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Environmental enrichment reduces
adolescent anxiety- and depression-

like behaviors of rats subjected to infant
nerve injury
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Abstract

Background: Infant nerve injury causes delayed adolescent neuropathic pain, but whether it also leads to psychiatric

illness is unknown. Environmental enrichment (EE) increases social communication and activity. Thus, our goal was to

test anxiety- and depression-like behaviors after infant peripheral nerve injury and evaluate the effect of environmental
enrichment on these models of affective disorders.

Methods: Open field, elevated plus maze, sucrose preference, and pain behaviors (paw withdrawal threshold,
spontaneous guarding score, and cold response to acetone) were measured in rats that received infant spared nerve
injury (SNI). Enzyme-linked immune absorbent assay of cytokines was performed to evaluate the inflammatory
response in the brain. Then, the ability of intracerebroventricular (ICV) injection of a microglia inhibitor, minocycline
(MIN), and EE (a free-running wheel, a staircase, a plastic tunnel, a raised platform, and various colored balls) to reverse
the infant SNI effects on behaviors and cytokines was examined.

Results: Infant nerve injury resulted in adolescent anxiety- and depression-like behaviors. The medial prefrontal cortex,
basolateral amygdala, and ventral hippocampus were skewed to a pro-inflammatory profile. ICV injection of MIN

reduced anxiety- and depression-like behaviors without affecting pain behaviors. In addition, ICY MIN skewed the
brain towards an anti-inflammatory profile. Finally, environmental enrichment improved anxiety- and depression-
like behaviors, as well as pain behaviors. EE increased brain IL-10 and decreased IL-13 and TNF-a.

Conclusions: Infant nerve injury induces adolescent anxiety- and depression-like behaviors and central nervous
inflammation. Environmental enrichment reduces these behaviors by normalizing the inflammation balance in
the brain.
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Background

Anxiety and depression are frequent comorbidities of
chronic pain. About 40-60% of patients with chronic pain
report anxiety and depression [1], and the prevalence of a
lifetime history of psychiatric disorders is higher in
chronic pain patients [2]. Both depression and chronic
pain are debilitating and have a negative effect on quality
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of life [3], and both involve neuroinflammation. The
causes of psychiatric disorders include monoamine dys-
function, hypothalamic-pituitary-adrenal axis dysfunction,
deficiencies in neurogenesis, and neuroimmune activation
[4]. Recently, these psychiatric disorders have been
increasingly recognized as neuroinflammatory conditions
because of the causes as described above and because they
respond to anti-inflammatory treatment [5]. Microglia are
the primary resident immune cells in the central nervous
system. They are sentinels and patrol their surroundings
constantly. After an insult, they change their morphology
and release inflammatory cytokines [6, 7]. These
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inflammatory mediators affect neuron-neuron and
neuron-glia communication and lead to affective disorders
[5]. This opens up the possibility of treating these affective
disorders by targeting microglia-related inflammation.

Neuroinflammation is also critical for the development
of chronic pain including neuropathic pain conditions
[8]. However, neuropathic pain is absent in infants. Per-
ipheral nerve injury early in life often results in delayed
onset of neuropathic pain behaviors starting from ado-
lescence onward. For example, newborns with brachial
plexus injury rarely develop chronic pain [9]; phantom
pain happens long after congenital limb deficiency or
early-life surgical amputation [10]. Population-based
studies show that complex regional pain syndrome never
occurs before adolescence [11]. Development of neuro-
pathic pain is age-dependent, and chronic pain was
rarely prevalent before adolescence [12]. In animal stud-
ies [13, 14], rats that received spared nerve injury (SNI)
surgery did not develop neuropathic pain until 4 weeks
after the injury, which was attributed to suppression of
spinal inflammation in the early life. Considering that
chronic pain is an important cause of psychiatric disor-
ders [15] and that few clinical studies have focused on
affective disorders induced by infant nerve injury, we
evaluated anxiety- and depression-like behaviors after in-
fant peripheral nerve injury in rats.

Anxiety and depression can have high morbidity and
are often relapsing. Despite considerable effort dedicated
to searching for efficacious treatment for these diseases,
they are still refractory to treatment. Treating these con-
ditions with psychiatric medications often brings an eco-
nomic burden to families in addition to some severe side
effects to patients. Environmental enrichment (EE) in-
creases social communication and exploration [16], and
a voluntary wheel running inhibits anxiety [17] and pain
[18]. EE which includes a free-running wheel may be a
useful approach to model this effect in preclinical stud-
ies. Thus, we tested the effect of EE on behaviors related
to psychiatric disorders. Considering previous studies
showing that anxiety and depression are inflammatory
diseases [5, 6], we also measured the critical inflamma-
tory cytokines IL-10, IL-1B, and TNF-a, after infant
spared nerve injury (SNI), and measured changes in
these cytokines in the central nervous system after EE
treatment to explore potential mechanisms of EE effects.

Methods

The study was approved by the institutional experimen-
tal animal use and care committee, Shanghai Children’s
Medical Center, an affiliate of Shanghai Jiao Tong Uni-
versity School of Medicine, and was conducted under
the guidelines of the National Institute of Health. All an-
imals were kept in a controlled environment (25 °C,
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lights on from 8 AM to 8 PM) with free access to food
and water.

Male Sprague-Dawley rat pups aged 1 week with their
mothers and prior to weaning were purchased from the
Shanghai Experimental Animal Center. The rat pups
were numbered by their weight, then every two consecu-
tive rats in weight order were randomly divided into
sham or SNI groups by a computer-generated random
number “1” or “2,” which indicated “sham” or “SNI”
group, respectively. Each group was distributed across
multiple litters (two to three animals) to allow for pos-
sible litter variability. Pups assigned into different groups
remained with their single dam mothers until weaning.
After weaning, only littermates were housed together in
the same cage to avoid unnecessary stress. The surgery
was performed as previously described [19]. On postna-
tal day (P) 10, the rat’s skin was prepared under isoflur-
ane anesthesia on the right lateral thigh followed by a
small incision to expose the sciatic nerve under a dis-
secting surgical microscope (Leica M205FA, Germany).
The tibia and common peroneal branches were ligated
and transected leaving the sural nerve intact. The skin
was closed in layers and the rats were returned to their
mother cages for recovery in the lab after the surgery,
which typically lasted no more than 20-30 min. The
cages were returned to the original animal facility on the
same day. Rat pups were weaned at P21 and were
housed two to three littermates per cage. Behavior tests,
drug injections, and ELISA assays were done in a
blinded fashion to avoid bias. The study consisted of
three experiments as shown in Fig. 1.

In experiment 1, rat pups received sham or SNI sur-
gery at P10, and in adolescence, rats received behavior
tests on postoperative days (POD) 20, 40, and 70 (n=8
rats in each group) or were sacrificed on POD 45 for
cytokine assays of medial prefrontal cortex (mPFC),
basolateral amygdala (BA), and ventral hippocampus
(VH) (n =6 rats in each group).

In experiment 2, rat pups received sham or SNI sur-
gery at P10 and then received ICV injection of vehicle
or minocycline (MIN) daily from POD 34 to POD 39;
behavior tests were performed on POD 20 and POD 40.
After the last behavior test on POD 45, all of the rats
were decapitated and mPFC, BA, and VH were collected
for cytokine assay (n = 10 rats per group).

In experiment 3, rat pups received sham or SNI sur-
gery at P10, and EE (or conventional standard housing
as a control) was employed starting from POD 11 to the
end of the experiment. In four groups of animals, behav-
ior tests were done on POD 20, 40, and 70 (7 =9 rats in
each group). In another four groups of animals, rats
were sacrificed for cytokine assays on POD 45 (1 = 6 rats
in each group). The EE consisted of a free-running wheel
and any two of the following toys: a staircase, a plastic
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Fig. 1 Experimental procedures and timeline. SNI surgery was performed by ligation and transection of the tibia and common peroneal branches, leaving
the sural nerve intact. Experiment 1: Behavior tests and ELISA to measure the anxiety- and depression-like behaviors and inflammatory profile. Experiment
2:1CV MIN to evaluate the effect of a microglia inhibitor on the anxiety- and depression-like behaviors and inflammatory profile. Experiment 3: Test the
effects of EE on anxiety- and depression-like behaviors and inflammatory profile of rats subjected to infant SNI. SNI spared nerve injury, ELISA enzyme-
linked immune-absorbent assay, ICV intracerebroventricular, MIN minocycline, EE environmental enrichment, P postnatal days, POD postoperative days

tunnel, a raised platform, and various colored balls. The
two toys were changed every 3 to 5 days. The rats in the
control groups were not exposed to the running wheel
and toys.

Pain behavior tests

Spontaneous guarding scores were measured as in a pre-
vious study [20]. Briefly, scores were 0 (paw flat on the
floor with equal weight on both paws), 1 (mild shift of
weight away from ipsilateral paw), 2 (unequal weight
bearing and part of the paw lifted), or 3 (foot totally
raised and not bearing any weight). Paw withdrawal
threshold to mechanical stimulation was measured on
POD 11,20, 40, and 70 in accordance with a previous
study [18]. In the morning, the rats were placed in a
Plexiglas box with a mesh floor 50 cm above the table.
After 15 min of acclimation, the ipsilateral paw with-
drawal thresholds were measured by an electric appar-
atus (IITC Life Science, USA). An increasing force was
used to stimulate the ipsilateral hind paw, and when the
paw withdrawal was observed, the value was recorded.

Three repeated measures were averaged to get a mean
value. Cold test response rate to acetone was done ac-
cording to a previous study [20]; the score was recorded
as withdrawal or licking or shaking of the hind paw to a
drop of acetone applied to the ventral surface of the
paw. The guarding behaviors were measured before the
paw withdrawal threshold test and acetone test.

Anxiety- and depression-like behavior tests

The open field test was performed on POD 20, 40, and
70 and followed the procedures described previously
[21]. The rat was placed in a square arena (50 x 50 x
50 cm). The square was divided into two areas: a per-
ipheral area and a central (17 x 17 cm) square area. The
center distance and center duration were recorded as
measures of anxiety-like behavior, and total running
distance was recorded as a measure of general motor
behavior. The running track was recorded for 5 min by
a camera 2 m above the box. The field was cleaned with
75% ethanol after each test.
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The elevated plus maze test was performed the day
after the open field test to assess anxiety-like behavior
as described previously [22]. The apparatus was com-
prised of two open arms and two closed arms (60 x
30 x20 c¢cm) emerging from a center platform (20 x
20 cm). The maze was covered with PVC material.
After preparation, a rat was placed in the center of the
platform area, and then, the track was videotaped for
5 min by a camera 1.5 m above the plus maze. The
open arm entries and open arm duration were re-
corded for analysis. After each test, the rat was
returned to its cage and the maze was cleaned with
75% ethanol. The videos of open field and elevated
plus maze tests were analyzed by tracking software
Noldus Ethovision XT (Noldus Information Technol-
ogy, Leesburg, VA).

After the open field and elevated plus maze tests, the su-
crose preference test was performed to assess depression-
like behavior. The experiment followed a previous study
with minor modifications [21]. Briefly, all of the rats were
habituated with 1% sucrose for 48 h before experiments.
On POD 25, 45, and 75, each rat received an 8-h fluid and
food deprivation and then was exposed for 1 h to two bot-
tles, one filled with 1%sucrose and the other tap water.
The water and sucrose intakes were recorded to calcu-
late the sucrose intake percentage (sucrose/(sucrose +
water)) x 100%.

Intracerebroventricular catheter placement and injection
Intracerebroventricular (ICV) catheter placement and
injection followed the procedures used in a previous
study [23]. Briefly, on POD 30, rats were anesthetized
with pentobarbital sodium (50 mg/kg). After
anesthesia, the rat was fixed on a stereotaxic appar-
atus. Then, the surgery was performed and a catheter
was placed with stereotaxic coordinates: 0.8 mm pos-
terior, 1.5 mm left lateral, and 4.5 mm ventral from
the bregma. The guide cannula was fixed with dental
cement and the rat was returned to its cage for recov-
ery. The ICV cannulation was verified by injection of
methylene blue through the cannula. The environmen-
tal enrichment toys were provided as before. Minocy-
cline hydrochloride (purchased from Sigma-Aldrich
Corp, St Louis, USA) was dissolved in normal saline.
For each daily injection, rats were anesthetized with
isoflurane as above; rats received bilateral microinjec-
tion of minocycline (160 pg/side) or saline (control)
into the cerebral ventricle. A total volume of 4.0 pl
was infused into each side over 10 min, and the injec-
tion syringe was left in place for an additional 5 min
to allow for diffusion [23]. The microinjections were
performed daily from POD34 to POD39. The behavior
tests resumed on POD 40.
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Inflammatory mediators measurement by enzyme-linked
immune-absorbent assay

On POD45, rats were deeply anesthetized with pento-
barbital sodium (100 mg/kg) followed by decapitation.
Tissues were collected for ELISA as previously described
[24]. Briefly, the brains were placed in a chilled matrix
and microdissected on a chilled glass plate. The mPFC
was obtained from a 2-mm-thick slice ranging from
approximately 5 to 3 mm anterior of Bregma. The VH
was isolated from a 4-mm-thick section ranging from
approximately 3.2 to 7.2 mm posterior of Bregma and
was separated from cortex and underlying brain struc-
tures. The BA was dissected out ranging from approxi-
mately 1.2 to 3.2 mm posterior of Bregma just lateral to
the optic tracks. After the samples were collected, these
tissues were homogenized with normal saline and centri-
fuged at 2000 rpm, 4 °C for 10 min. The supernatants
were used for IL-10, IL-1p, and TNF-a assay with ELISA
kits (Nanjingjiancheng Biocompany, Nanjing, China) fol-
lowing the manufacturer’s instructions.

Statistical analysis

The data are shown as mean + SEM and were analyzed
with one-way or two-way analysis of variance (ANOVA)
with repeated measures. If a statistically significant dif-
ference was found, Bonferroni post hoc analysis was
conducted. Nonparametric Wilcoxon or unpaired “¢” test
was used for comparison of variables without repeated
measure. P < 0.05 was considered statistically significant.
The statistical analysis was performed using GraphPad
Prism software (GraphPad Prism 5.0, version 2.0; Graph-
Pad Software Inc., San Diego, CA, USA).

Results

Infant SNI surgery induced adolescent anxiety- and
depression-like behaviors

From adolescence onward, anxiety- and depression-
like behaviors were measured. The open field test
showed that infant SNI surgery decreased the center
duration (group Fji4 =13.2, P =0.003; time F,5g =
1.16, P =0.329; interaction F,,g =1.29, P =0.243) and
center distance (group Fj 4 =114, P =0.005; time
F;,3 =1.06, P =0.359; interaction F;,3 =1.07, P =
0.355) compared to the sham surgery group from
POD 20 to POD 40 (Fig. 2a, b respectively). The total
running distance in the open field was not different
between the sham and SNI groups (Fig. 2c) (group
Fi14 =1.09, P =0.315; time Fp,3 =0.326, P =0.724;
interaction F,,g =0.047, P =0.955). SNI surgery de-
creased the center distance/total distance ratio (Fig. 2j)
(group Fy14 =7.7, P =0.015; time Fy,3 =0.745, P =
0.484; interaction F,,g =0.737, P =0.487), a measure
which minimizes any small changes in total locomotion
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Fig. 2 Infant SNI resulted in adolescent anxiety- and depression-like behaviors. Infant rats that received SNI on P10 showed decreased (a) center
distance and (b) center duration compared to the sham group from POD 20 to POD 40. ¢ The total distance traveled in the open field did not
differ from the sham group. d Infant SNI surgery decreased sucrose intake percentage compared to the sham group on POD 45. In the elevated
plus maze test, infant SNI surgery decreased (f) open arm duration compared to the sham group from POD 21 to POD 41 and (e) open arm
entries on POD 41. In addition, infant SNI resulted in decreased (g) paw withdrawal threshold from POD 20 to POD 40, increased (h) guarding
score from POD 20 to POD 70, and increased (i) cold sensitivity to acetone from POD 20 to POD 40. j SNI decreased the center distance/total
distance calculated from the open field test on POD 40. Representative open field and elevated plus maze photos (k). n=8. “a” denotes the
statistically significant difference compared to the sham group
.

on the results. Representative open field and elevated plus
maze photos are shown in Fig. 2k.

The elevated plus maze test showed that infant SNI
surgery decreased open arm duration compared to the

sham group from POD 21 to POD 41 (Fig. 2f) (group
F;14 =838, P =0.012; time F,55 =0.270, P =0.766;
interaction Fy5g = 1.763, P = 0.190). The number of open
arm entries was decreased on POD 41 compared to the
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sham group (Fig. 2e) (group Fj14 =11.6, P =0.004; time
Fy58 =2.00, P =0.154; interaction F,,g =1.08, P =0.352).
The sucrose preference test showed that the infant SNI
surgery decreased the sucrose intake percentage on POD
45 compared to the sham group (Fig. 2d) (group Fj 4 =
28.75, P =0.000; time F,,5 =1.55, P =0.231; interaction
Fyag = 3.01, P = 0.653).

The paw withdrawal threshold (Fig. 2g) (group
Fi14 =426, P =0.000; time F34, =759, P =0.000;
interaction F3 4, =4.97, P =0.005) of rats subjected to
infant SNI was decreased on POD 20 and POD 40,
spontaneous guarding behavior (Fig. 2h) (group Fj 14 =
404, P =0.000; time F34, =16, P =0.000; interaction
F3 45 =16, P =0.000) was increased on POD 20, POD
40, and POD 70, and the response to acetone (Fig. 2i)
(group Fj14 =53.8, P =0.000; time F34, =531, P =
0.003; interaction F3 4, =2.94, P =0.044) was increased
on POD 20 and POD 40, as compared to sham rats.

Infant SNI surgery increased mPFC, BA, and VH
inflammatory mediators on POD 45

The ELISA results showed that SNI surgery increased
IL-1p in the mPFC (P = 0.003, unpaired ¢ test), BA (P
=0.004, unpaired ¢ test), and VH (P = 0.001, unpaired ¢
test) and TNF-a in the mPFC (P =0.001, unpaired ¢
test), BA (P =0.003, unpaired ¢ test), and VH (P=
0.001, unpaired ¢ test) compared to the sham group
(Fig. 3a—c). In contrast, infant SNI surgery decreased
IL-10 in the mPFC compared to the sham group (P =
0.032, unpaired ¢ test, Fig. 3a). These results showed
that SNI caused the adolescent brain to skew towards
a pro-inflammatory profile.

ICV MIN reduced adolescent anxiety- and depression-like

behaviors

In experiment 2, four rats did not complete the experi-
ment and were excluded, including one in sham + MIN,
one in SNI + MIN, and two in SNI + vehicle group. Two
rats in the SNI + vehicle group died due to respiratory
depression possibly caused by pentobarbital overdose.
One rat in the sham + MIN group and one in the SNI +
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MIN group were excluded from the study due to failure
of proper cannulation. The behavior results showed that
ICV MIN for 6 days starting at POD34 did not affect
anxiety, depression, and pain behaviors of sham rats
(Fig. 4a—f). Consistent with experiment 1, SNI surgery
induced adolescent anxiety, depression, and pain behav-
iors compared to sham rats. ICV MIN starting at POD
34 increased the center distance (group F3,4 =15.3, P =
0.000; time F,4 =241, P =0.133; interaction F3,, =
2.00, P =0.141) and center duration (group Fz,4 =8.42,
P =0.001; time Fj,4 =0.146, P =0.706; interaction
F354 =1.867, P =0.162) on POD 40 in the open field
test, open arm duration (group Fzoq =7.91, P =0.000;
time F; 54 =0.28, P =0.602; interaction F3,4 =1.59, P =
0.216) and a number of open arm entries (group F3o4 =
7.1, P =0.000; time F;,4 =0.83, P =0.37; interaction
F354 =254, P =0.08) on POD 41 in the elevated plus
maze test, and sucrose intake percentage (group Fso4 =
4.83, P =0.001; time F;,4 =0.02, P =0.88; interaction
F354 =1.16, P =0.35) on POD 45 in the sucrose prefer-
ence test (Fig. 4a—f). Although SNI decreased the paw
withdrawal threshold (group Fs;,g =17.93, P =0.000;
time Fj 55 = 51.0, P = 0.000; interaction F3,4 = 0.105, P =
0.957) and increased spontaneous guarding behaviors
(group F3.g =176.7, P =0.000; time Fj,q =3.52, P =
0.073; interaction F3 4 = 3.52, P = 0.140) and response to
acetone (group F3,g =34.1, P =0.000; time F,4 =1.63,
P =0.214; interaction F3,4 =0.12, P =0.947), ICV MIN
did not affect those behaviors in the sham or SNI rats
(Fig. 4g—i). SNI decreased the center/total distance
(Fig. 4j) (group F34 =5.93, P = 0.004; time Fj 54 = 0.255,
P =0.618; interaction F3,4 =1.49, P =0.244) compared
to the sham group, while ICV MIN decreased that effect
on PODA40.

ICV MIN reduced mPFC, BA, and VH inflammation of rats
subjected to infant SNI on POD 45 compared to ICV
vehicle group

After the behavior tests on POD 45, rats were decapi-
tated and samples were collected for ELISA tests. The
ELISA results showed infant SNI increased IL-1p and
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Fig. 4 ICV MIN decreased infant SNI-induced anxiety- and depression-like behaviors. Infant SNI decreased a center duration and b distance from
POD 20 to POD 40 in the open field test, f open arm duration from POD 20 to POD 40, e open arm entrances on POD 40 in the elevated plus maze test,
and d sucrose intake percentage on POD 45. ICY MIN increased center duration and distance in the open field test, open duration and open entrance on
POD 40 in the elevated plus maze test, and sucrose intake percentage on POD 45. ICV MIN did not affect the total distance traveled in the open field test
(no difference between the four groups) and did not affect any behaviors of the sham rats. Infant SNI decreased g paw withdrawal threshold
and h increased guarding score (guarding scores in the two sham groups were zero) and i response to acetone from POD 20 to POD 40, while ICV
MIN did not affect these values in sham or SNI rats. k SNI decreased center/total distance compared to the sham group, while ICV MIN decreased that
effect on POD40. n=6-8. “a” denotes the statistically significant difference compared to the sham plus vehicle group. "b" denotes the statistically
significant difference compared to the SNI plus vehicle group

TNF-a in mPFC (Fig. 5a—c), BA (Fig. 5d—f), and VH  SNI-induced pro-inflammatory profile towards an
(Fig. 5g—i), while ICV MIN increased IL-10 in mPFC anti-inflammatory profile in those regions.

(F324 =447, P =0.013), BA (F354 =4.14, P =0.017), and

VH (F324 =1623, P =0.000) and decreased IL-1f in  EE inhibited infant SNI-induced adolescent pain and
mPFC (F3,4 =34.85, P =0.000), BA (F3,4 =24.87, P =  anxiety- and depression-like behaviors

0.000), and VH (F354 =25.52, P =0.000) and TNF-a in  In the EE intervention experiment, one rat in the sham
mPFC (F354 =17.41, P =0.000), BA (F354 =31.2, P =  group was excluded because of incision infection. After
0.000), and VH (F3,4 =39.6, P =0.000). The increased EE starting from POD 11, the center duration (group
IL-10 and decreased IL-1p and TNF-a in mPFC, BA, F33; =162, P =0.000; time F,4, =0.285 P =0.824;
and VH suggested that ICV MIN skewed the interaction Fgg, =0.913, P =0.491) and center distance
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(group F33; =9.67, P = 0.000; time Fy 4, = 0.285, P = 0.753;
interaction Fggy =0.454, P =0.968) on POD 40 were
greatly increased compared to the group without EE in
the open field test of rats that received SNI on POD 10
(Fig. 6a, b). The total running distance in the open field
was not different between the four groups (Fig. 6¢) (group
F331 =0.593, P =0.624; time F, 4, =2.38, P =0.101; inter-
action Fggy =0.111, P =0.995). EE increased open arm
duration (group Fs3; =5.79, P = 0.003; time F, ¢, = 0.744,
P =0.480; interaction Fggy =0.566, P = 0.756) compared
to the group without EE on POD 41 in the elevated plus
maze test of rats that received SNI on P10 (Fig. 6f). The
sucrose preference test showed that EE increased sucrose
intake percentage on POD 25 and POD 45, compared to
the group without EE of rats that received SNI on P10
(Fig. 6d) (group Fs3; = 12.49, P = 0.000; time F, g, = 1.305,
P =0.278; interaction Fg g, =0.762, P = 0.603). EE did not
affect behavior results of sham rats in the open field, ele-
vated plus maze, and sucrose preference tests. SNI de-
creased center/total distance compared to the sham
group, while EE decreased that effect on POD40 in the
open field test (Fig. 6k) (group F33; = 3.33, P = 0.042; time
Fy¢> =2.12, P =0.118; interaction Fg ¢, = 0.967, P = 0.455).

In addition, EE increased the paw withdrawal threshold
(Fig. 6g) (group Fs3; = 12.49, P = 0.000; time F3 93 = 1854,
P =0.000; interaction Fgo3 =2.97, P =0.004) and de-
creased the spontaneous guarding score (Fig. 6h) (group
F33; =160.1, P = 0.000; time F3 93 = 26.32, P = 0.000; inter-
action Fg 93 = 9.67, P = 0.000) on POD 40 compared to the
group without EE of rats that received infant SNI. Al-
though SNI increased the response to acetone (Fig. 6i)
(group F33; =6.81, P =0.001; time F393 = 16.1, P = 0.000;
interaction Fyo3 =0.019, P =2.36), EE did not affect the
response to acetone of sham rats or rats that received SNI.

EE skewed mPFC, BA, and VH to an anti-inflammatory
profile on POD 45

After EE intervention from POD21 to POD45, the rats
were killed and decapitated on POD45, and samples
were obtained from three brain regions and prepared for
ELISA assays. The ELISA results showed that EE in-
creased IL-10 in mPFC (F3,, =8.80, P =0.001), BA
(F320 =7.99, P =0.001), and VH (F3,0 =5.78, P =0.001)
and decreased IL-1p in mPFC (F350 =14.5, P =0.000)
and VH (F3,5 =17.1, P =0.000) and TNF-a in mPFC
(F320 =9.85, P =0.001), BA (F550 =18.2, P =0.000), and
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on POD40. n=8-9. “a" and "b" denote the statistically significant difference compared to the sham and SNI group, respectively

VH (F3,50 =19.0, P =0.000) of rats that received infant
SNI (Fig. 7a—c). EE did not affect IL-10, IL-1pB, and
TNF-a in the mPFC, BA, and VH of sham rats.

Discussion

Our study showed that the infant nerve injury resulted
in anxiety- and depression-like behaviors in adoles-
cence, while EE reduced adolescent anxiety- and

depression-like behaviors and suppressed central ner-
vous inflammation.

In the study, we found that infant rats with peripheral
nerve injury exhibited anxiety- and depression-like
behaviors. Anxiety-like behaviors, including open field
test and elevated plus maze test measures, peaked on
POD 40 and disappeared on POD 70. Sucrose intake
percentage, a measure of depression-like behavior, was
decreased on POD 45. The total distance traveled was
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not different between groups in the open field test, which
excluded the possibility that anxiety- and depression-like
results were caused by motor impairment. In addition,
IL-10 decreased in mPFC and BA, while IL-1p and TNF-a
protein expression increased in mPFC, BA, and VH on
POD 45, which indicated a CNS shift to pro-inflammatory
profile at the time when anxiety- and depression-related
behaviors were observed. In addition, our results showed
neuropathic pain generally coincided with these behaviors.
Since neuropathic pain causes psychiatric disorders [25], it
is reasonable to deduce, at least in part, that the delayed
neuropathic pain contributed to the anxiety- and
depression-like behaviors.

Previous studies have demonstrated substantive links
between neuroinflammation and psychological disor-
ders [26]. Microglia are a major source of inflammation
in the central nervous system [27], and the application
of MIN, a microglia inhibitor, abolished anxiety- and
depression-like behavior in a previous study [28]. Thus,
we tested injection of MIN to treat anxiety- and
depression-like behaviors in rats subjected to infant
peripheral nerve injury. Our results showed that ICV
MIN reduced adolescent anxiety- and depression-like
behaviors induced by infant SNI surgery. This is in
agreement with some previous clinical and preclinical
studies showing anxiety and depression are associated
with microglia activation and are reduced by MIN [6].
In addition, we found that ICV MIN reduced mPFC,
BA, and VH inflammation. The inflammatory profile
switch was verified by our ELISA results showing that
MIN decreased IL-1p and TNF-a protein expression
and increased IL-10 expression. These effects on the
cytokine profile are similar to those found in a preclin-
ical study of systemic MIN that showed it shifted brain
microglia towards an M2 phenotype [29]. However, a
limitation of our study is that we did not directly exam-
ine brain microglia and cannot exclude other mecha-
nisms such as direct effects on neurons [30]. In
contrast, our results showed that ICV MIN did not
affect pain behaviors; this may be because the effects of

the small dose of MIN were limited to microglial inhib-
ition in the brain only, rather than influencing micro-
glia in the spinal cord, so that MIN did not affect lower
extremity reflexes. Another reason may be that MIN is
effective for the prevention of neuropathic pain devel-
opment, but has no effect on established neuropathic
pain [31]. Our results showed ICV MIN did not affect
delayed adolescent neuropathic pain behaviors induced
by infant nerve injury when applied after these behav-
iors were already established.

After infant nerve injury, EE was employed to counter-
act the anxiety- and depression-related behaviors. Our re-
sults showed that EE is anxiolytic and anti-depressive. On
POD 40, the anxiety- and depression-like behaviors were
improved. However, on POD 20, the anxiety-like behav-
iors were not different between groups, possibly because
this time point was only 9 days after the start of EE. The
ELISA results on POD45 support the behavioral findings
and showed decreased proinflammatory cytokines after
EE. Previous studies have demonstrated that anxiety and
depression are inflammatory diseases and that modulation
of inflammation is anxiolytic and anti-depressive [5].
IL-1B and TNF-a are pro-inflammatory cytokines. ICV
application of these cytokines provokes anxiety- and
depression-like behaviors [32, 33], whereas the ICV appli-
cation of IL-10, an anti-inflammatory cytokine, abolished
these behaviors [34]. This is consistent with our results
showing that EE decreased both the anxiety- and
depression-like behaviors and inflammation in the brain.
Our results indicate EE is anxiolytic and antidepressant
and it promotes a switch from a pro-inflammatory to an
anti-inflammatory profile in the brain.

Previous studies have demonstrated IL-1B is an im-
portant pro-inflammatory cytokine in the formation of
psychiatric disorders: blocking IL-1p signaling with an
antagonist greatly reduced inflammatory psychiatric dis-
orders, and drugs targeting IL-1p are in phase II clinical
trials [33, 35]. TNF-a is another pro-inflammatory cyto-
kine that plays a pivotal role in the development of psy-
chiatric disorders. A single dose of TNF-a by ICV
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injection induced anxiety- and depression-like behaviors,
while antagonizing TNF-a abolished those behaviors [32,
36]. In addition, TNF-a is the main cytokine involved in
the genesis of chronic pain. Blocking TNF-a not only re-
duced psychiatric disorders but also reduced chronic
pain at the same time [15]. In contrast, IL-10 is an
anti-inflammatory cytokine and is decreased in various
affective disorders, whereas central administration of
IL-10 antagonized these disorders [34], an effect attrib-
uted to the suppression of neuroinflammation. Consist-
ently, IL-107/" animals displayed increased depressive-
like behavior that was reversed by IL-10. Moreover, mice
overexpressing IL-10 showed a decreased depressive-like
behavior [37]. Our results showed that EE and ICV MIN
switched the brain from a pro-inflammatory towards an
anti-inflammatory profile, reversing the increases in
IL-1B and TNF-a and decreases in IL-10. Generally, the
results confirmed that affective disorders are inflamma-
tory illnesses, and modulation of inflammation is effect-
ive for the treatment of affective illnesses [5, 38].

Our results showed that EE also increased the adoles-
cent pain threshold of rats subjected to infant nerve in-
jury. Previous studies demonstrated that environmental
enrichment [39] and exercise [40] both relieve neuro-
pathic pain. Thus, the increased pain threshold we
observed could be due to the environment and/or vol-
untary running. Exercise has been known to have mild
to moderate anxiolytic and antidepressant effect. Pos-
sible mechanisms include changes in monoamine levels,
altered levels of stress hormones (e.g., cortisol), and up-
regulation of neurotrophic factors [41]. A recent
meta-analysis study reported that exercise is effective in
treating depression in adolescents [42]. Of course, larger
trials with clinical samples that adequately minimize the
risk of bias are needed to confirm the findings. Exercise
is also known to have neuroprotective effects by increas-
ing expression of anti-inflammatory cytokines and de-
creasing levels of pro-inflammatory cytokines [43]. Since
anxiety and depression are increasingly being recognized
as inflammatory conditions [26], it is reasonable to be-
lieve that exercise-induced inhibition of inflammatory
responses contributes to the anxiolytic and antidepres-
sant effects observed in the current study. Since EE is
also anti-inflammatory [44] and EE in our protocol in-
cludes exercise [22], our study does not distinguish
which was the most important in alleviating anxiety and
depression behaviors.

Our results showed that infant nerve injury induced
adolescent anxiety- and depression-like behaviors. We
tested these behaviors beginning at POD20, to avoid
possible stress caused by separation from their mothers.
In addition, the anxiety- and depression-like behaviors
were not permanent and disappeared on POD 70 in un-
treated rats. This may be due to the following reasons.
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Chronic pain is an important contributor to anxiety and
depression, and with age, chronic pain decreases [14].
Consequently, the rat anxiety- and depression-like be-
haviors may also improve with age. One of the limita-
tions of the study is that we do not know whether the
anxiolytic and anti-depressive effect of EE is due to
suppression of brain inflammation, reduced neuropathic
pain, or a combination of the two. The relationship
between chronic pain and psychiatric illness is rather
complex. Chronic pain leads to psychiatric illness,
whereas psychiatric illness sensitizes chronic pain. These
two disorders often exacerbate each other, leading to a
vicious cycle that is refractory to medical treatment [15].
Although it is well recognized that chronic pain and psy-
chiatric illness co-exist, it is not fully explored as to why
or how they do so. A better understanding of their rela-
tionship may help to resolve both problems. However,
our results showed EE reduces adolescent anxiety- and
depression-like and neuropathic pain behaviors of rats
subject to infant nerve injury.

We targeted mPFC, BA, and VH because many studies
have demonstrated that these regions are key sites of in-
flammation in psychiatric conditions, while suppression
of pro-inflammatory cytokines in those sites decreases
various affective disorders [15, 45]. mPFC and BA are
undergoing continuing development during adolescence
[46]. This late development may lead to susceptibilities
to psychopathologies that often develop at this time. A
previous study [47] has demonstrated that IL-1f is in-
creased in mPFC in chronic stress-treated rats, while de-
creasing IL-1p in mPFC also decreased anxiety- and
depression-like behaviors. Similarly, others report that
mice with complete Freund’s adjuvant-induced inflam-
matory pain showed anxiety-like behavior and increased
TNF-a in the BA [48]. VH has been reported to partici-
pate in psychiatric disorders by sending information to
mPFC and BA [49]. Lesions of the ventral hippocampus
but not the dorsal hippocampus attenuate anxiety behav-
iors and prevent the physiological response of increased
defecation in response to an anxiogenic environment
[50, 51]. Therefore, in our study, those regions were
chosen to evaluate the inflammatory conditions.

To avoid estrus cycle effects, only male rats were in-
cluded in our study. However, recent studies from other
groups showed that pain and psychiatric disorders ex-
hibit sex differences. Microglia play a key role in chronic
pain initiation and maintenance in males, while in
females, adaptive immune cells, likely T lymphocytes,
exert a more important role in chronic pain. Estrogen
and progesterone suppress innate immunity, and testos-
terone inhibits adaptive immunity which may contribute
to these effects [52]. Similar to pain, anxiety and depres-
sion also showed sex differences. Previous studies have
demonstrated that females do not show anxiety-like
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behaviors and had less inflammation [53]. This was attrib-
uted to the suppression of neuroinflammation by estradiol
[54]. Moreover, large-scale data from the Netherlands
Study of Depression and Anxiety reported that inflamma-
tion associated with depression is male-specific [55]. Des-
pite sexual dimorphisms in the prevalence of psychiatric
illnesses, much current research investigating the neu-
roimmune impact of stress remains exclusively focused on
male subjects. However, in our results, we found that male
rat brains skewed to a proinflammatory profile when they
presented anxiety- and depression-like behaviors.

Conclusions

In summary, results from our study demonstrate that
infant nerve injury induces adolescent anxiety- and
depression-like behaviors and that the CNS switches to
a proinflammatory profile. Suppression of microglia-re-
lated inflammation by MIN counteracts the adolescent
anxiety- and depression-like behaviors. EE including ex-
ercise, a non-pharmacological method, inhibits adoles-
cent anxiety- and depression-like behaviors and
restores the balance of inflammatory mediators.
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