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Abstract
Background: Post-stroke depression (PSD) has a negative impact on neurologic outcomes and quality of
life. Although depression after ischemic stroke has been studied clinically and preclinically, very little is
known about the frequency and severity of depression after intracerebral hemorrhage (ICH). Increasing
evidence shows that exposure to an enriched environment (EE) after cerebral ischemia/reperfusion injury
has neuroprotective effects in animal models, but its effects after ICH are unknown.

 Methods: In this study, we investigated the effects of an EE on long-term functional outcome in mice
subjected to a collagenase-induced striatal ICH model. Mice were subjected to ICH only or ICH with EE for
6 h/day (8:00 am-2:00 pm). Depressive- and anxiety-like behaviors were evaluated on day 28 with the
sucrose preference test, tail suspension test, forced swim test, and light-dark transition experiment.

Results: EE exposure reduced brain edema, improved neurologic function, attenuated depressive- and
anxiety-like behaviors, promoted spatial learning and memory, increased the expression of transcription
factor Nrf2 and brain-derived neurotrophic factor (BDNF), and inhibited glutaminase activity in the ICH
brain. However, in Nrf2-/- mice with ICH, EE did not mitigate depression-like behaviors on day 28.

Conclusions: These �ndings indicate that EE improves long-term sensorimotor, emotional, and cognitive-
behavior outcomes after ICH and that the underlying mechanism involves the Nrf2/BDNF/glutaminase
pathway.

Background
Post-stroke depression (PSD) is a common, chronic, and recurrent problem that affects 30-35% of
patients in the �rst year after stroke[1, 2]. It impairs neurologic and cognitive function [3], quality of life[4],
and mortality[5]. More than 20% of patients who survive hemorrhagic stroke have a depressed mood at 3
months. This depression leads to an overall poor quality of life [6]. However, clinical, preclinical, and
translational research on intracerebral hemorrhage (ICH)-induced depression is scarce. Furthermore, its
pathomechanism is poorly understood. Therefore, identifying promising therapies to target depression
and understanding the speci�c pathogenesis of depression after ICH is vital for improving clinical
outcomes.

Environmental enrichment in housing can improve the mental and physical health of laboratory mice [7,
8]. Striking evidence suggests that an enriched environment (EE) promotes neuronal growth, restructuring,
and recovery after the central nervous system (CNS) injury[9, 10]. However, although EE exposure
provides neuroprotection after ischemic stroke, its effects on post-ICH depression and the underlying
mechanisms are unknown.

The interaction between depression and stroke is complex[11]. Both conditions involve in�ammation,
oxidative stress, autophagy, and various forms of cell death [3, 12, 13]. Six major pathways are
considered be dysregulated in depression, including in�ammatory cell-mediated immune, oxidative,
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mitochondrial, antioxidant (lowered levels of glutathione), and neuroprogressive pathways[14]. With
marked effects on all six pathways, the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling
pathway might be involved in developing PSD[14]. We have reported previously that injury volume is
signi�cantly larger in Nrf2−/− mice than in wild-type controls after collagenase-induced striatal ICH[15].
Our new study showed that down-regulation of the Nrf2-BDNF signaling pathway contributes to the
development of cortical hemorrhage-induced depression[16]. Brain-derived neurotrophic factor (BDNF),
which has been implicated in the pathophysiology of depressive disorders[13], is known to regulate
neurogenesis, synaptogenesis, and angiogenesis and promote neuronal survival[6]. In particular, BDNF is
an Nrf2 target gene, and Nrf2/BDNF signaling is involved in the antidepressant-like effect of agmatine
and �uoxetine[17]. In addition, behavioral abnormalities are associated with altered glutamate
signaling[18]. Glutaminase, the CNS enzyme that produces glutamate from glutamine, plays a vital role in
generating toxic glutamate[19]. Although BDNF and glutaminase expression changes might be
associated with altered depression-like behaviors in other animal models, their role in post-ICH depression
has not been reported.

Therefore, in this study, using a mouse model of ICH, we evaluated whether an EE attenuates neurologic
de�cits, cognitive de�cits, and depressive- and anxiety-like behavior and whether the
Nrf2/BDNF/glutaminase signaling pathway is involved.

Materials And Methods
Mice

A total of 228 10-month-old C57BL/6 male mice (30-35 g) and 27 Nrf2−/− mice (3-month-old, 20-25 g)
were used in our study. Mice were purchased from the Beijing Vital River Laboratory Animal Technology
Co. Ltd. (NO.11400700282075) and housed in a speci�c pathogen-free environment with a 12h light-dark
cycle and controlled temperature (24 ± 1°C) and relative humidity (60 ± 10 %). Nrf2−/− mice were
generated by Dr. Masayuki Yamamoto (on a C57BL/6 background). Genotype was determined by PCR
ampli�cation of genomic DNA extracted from tail snips of the mice. Three to �ve mice per cage were
housed with free access to standard food and water. All animal protocols were approved by the Animal
Ethics Committee of Zhengzhou University. All experiments were performed and reported according to the
Guide for the Care and Use of Laboratory Animals, 8th edition (2011) and the ARRIVE guidelines
(http://www.nc3rs.org.uk/arrive-guidelines). All mice were randomly assigned to different groups by using
the randomizer form at http://www.randomization.com[20, 21].

ICH mouse model

Mice were anesthetized with iso�urane (70% N2O and 30% O2, 4% induction, 2% maintenance) and placed
in a stereotaxic frame for aseptic surgery. A 1-cm long incision was made over the midline of the scalp. A
mouse adaptor was used to drill a borehole 2 mm left and 0.5 mm anterior to the bregma, with a depth of
3.1 mm. ICH was induced by injecting collagenase VII-S (sterile-�ltered, relatively endotoxin-free, 0.05 U in
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0.5 μL sterile saline, Sigma, St. Louis, MO) into the left striatum as previously described[22, 23]. The
collagenase was infused with a micro-infusion pump at a constant rate of 0.1 μL/min. Body temperature
was maintained at 37 ± 0.5°C during surgery. After surgery, the mice were returned to their home cages.
The sham control group underwent a surgical incision but was infused with saline. Animals that died or
were euthanized within 24h after surgery were excluded from the sample size. Otherwise, all animals
proceeded into the �nal analysis.

EE conditions

On day 1 after surgery, mice in the ICH+EE group were housed in a box with an enriched environment that
we made ourselves (120 cm x 90 cm x 76 cm) based on a published method[24]. The box contained two
mouse cages with food and water, running wheels, igloos with saucer wheels, plastic tubing, and other
toys (Supplementary Fig. 1). Six to eight mice were housed in an EE box for 6 h/day (8:00 am-2:00 pm)
until day 28 after ICH (Supplementary video) [25]. The devices were rearranged and renewed every day to
stimulate the exploratory behavior of the animals and to maintain the novelty of the environment. Control
to ICH+EE mice and sham mice were housed in groups of 3 to 5 in standard cages (30 cm x 45 cm x 20
cm) without toys, de�ned as a standard environment (SE). All animals had free access to food and water.
The items that were used in EE included: 1) two cross pipes (interface diameter: 5.5 cm), 2) eight straight
pipes (interface diameter: 5.5 cm), 3) six frisbee running wheels (diameter: 18 cm, height:11 cm), 4) six
windmill running wheels (diameter: 13 cm, height:14.5 cm, width: 7.5 cm), and 5) the large cage (120 cm
x 90 cm x 76 cm) with an EE that was made by the aluminum alloy panel (Zhengzhou Welding Factory,
Zhengzhou, China). An illustration of the EE condition of toys is shown in Supplementary Fig. 1 and
displayed in Supplementary video 1.

Brain lesion volume

On day 3 after ICH, the mice were anesthetized with 3% iso�urane and perfused through the left ventricle
with saline followed by 4% paraformaldehyde. Then the brain was removed. Coronal sections through the
entire striatum were stained with Cresyl violet acetate (CV, for Nissl bodies) and Luxol fast blue (for
myelin). Image J software was used to quantify the hemorrhagic injury volume. Sections were analyzed
by an investigator blind to the experimental cohort as previously described [22, 26].

Brain edema measurement

On day 3 after ICH, mice were sacri�ced under deep anesthesia with 3% iso�urane. Their brains were
harvested and dissected along the sagittal �ssure into the ipsilateral and contralateral hemispheres and
cerebellum. Brain tissue was immediately weighed to get the wet weight and then heated to 100°C in a
drying oven for 72h to obtain the dry weight. We determined brain edema by calculating brain water
content as follows: brain water content (%) = (wet weight –dry weight) / wet weight × 100% [22, 26].

Neurologic function
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According to a previously published method [23],we tested each mouse for neurologic de�cit scores on
days 1, 3, 5, 7, 14, and 21 after ICH. Scores were summed on six subtests, body symmetry, gait, climbing,
circling behavior, front limb symmetry, and compulsory circling. Each test was ranked from 0 to 4,
establishing a maximum de�cit score of 24.

Forelimb and hind limb placing test

On days 3, 5, 7, 14, and 21 after ICH, forelimb and hind limb placing tests were carried out based on our
previous studies [23, 27, 28]. Mice were placed facing the edge of a desktop and the contralateral hind
limb was pulled down. The ability of the mouse to place the hind limb back onto the desktop was
quanti�ed as follows: immediate and complete pullback of limb = 0, delayed pullback (> 2 s) = 1, inability
to pull back = 2. Placing was determined in 10 consecutive trials. The video of the forelimb and hindlimb
placing tests were displayed in supplementary videos 2, 3.

Corner turn test

On days 3, 5, 7, 14, and 21 after ICH, the mouse was directed into a 30° corner as previously described
[20]. The mouse had the option to turn either right or left to exit the corner. The number of turns in each
direction was recorded in 10 repeated tests. Then the percentage of right turns was calculated. Normal
mice exhibit approximately 50% of turns in each direction [29].

Morris water maze (MWM)

The MWM test evaluated spatial learning and memory ability in rodents based on an established
standard procedure [30]. The system used consisted of a circular black swimming pool (120 cm in
diameter), an escape platform (10 cm in diameter) submerged 0.5 cm under the water surface in the
center of one of four imaginary quadrants, and a SMART 3.0 animal behavior analysis system (Panlab,
Spain). The mice were released into the pool facing the wall in random positions and had to swim to �nd
the submerged platform. In the training phase, mice underwent 1 trial/day over 4 consecutive days
beginning on day 24. On day 28, the spatial memory was estimated using trajectory and navigation
parameters in the testing phase.

Novel object recognition test

On days 27 and 28 after ICH, the novel object recognition test was performed according to an established
protocol [31]. In short, mice were allowed to explore two identical new objects (violet cubes, 4×4×3 cm) in
an open �eld (47×26×20 cm) for 10 min on the �rst day (day 27). The following day (day 28), the mice
were exposed to one new object (white ball, 5 cm in diameter) and one familiar object (violet cube) in the
�eld for 5 min. The behaviors displayed by each mouse were recorded on video. The discrimination index
was calculated to assess cognitive ability: Discrimination index (%) = (total time devoted to new
object/total time spent exploring objects) × 100%. Exploring object was identi�ed as direct contact with
the paw, nose, or mouth, or the nose directed at the object at < 0.5 cm.
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Depression-like behavior

Forced swim test (FST)

The FST was conducted according to the previously described method [31]. The swimming apparatus
was a glass cylinder (20 cm high × 22 cm in diameter) containing 10 cm of water at 24 ± 1℃. On day 28
after ICH, mice were forced to swim for 6 min, and the duration of immobility in the last 4 min was video
recorded. The mice were de�ned as immobile when they were motionless or made only slight movements
to maintain their head above the water.

Tail suspension test (TST)

The TST was carried out on day 28 after ICH as previously described [32, 33]. Each mouse was placed in
the testing room for a period of acclimatization (generally at least 1 h) prior to the behavioral procedure.
The mice were individually suspended by the tail from a bar 55 cm above the �oor with a piece of
adhesive tape (17 cm long, 2 cm from the tip of the tail). A polycarbonate tube (4 cm in length, 1 cm in
diameter, 1.5 g) was placed around the tail to prevent mice from climbing their tails. A camera was used
to record the movement of the mice for 6 min, and the duration of immobility was calculated.

Sucrose preference test (SPT)

The SPT evaluated anhedonia based on an established protocol [31]. On day 25, mice were placed into
separate cages with two bottles, one containing water and the other a 1% sucrose solution. The bottles
were weighed at the start of the test, and their positions in the cage were changed daily. On day 28, the
two bottles were reweighed and the amount of liquid consumed was measured. The sucrose preference
was calculated as a percentage of the sucrose solution consumed relative to the total amount of liquid
consumed: sucrose preference (%) = sucrose consumption (g) / [water consumption (g) + sucrose
consumption (g)].

Light/dark transition test

On day 28, a light/dark transition test was performed as previously described [34]. The apparatus
consisted of a cage (100 cm) divided into two chambers of equal size by a barrier with a door. One
chamber was light and the other dark. The mice were placed in the dark chamber and allowed to move
without restraint between the two chambers through the door for 10 min. The total number of times the
mouse traversed, and the time spent in each chamber (seconds) were analyzed by a SMART 3.0 animal
behavior analysis system.

Anxiety-like behavior

Open Field Test

On day 28, the open �eld test was used to assess anxiety [35]. Each mouse was allowed to acclimate to
the testing room for 2 h before the test. Then it was placed into the center of the open �eld box to explore
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freely for 5 min. After each test, we used alcohol to clean the box to prevent smells from in�uencing the
behavior of the next mouse. Smart Video Tracking Software was used to track and analyze each mouse’s
movements. The time spent and the distance traveled in the center and the periphery of the box was
analyzed [36].

Elevated Plus-Maze (EPM)

The EPM is one of the most extensively used tests to assess anxiety-like behavior in mice [37]. The
apparatus consists of a pair of open arms (50 cm × 5 cm) perpendicular to a pair of arms with walls but
no ceiling (50 cm × 10 cm × 40 cm) and a connected central area (10 cm × 10 cm). The maze is situated
50 cm above the ground. The mouse was placed into the center of the maze facing one of the closed
arms and allowed to explore for 5 min. A computer recorded the number of times the mice entered open
and closed arms and the time spent in the open and closed arms. An arm entry was de�ned as a mouse
having all four legs in one arm of the maze.

Western blot analysis

On day 28, Western blotting was performed to evaluate Nrf2 and BDNF protein expression levels in the
mouse brain the injured area [30, 38]. Brain tissues collected from around the injured area were lysed in
ice-cold lysis buffer (RIPA: PMSF=100:1) with a protease inhibitor cocktail. A bicinchoninic acid (BCA)
assay kit (PC0020, Solarbio Science& Technology Co, Ltd. Beijing) was used to measure the protein
concentration. We separated 35 μg of protein from each sample by SDS-PAGE and transferred the
proteins to nitrocellulose membranes. After being blocked with nonfat milk for 2h, the membranes were
incubated with primary antibodies against Nrf2 (1:1000, Abcam, Cambridge, MA), BDNF (1:500, Abcam),
and tubulin (1:250, Abcam) at 4°C overnight. Subsequently, the membranes were incubated with HRP-
labeled anti-mouse or anti-rabbit secondary antibodies (1:10,000, Santa Cruz, Dallas, TX) at room
temperature for 2h. The immunoglobulins were then detected with a FluorChem imaging system (San
Jose, CA) with the enhanced chemiluminescence (ECL) technique. Image J software was used to
normalize the intensities of the target bands to those of the corresponding loading control.

Immuno�uorescence staining

Immuno�uorescence was carried out as previously described [39]. Three mice in each group were
anesthetized with an overdose of 10% chloral hydrate and transcardially perfused through the left
ventricle with saline followed by 4% paraformaldehyde on day 28. Brains were dissected out, post-�xed in
4% paraformaldehyde for 24 h, and then dehydrated with 20% and 30% sucrose successively. The brain
tissues were serially sectioned into 20-µm-thick sections with a freezing microtome (Leica CM1950,
Germany). The sections were blocked with 5% goat serum in phosphate-buffered saline with 0.1% Triton-
X 100 for 2 h at room temperature. Slices were incubated with rabbit anti-BDNF (1:500, Abcam) primary
antibody at 4°C overnight followed by Cy3-conjugated goat anti-rabbit IgG secondary antibody (1:100,
Boster Biological Technology, Wu Han) for 2 h at 37°C. Labeled tissues were counterstained with 4',6-
diamidino-2-phenylindole (DAPI, D8417, 1:1000, Sigma). The sections were examined and photographed
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with a �uorescence microscope (Olympus Corporation, Tokyo, Japan). Four �elds from each section were
selected, and �ve consecutive brain sections were used. The numbers of positive cells in each �eld were
determined, and mean values were calculated from 20 �elds to represent BDNF-positive cells in one
mouse.

High-Performance Liquid Chromatography (HPLC) analysis

Ultra-high performance liquid chromatography-tandem triple four-stage mass spectrometry (UPLC-MS)
was used to measure glutamate concentration in brain tissue from around the hematoma on day 28 after
ICH [40]. Brain tissue collected around the hematoma (approximately 3 mm thick) was lysed in methanol
solution (7g/ml) on ice. It was homogenized by a tissue grinder (XIN-M48, Shanghai Xinwen Scienti�c
Instrument Co., Ltd, Shanghai, China) at the speed of 9424g for 1 min. The homogenate was then
centrifuged at a speed of 15078g for 10 min and the supernatant was diluted 50 times with 0.5% formic
acid. Next, the mixture was dried by using nitrogen evaporator (N-EVAP, Organomation, MA, USA) at 35℃
and 100 μL initial mobile phase complex (2.5 mol/L ammonium acetate and 0.1% formic acid) was
added as the sampling solution. Glutamate purchased from Sigma-Aldrich was used to create the
standard curve. We then injected 2 μL of the sampling solution into a Porosell 120 EC-C1 column
(Phenomenex, St. Louis, Missouri) in the HTEC-500. We eluted it with a buffer consisting of 2.5 mmol/L
of ammonium acetate with 0.1% formic acid solution and acetonitrile with 0.1% formic acid solution. The
peak of neurotransmitter chromatograms was identi�ed by the retention time in the standard solution.
The concentration was calculated according to the peak area in the standard solution. The data were
analyzed using Chemstation software (Agilent, Santa Clara, USA).

Glutaminase activity

The tissue around the injured area of the brain was collected on day 28 after ICH, Glutaminase activity
was measured with commercial glutaminase activity kits according to the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Statistical analysis

Data are expressed as means ± standard deviation (SD), dot plot, or bar graphs. We used a t-test, one-way
or two-way ANOVA, and Bonferroni post hoc test to compare differences among multiple groups. A p<
0.05 was considered statistically signi�cant. All analyzes were performed with GraphPad Software
(GraphPad Prism 5.0, GraphPad Software, Inc., La Jolla, CA). The outlying data points were de�ned with
statistical software assuming a normal distribution (the threshold was 2.0 times the SD from the mean).

Results
Effect of EE on mortality after ICH



Page 10/29

The mortality of ICH+EE mice (5 out of 76) was not different from that of ICH+SE mice (5 out of 79). The
mortality of the Nrf2-/- ICH+EE mice (1 out of 10) did not differ from that of the Nrf2-/- ICH+SE mice (0 out
of 9). None of the WT (n=8) or Nrf2-/- mice (n=8) died in the sham group (Supplementary Fig.2).

EE does not decrease acute brain injury after ICH

We illustrated the sequence and timeline of the experimental procedures in Fig. 1A. The brain water
content of the ipsilateral hemisphere tended to be lower in the ICH+EE group than in the ICH+SE group on
day 3 after ICH, but the difference was not signi�cant between the two groups (78.19 ± 0.70% vs. 80.63 ±
2.85%, n = 5 mice/group, F = 3.825, p = 0.0519, Fig.1B). In the ICH+SE and the ICH+EE groups, the myelin
showed substantial damage on the ipsilateral side compared to that on the contralateral side (Fig.1C).
However, EE did not increase the area with normal myelin around the hematoma, as assessed by Luxol
fast blue staining (32.08 ± 5.077% vs. 39.73 ± 4.49%, n = 3 mice/group, Fig.1F). The hemorrhage was
predominantly located within the striatum, without extending into other areas of the nucleus (Fig. 1D).
Images of fresh brain slices and CV/Luxol fast blue-stained slices showed that the lesion and hematoma
volume did not differ signi�cantly between the ICH+SE and ICH+EE groups on day 3 (7.104 ± 0.6679 mm3

vs. 6.329 ± 1.068 mm3, 4.587 ± 0.6796 mm3 vs. 4.508 ± 0.7632 mm3, n=8 mice/group, p > 0.05, Fig.1E,
G).

EE mitigates neurologic de�cits after ICH

The neurologic de�cit scores of mice were signi�cantly elevated on day 3 after ICH and then gradually
decreased in the two ICH groups with time. Compared to ICH+SE mice, those in the ICH+EE group had
signi�cantly lower neurologic de�cit scores on days 3, 5, 7, and 14 after ICH (FInteraction=30.61,
FTime=166.6, FColumn Factor= 96.11,FSubjects= 3.603, p < 0.05, n=10-13 mice/group, Fig. 2A). EE also
increased the percentage of left turns in the corner turn test on days 3, 5, and 7 after ICH
(FInteraction=8.693, FTime=35.20, FColumn Factor= 24.29, FSubjects= 3.891, p < 0.05, n = 13 mice/group, Fig.
2B). Furthermore, EE signi�cantly improved motor performance in the forelimb and hindlimb placing tests
on days 3, 5, and 7 after ICH (FInteraction=13.21, FTime=107.7, FColumn Factor= 110.4, FSubjects= 0.8559 and
FInteraction=51.77, FTime=236.2, FColumn Factor= 87.57, FSubjects= 3.338, respectively, p < 0.05, n = 10
mice/group, Fig. 2Cand 2D).

EE mitigates depression-like behaviors after ICH

No difference exists in the FST, the light/dark transition test, the open �eld test, and the novel object
recognition test on day 28 among the control group, the sham group, and the control + EE group
(Supplementary Fig.3). In both the FST and the TST, the immobility time in the ICH+EE group was
signi�cantly shorter than in the ICH+SE group on day 28 (177.9 ± 11.01s vs. 225 ± 44.56 s in the FST,
254.4 ± 24.48 s vs. 289.9 ± 45.88 s in the TST, F = 7.47 and 5.28, respectively, both p< 0.05, n = 8
mice/group, Fig. 3A and 3B). Furthermore, in the SPT, the ICH+EE mice consumed more sucrose-
sweetened water (70.72 ± 6.66%) than did those ICH+SE (62.5 ± 8.76%, F=21.85, p < 0.05, n =10
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mice/group, Fig. 3C), although the total liquid consumed did not differ between the two ICH groups
(Supplementary Fig.4). In the light/dark transition test, mice from the ICH+EE group spent signi�cantly
more time in the light compartment and less time in the dark box when compared to ICH+SE mice (87.44
± 23.44 s vs. 38.32 ± 17.42 s in light box, 212.9 ± 23.44 s vs. 261.7 ± 17.42 s in dark box) on day 28
(F=8.954 and 8.954, respectively, p< 0.05, n = 8 mice/group, Fig. 3D and 3E). However, the number of
entries into the light box did not differ signi�cantly among the ICH+EE, ICH+SE, and sham groups
(F=0.09439, p> 0.05, n = 8mice/group, Fig.3F). 

EE reduces anxiety-like behaviors after ICH

Anxiety-like behaviors improved in mice from the ICH+EE group. In the open �eld test, mice from the
ICH+SE group exhibited less activity in the center of the �eld than did mice from the ICH+EE group (Fig.
4A), although the mean speed did not differ (p> 0.05, n = 6 mice/group, Fig. 4B). The percentages of time
and distance walked in the center area were greater for mice in the ICH+EE group than for mice in the
ICH+SE group (5.62 ± 1.27% vs. 2.83 ± 1.24% and 9.94± 1.47% vs. 4.21 ± 2.05%, respectively) on day 28
after ICH (F= 1.33 and 7.57, respectively, both p< 0.05, n = 6 mice/group, Fig.4C and 4D). Similarly, mice in
the ICH+EE group spent more time in the open arms of the EPM and less in the closed arms when
compared to mice in the ICH+SE group (14.88 ± 6.93% vs. 4.5 ± 2.82% in the open arms, 61±16.37% vs.
82.71 ± 7.34% in the closed arms) on day 28 after ICH (F= 5.93 and 9.10, respectively, both p< 0.05, n = 7-
8 mice/group, Fig.4E and 4F). Mice in the ICH+EE group also made more entries into closed arms than
mice in the ICH+SE group (7.75 ± 1.83 times vs. 5.37 ± 1.30 times, F = 9.81, p< 0.05, n = 8-9 mice/group,
Fig. 4G). 

EE improves spatial learning and memory function after ICH

Representative trajectories in the MWM test for a mouse from each group are shown in Fig. 5A. Mice in
the ICH+EE group required signi�cantly less time to �nd the hidden platform than mice in the ICH+SE
group on days 26, 27, and 28 after ICH (day 25: 55.5 ± 2.3s vs. 60 ± 0 s [p> 0.05], day 26: 27.1± 4.9s vs.
55.7 ± 1.9 s [p< 0.05], day 27: 15.9± 2.7s vs. 28.8 ±2.8s [p<0.05], day 28: 8.9 ± 2.1s vs.20.3 ± 2.4s [p<
0.05], n = 9 mice/group, Fig. 5B) but the swimming speed did not differ signi�cantly between the three
groups during the training period (p>0.05, n = 9-10 mice/group, Fig. 5C). Mice exposed to EE conditions
also exhibited a higher frequency of target platform crossings (3.5 ± 1.7 times) than did those housed in
the SE after ICH (1.0 ± 1.1 times) on day 28 (F=9.20, p<0.05, n = 9 mice/group, Fig.5D). In the novel object
recognition test, mice in the ICH+EE and sham groups spent signi�cantly more time exploring the novel
object than the old object and had signi�cantly higher discrimination indices than did ICH mice exposed
to the SE (72.55 ± 8.80% vs. 34.55 ± 9.70%, F= 89.37, n = 7 mice/group, p< 0.05, Fig. 5E and 5F).

EE increases the expression of Nrf2 and BDNF and inhibits glutaminase activity after ICH

Western blot analysis revealed that EE exposure signi�cantly increased Nrf2 and BDNF protein expression
compared with standard environment (SE) exposure on day 28 (F= 10.58 and 14.14, respectively, n = 6
mice/group, p < 0.05, Figs.6A and 6B). Additionally, the expression of Nrf2 was signi�cantly correlated
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with BDNF (R2= 0.7732, Fig.6C). Immunofluorescence staining (Fig. 6D) indicated that BDNF
expression decreased after ICH+SE but was increased by exposure to an EE (F=31.57, n = 3-4
mice/group, p< 0.05, Fig. 6E). Furthermore, the EE signi�cantly inhibited glutaminase activity in brain
tissue (F=20.45, Fig. 6F) and striatal glutamate expression, as assessed by HPLC (1.28 ± 0.28 μg/mL vs.
2.58 ± 0.70 μg/mL, F= 10.51, Fig. 6G) after ICH (n = 3 mice/group, both p< 0.05). 

EE does not mitigate depression-like behaviors in Nrf2-/- mice with ICH

To determine whether EE mitigates depression-like behaviors through the Nrf2 signaling pathway, we �rst
subjected Nrf2-/- mice to ICH and then exposed those mice to EE or SE and analyzed the immobility time
in the TST 28 days after ICH. The immobility time did not differ between Nrf2-/- ICH mice exposed to EE or
SE (n=8-10 mice/group, p > 0.05), although the parameter is shorter in the WT mice exposed to the EE
than those exposed to SE (n=8-10 mice/group, p < 0.05, Fig. 7).

Discussion
In this study, we evaluated the bene�ts of EE on ICH-induced long-term functional outcomes. We showed
that EE exposure did not affect the volume of the lesion or brain edema after ICH at 72 h. However, EE
exposure improved neurologic function and attenuated depression-and anxiety-like behaviors after ICH. In
addition, it promoted spatial learning and memory. In particular, glutamate expression in the mouse
striatum was increased after ICH but was reversed by exposure to EE. Furthermore, EE increased the
protein expression of Nrf2 and BDNF and inhibited glutaminase activity in the ICH brain. However, EE did
not mitigate depression-like behaviors in Nrf2-/- mice with ICH (Fig. 8). These novel �ndings indicate that
an EE improves long-term sensorimotor, emotion, and cognition after ICH. The mechanisms underlie the
EE stimulation may involve the Nrf2/BDNF/glutaminase pathway.

In this study, we used a collagenase-induced ICH model to produce acute cerebrovascular injury, similar to
clinical ICH [41]. This model has a reproducible hematoma in the desired region of the brain. We
evaluated tasks that can re�ect the severity of PSD to improve the innovation of the project. We chose
striatal ICH as the PSD model in our study because the incidence of depression in patients with ICH is
closely related to the location of the hematoma [42, 43]. Data also indicate that striatal hemorrhage
causes severe damage to dopaminergic neurons [44], thereby inducing depression-like behavior in
animals [45]. EE is a powerful tool to counteract cognitive and somatosensory de�cits. Studies showed
that the exposure of rats to EE has several bene�cial effects in common with the administration of
antidepressants [46]. Using the TST, SPT, and FST, we showed that the collagenase-induced striatal ICH
model produced marked depression-like behavior in mice on day 28. It is well known that increased
immobility time in the TST and FST, reduced struggle to escape, or decreased sucrose intake can indicate
a depressive state. We showed that EE exposure mitigated emotional dysfunction of ICH mice, as
indicated by decreases in immobility time in the FST, increased struggling in the TST, and increased
consumption of sweetened water.
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The pathogenesis of PSD is complex, and its neurobiological mechanisms differ from those of other
depression subtypes. In mammals, Nrf2 upregulates antioxidant genes to help reduce in�ammation and
reactive oxygen species [47]. Nrf2 signaling decreases the production of proin�ammatory cytokines and
chemokine release factors [48], decreases the activity of MMP 2/9, and reduces the production of other
in�ammatory mediators, for example, COX-2 and iNOS [49]. It also regulates the NF-KB and the MAPK
pathways [50]. We reported the protective effect of Nrf2 after ICH in 2007[15]. Nrf2 is also involved in the
antidepressant-like effects of agmatine [51]. We examined the expression of Nrf2 and its target gene
BDNF by using Western blot analysis and immuno�uorescence. We found that the Nrf2 level in the brain
decreased after ICH, a result similar to other reports. EE exposure encourages novel interactions with the
environment and other social stimuli, stimulating the brain to release neural growth factors [52].

Depression is an incapacitating psychiatric disorder associated with decreased in monoamines and
neurotrophic factors [53]. BDNF is known to regulate neurogenesis, synaptogenesis, and angiogenesis
and promote neuronal survival [54]. It is also involved in the pathophysiology of depressive disorders. Its
role in the effect of antidepressants began to be recognized years ago[55]. In our study, the expression
level of BDNF in the perihematomal tissue decreased compared with that of the sham mice but reversed
by an EE. Others have reported that serum BDNF levels are lower in patients with PSD than in healthy
controls and, therefore, might predict the risk of PSD clinically[56, 57]. Previous studies showed that daily
exposure to EE enhanced BDNF mRNA and protein expression levels and improved functional outcomes
[57, 58]. However, few studies addressed changes in brain BDNF levels in ICH patients or animal models
of ICH-induced PSD. Heme oxygenase-1 (HO-1) and the BDNF-mediated pathway are involved in the
pathophysiology of depression [59]. Several studies have demonstrated that the Nrf2 downstream
molecule HO-1 and its heme metabolites have signi�cant anti-in�ammatory effects [59, 60]. Therefore, in
our future study, we will take advantage of HO-1 knockout mice to investigate whether the Nrf2/HO-1
signaling pathway is involved in the PSD pathomechanism and whether EE exposure can activate it [61].

Glutamine-mediated oxidative stress may affect the extent of cell swelling and lead to other CNS
diseases such as multiple sclerosis and brain edema[31, 62]. Glutaminase siRNA can protect against
focal ischemia, suggesting that glutaminase may be a therapeutic target [63]. In patients with ICH,
perihematomal glutamate levels increased, associated with increased brain water content [64]. In our
study, we observed elevated glutamate levels in the hemorrhagic brain of mice by HPLC on day 28, but
exposure to EE returned glutamate to control levels. This result is consistent with previous studies, which
showed that depression and poor neurologic outcomes are related to increased plasma glutamate
concentrations after ICH [64-66]. Therefore, our data indicate that the Nrf2/BDNF/glutaminase pathway
might be involved in EE-related improvement in PSD after ICH. Next, we subjected Nrf2-/- mice to ICH and
determined whether EE mitigates PSD via the Nrf2 signaling pathway. We showed that the immobility
time in TST did not differ signi�cantly between the Nrf2-/- ICH mice exposed to EE or SE. This result
suggests that EE does not mitigate depression-like behavior after ICH when Nrf2 is globally knocked out
and further con�rms the primary role of Nrf2 in EE exposure.
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An EE provides multiple sensorimotor stimuli and opportunities for training and learning, including social
interaction, space exploration, and spontaneous physical activities[67, 68]. Similarly, EE improved
learning skills and recognition ability in mice with ICH in our study. EE has also been shown to restore
normal behavior by providing cytoskeletal restoration and synaptic changes in the hippocampus of rats
exposed to an experimental model of depression [69].

Previous studies have demonstrated that EE can enhance brain plasticity after focal brain ischemic injury
[70, 71]. Here, we showed that daily exposure to EE after ICH had a bene�cial effect on the motor function
of mice on days 3, 5, 7, 14, and 21. This �nding supports the results of previous studies on focal ischemia
in rodents [71, 72], which indicates that EE stimulation can enhance lesion-induced plasticity during the
�rst weeks and months of recovery after stroke[73, 74].

In our study, ICH mice developed a very high incidence of depressive-like behaviors compared to control
mice (about 53% vs. 2%). Although PSD has been studied clinically for over a decade, an ideal PSD model
to investigate the underlying pathomechanism is still lacking. Developing an appropriate PSD model is a
pressing and challenging work in this young research �eld.

Conclusions
Taking together, we speculate that motor and emotional dysfunction after ICH is due to an imbalance of
neurotransmitters and neurobiological changes and that an EE could promote functional recovery by
reducing oxidative damage. In conclusion, we demonstrated that EE exposure improves sensorimotor
function, depression- and anxiety-like behaviors, and cognitive function after ICH. The underlying
mechanisms may involve the Nrf2/BDNF/glutaminase pathway. Thus, the provision of EE might be a
potential therapeutic strategy to treat post-ICH depression.
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Figure 1

Enriched environment (EE) has no effect on acute brain injury after ICH (A) Experimental design. The
timeline shows the sequence of all behavioral tests and experimental procedures, beginning on the day of
surgery (day 0). LFB, Luxol fast blue, CV, Cresyl violet, BWC, Brain water content, OFT, open �eld test, EPM,
elevated plus maze, MWM, Morris water maze, NOR, novel object recognition, FST, forced swim test, TST,
tail suspension test, SPT, sucrose preference test, LDT, light/dark transition test, WB, Western blot, IF,
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immuno�uorescence, HPLC, high-performance liquid chromatography, GA, glutaminase activity. (B) On
day 3 after ICH, mice exposed to an EE did not reduce brain water content in the ipsilateral hemisphere,
compared to mice that received ICH and standard conditions (ICH+SE). n =5 mice/group. p > 0.05 vs.
sham group (one-way ANOVA followed by the Bonferroni post hoc test). Cont-Stri, contralateral striatum,
Ipsi-Stri, ipsilateral striatum, Cerebel, cerebellum. (C) Top: Representative Luxol fast blue/Cresyl violet-
stained brain sections from ICH+SE and ICH+EE groups (scale bar = 1 mm). Bottom: High magni�cation
of the dashed areas in the top photograph on the ipsilateral side (Scale bar= 50μm). (D) Left: Schematic
illustration of the spatial extent of the hemorrhagic lesion 72 h after microinjection of collagenase VII into
the left striatum. Right: Representative fresh brain sections show hematomas (red areas) in mice exposed
to standard conditions or EE. (E) Quanti�cation analysis did not show differences in the volume of brain
injury between the ICH+SE and ICH+EE groups. n=8 mice/group (t test).  (F) The plots graph shows that
EE did not increase the percentage of areas with normal myelin after ICH on day 3. n=3 mice/group (t
test). (G) Quanti�cation analysis showed no difference in hematoma volume between the ICH+SE and
ICH+EE groups. n=6 mice/group (t test). Data are expressed as mean ± SD. 

Figure 2

After ICH, the enriched environment (EE) mitigates neurologic de�cits and motor dysfunction. (A) Housing
in an EE decreased the neurologic de�cit scores of mice on days 1, 3,5,7, and 14 after ICH. n = 10-13
mice/group. *p < 0.05 vs. sham group, #p< 0.05 vs. ICH group (repeated measures ANOVA followed by the
Bonferroni post hoc test). (B) ICH mice exposed to EE performed better in the corner turn test than ICH
mice exposed to the standard environment (SE) on days 3, 5, and 7 after ICH. n = 13 mice/group. *p <
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0.05 vs. sham group, #p< 0.05 vs. ICH+SE group (repeated measures ANOVA followed by the Bonferroni
post hoc test). (C) ICH mice exposed to EE had a better motor performance in the hind-limb placement
test than ICH mice exposed to SE on days 3, 5, and 7. n = 10 mice/group. *p < 0.05 vs. sham group, #p<
0.05 vs. ICH+SE group (repeated measures ANOVA followed by the Bonferroni post hoc test). Values are
mean ± SD.

Figure 3

The Enriched environment (EE) mitigates depression-like behaviors in mice after ICH. (A and B) Mice in
the ICH+EE group exhibited less immobility time in the forced swim test (FST, A) and tail suspension test
(TST, B) on day 28 than ICH mice housed in a standard environment (SE). n = 8 mice/group. F =7.47,
5.28, respectively, *p < 0.05, **p < 0.01 vs. sham group, #p < 0.05 vs. ICH group (one-way ANOVA followed
by the Bonferroni post hoc test). (C) Mice in the ICH+EE group consumed more sucrose-sweetened water
in the sucrose preference test than ICH mice in the standard environment on day 28. n = 10 mice/group.
F=21.85, *p < 0.05 vs. sham group, #p < 0.05 vs. ICH group (one-way ANOVA followed by the Bonferroni
post hoc test). (D and E) In the light/dark transition test, the mice in the ICH+EE group spent more time in
the light-box (D) and less time in the dark box (E) than those in the ICH group. n = 8 mice/group. F=8.954,
8.954, *p < 0.05 vs. sham group, ##p < 0.01 vs. ICH group (one-way ANOVA followed by the Bonferroni
post hoc test). (F) The number of entries in the light-box was not statistically different between the ICH
and ICH+EE groups. n = 8 mice/group. F=0.09439, values are mean ± SD. 
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Figure 4

An enriched environment (EE) mitigates anxiety-like behaviors in mice after ICH. (A) Trajectories of mice
from the three groups in the open �eld test on day 28. B, Begin, E, End. (B) The mean speeds of mice did
not differ in the open �eld test. n= 6 mice/group. (C and D) Mice in the ICH+EE group traveled a
signi�cantly longer distance in the center area of the open �eld (C) and spent more time in the open �eld
(D) than ICH mice exposed to the standard environment (ICH+SE) group. C/T, center area/total area, n=6
mice/group. F= 1.33, 7.57, respectively, **p < 0.01 vs. sham group, #p < 0.05 vs. ICH+SE group (one-way
ANOVA followed by the Bonferroni post hoc test). (E-G) In the elevated plus-maze test, mice in the ICH+EE
group spent more time in open arms (E) and less time in closed arms than those in the ICH+SE group (F).
(G) Furthermore, they entered the closed arms more times than did mice in the ICH+SE group. n = 7-9
mice/group. F= 5.93, 9.10, and 9.81, respectively, *p< 0.05, **p< 0.01 vs. sham group, #p < 0.05 vs. ICH+SE
group (one-way ANOVA followed by the Bonferroni post hoc test). Values are mean ± SD. 
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Figure 5

An enriched environment (EE) improves spatial learning and memory function after ICH. (A) Swimming
trajectories of mice from each group in the Morris water maze (MWM) test on day 28. (B) In the MWM
test, EE exposure decreased escape latency on days 26, 27, and 28 compared to standard environment
(SE) exposure, n = 9-10 mice/group, *p< 0.05 vs. sham group, #p< 0.05 vs. ICH+SE group (repeated
measures ANOVA followed by the Bonferroni post hoc test). (C) Exposure to EE did not affect the mean
swim speed of mice in the MWM test on days 25, 26, 27, or 28. P > 0.05 vs. The ICH+SE group (repeated-
measures ANOVA followed by the Bonferroni post hoc test, F=1.373). (D) Mice from the ICH+EE group
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crossed the target platform more times than mice from the ICH+SE group on day 28. n = 9 mice/group. *p
< 0.05 vs. sham group, #p < 0.05 vs. ICH+SE group (one-way ANOVA followed by the Bonferroni post hoc
test). (E) In the novel object recognition (NOR) test, mice in the ICH+EE group spent more time exploring
the novel object than mice in the ICH+SE group. n = 7 mice/group. ***p <0.001, *p < 0.05 (one-way ANOVA
followed by Bonferroni post hoc test). (F) Exposure to EE increased the discrimination index in the NOR
test compared to exposure to SE. n = 7 mice/group. **p < 0.01 vs. sham group, ##p < 0.01 vs. ICH+SE
group (one-way ANOVA followed by the Bonferroni post hoc test). Values are mean ± SD.
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Figure 6

An enriched environment (EE) restores Nrf2 and BDNF expression and blocks glutaminase activity in mice
with ICH. (A and B) Western blot analysis of Nrf2 and BDNF expression in the perihematomal tissue on
day 28 after ICH. Exposure to EE signi�cantly increased Nrf2 and BDNF expression compared to exposure
to the standard environment (SE). n=6 mice/group. F= 10.58, 14.14, respectively, **p < 0.01 vs. sham
group, #p < 0.05, ##p < 0.01 vs. ICH+SE group (one-way ANOVA followed by the Bonferroni post hoc test).
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(C) Correlation between Nrf2 and BDNF expression. n = 6 mice/group, Spearman’s test. R2= 0.7732. (D)
Representative immuno�uorescence staining of BDNF in the perihematomal tissue on day 28. Scale
bar=100μm. (E) Quantification of the fluorescence of BDNF in the perihematomal area. n= 3-4
mice/group. F=31.57, *p < 0.05 vs. sham group, #p < 0.05 vs. ICH+SE group (one-way ANOVA followed by
the Bonferroni post hoc test). (F) Glutaminase activity in the perihematomal brain tissue on day 28. n=3
mice/group. **p < 0.01 vs. sham group, #p < 0.05 vs. ICH group (one-way ANOVA followed by the
Bonferroni post hoc test). (G) Exposure to EE reduced glutamate levels in mice after ICH. n=3 mice/group.
F=20.45, 10.51, respectively, *p < 0.05 vs. sham group, #p < 0.05 vs. ICH group (one-way ANOVA followed
by the Bonferroni post hoc test). 

Figure 7

An enriched environment (EE) does not mitigate depression-like behaviors in Nrf2-/- mice with ICH. (A) The
immobility time in the TST did not differ between Nrf2-/- ICH mice exposed to EE and SE. n=8-10
mice/group. F=1.024, *p < 0.05 vs. sham group, #p < 0.05 vs. ICH+SE group (one-way ANOVA followed by
the Bonferroni post hoc test).
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Figure 8

Graphical abstract of EE improves long-term sensorimotor, emotion, and cognition after ICH involving the
Nrf2/BDNF/glutaminase pathway
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