(0.003 nmol) into the NAcSh caused TLR4 ™~ mice to spend
significantly longer in the central area (P < 0.05) (Fig. 5B).
These results indicated that partially inactivating the NAcSh
rescues the novelty-seeking behavior of TLR4™~~ mice.
Injecting a high dose of Bac (0.06 nmol)-Mus (0.006 nmol)
into the NAcSh of TLR4~"~ mice caused them to explore a
novel object placed in the center of the open field apparatus
for a significantly shorter period than the low-dose Bac-Mus-
treated mice (P < 0.05). These data implied that abnormal
activation of the NAcSh might contribute to the impaired
novelty-seeking behavior in TLR4 ™"~ mice.

Discussion

The main findings of the present study are: (1) TLR4™~
mice displayed impaired novelty-seeking and social inter-
action behaviors in exposed, large spaces, though they
showed normal interest in exploring a novel object in a less
stressful environment as well as normal fear and anxiety
responses, suggesting that their novelty-seeking deficiency
was manifested in the approach-avoidance conflict envi-
ronment; (2) the novelty-seeking behavior induced a higher
number of c-Fos-positive cells in the NAcSh of TLR4 ™~
mice, and partially inactivating the NAcSh rescued the
reduced novelty-seeking behavior of these mice in the large
open field. These data are the first to link TLR4 to positive
motivation-related behaviors under approach-avoidance
conflict conditions. Abnormal neuronal activity in the
NAcSh might underlie this phenomenon.

TLR4 is best known for its essential roles in innate
immunity under pathological conditions [26, 27]. It is also
extensively expressed in the central nervous system [12,
28], and its activation has been shown to correlate with
many neuropsychiatric conditions including depression and
drug addiction [12, 29]. TLR4 activation triggers a cascade
of signaling events leading to the release of many pro-
inflammatory cytokines. These cytokines, such as tumor
necrosis factor-o. and interleukin-1f, not only exert their
excitatory effects via upregulating excitatory synaptic
transmission [30, 31], but also regulate neuronal functions
via interacting with modulatory systems [32]. All these
TLR4-mediated molecular and cellular consequences are
pivotal to relevant neuropsychiatric diseases. In particular,
it has recently been shown that substances of abuse such as
opioids [33] and cocaine [20] function as Xxenobiotic
ligands for TLR4 [34]. Xenobiotic activation of TLR4
increases the DA level in the NAc [20, 33]. We do not
know if endogenous opioids are capable of activating
TLR4 directly, nevertheless we speculate that TLR4
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deficiency may lead to a decreased level of DA in the NAc,
an area important in motivational conflict. Alternatively,
TLR4 deficiency may interfere with the development of
neuronal circuits associated with affective and motivational
behaviors [35], leading to the observed impairment in
exploratory behaviors under conflict. Additional studies are
required to address these questions in the future.

In the present study, although many brain areas showed
increased numbers of c-Fos-positive cells in WT and
TLR4™'~ mice after the novelty-seeking task conducted in
the large apparatus (Fig. 4), it was in the NAcSh that
TLR4~"~ mice had more c-Fos reactivity than WT mice. It
will be interesting to determine whether there is compa-
rable c-Fos expression in both WT and TLR4 ™~ mice after
the novelty-seeking task in the small apparatus in future
studies. Based on the relatively high density of c-Fos-
positive cells in the NAcSh, we speculate that these cells
may be MSNs which account for ~95% of all neurons in
the NAc [36]. MSNs primarily express D1-like or D2-like
dopamine receptors. Though we were not in a position to
address the identity of c-Fos-positive neurons in TLR4 ™~
mice in the current study, we think these neurons may be
D2-MSNs as activation of these neurons mainly controls
aversive behaviors [37-39]. It is well-known that D2-
MSNs are inhibited by DA [40], and xenobiotic activation
of TLR4 results in an increase in DA in the NAc [20, 33].
This may explain why TLR4 deficiency enhanced neuronal
activity in the NAcSh after the novelty-seeking test. It will
be interesting to investigate the cell type of these c-Fos-
positive neurons and their functional regulation by DA in
TLR4~"~ mice in future studies.

To link the enhanced neuronal activity in the NAcSh to
the reduced exploratory behavior under conflict, we used
low doses of GABA, and GABAg receptor agonists to
partially inactivate the NAcSh. Although GABAergic
interneurons make up about 2% of all neurons in the NAc
[41], GABA receptor agonists have been widely used to
inactivate the NAc [42, 43]. Infusion of one tenth of the
regular doses of GABA receptor agonists into the NAcSh
was effective in rescuing the novelty-seeking behavior of
TLR4~'~ mice under motivational conflict. Interestingly,
the same doses of GABA receptor agonists inhibited the
exploratory behavior of WT mice performing the novelty-
seeking task. Doubling the doses, on the other hand, sup-
pressed the novelty-seeking behavior in TLR4 ™~ mice.
One possible explanation for these findings is that novelty-
seeking behavior under conflict is dependent on the level of
neuronal population excitability in the NAcSh. The higher
the level, the more likely the neuronal circuit is to control
the novelty-seeking behavior under conflict.

The novelty-seeking behavior we used represents a
complex equilibrium between approach and avoidance
behaviors [44], thus we reasoned that the manifestation of the
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aversive behavior in TLR4 "~ mice may be due to a shift in
the equilibrium controlled by neuronal circuits with oppos-
ing functions [45]. The general consensus is that the NAcSh
mainly controls aversive behavior, possibly via the indirect
striato-pallidal pathway in which D2-MSNs are the major
projection neurons. This indirect pathway may also be reg-
ulated by inputs from many areas in the prefrontal cortex and
limbic regions [46, 47]. Compared to WT mice, we found
that the novelty-seeking behavior induced an apparent
decrease in the number of c-Fos-positive neurons in the
medial prefrontal cortex (mPFC) in TLR4™"~ mice. No
changes in c-Fos reactivity were observed in the basolateral
amygdala. Thus, an abnormal mPFC-NAcSh circuit may
underlie the reduced novelty-seeking behavior in TLR4-
deficient mice. It has been shown that environmental stress
modulates appetitive and defensive behaviors through the
mPFC-NAcSh pathway. Blockade of AMPA receptors in the
NACcSh elicits defensive behavior in a stressful environment
[48]. This is consistent with our finding that reduced
exploratory behavior in a stressful open field was associated
with a decrease in mPFC neuronal activity in TLR4 ™~ mice.
Future studies are required to address the detailed circuit
mechanism underlying the TLR4 deficiency-induced shift of
approach-avoidance equilibrium. For example, it will be
interesting to determine whether upregulating neuronal
activity in the mPFC rescues the novelty-seeking behavior of
TLR4~'"mice under motivational conflict. It will also be
interesting to clarify the crosstalk between the mPFC and
NAcSh by evaluating the neuronal activity in the mPFC via
c-Fos staining in response to infusion of GABA receptor
agonists into the NAcSh.

Moreover, dysfunction in the mPFC-NAc circuit has
been implicated in compulsive disorders. Repeated cortico-
striatal activation generates persistent obsessive-compul-
sive disorder-like behavior [49]. Activation of cortical-
NAc core inputs promotes compulsive alcohol intake in
mice [50]. These studies raise the possibility that a TLR4-
dependent pathway may account for other motivational
disorders. In addition, abnormal novelty-seeking behavior
has been linked to many neuropsychiatric disorders. For
example, high novelty-seekers are more susceptible to
drugs of abuse than low novelty-seekers [51, 52]. Reduced
novelty-seeking is known to be associated with autism [6,
7] and Alzheimer’s disease [53]. These findings further
imply that TLR4-mediated signaling is critical in many
affective disorders. Thus, studying the interactions between
Toll-like receptor-mediated immune signaling and moti-
vational and affective disorders in the future will help our
understanding of how immune activation affects relevant
neuropsychiatric diseases.

In conclusion, the present study showed that TLR4 is
involved in motivation-related behaviors under approach-
avoidance conflict. Dysfunction of the mPFC-NAcSh

neural circuit might contribute to this phenomenon. Future
studies are required to address the detailed TLR4-mediated
signaling in regulating this important behavior.
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