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A B S T R A C T

Traumatic brain injury (TBI) causes persistent cognitive impairment and neurodegeneration. Environmental en-
richment (EE) refers to a housing condition that promotes sensory and social stimulation and improves cognition
and motor performance but the underlying mechanisms responsible for such beneficial effects are not well de-
fined. In this study, anesthetized adult rats received either a moderate-to-severe controlled cortical impact (CCI)
or sham surgery and then were housed in either EE or standard conditions. The results showed a significant in-
crease in protein nitration and oxidation of lipids, impaired cognition and motor performance, and augmented N-
methyl-d-aspartate receptor subtype-1 (NMDAR1) levels. However, EE initiated 24 h after CCI resulted in re-
duced oxidative insult and microglial activation and significant improvement in beam-balance/walk perfor-
mance and both spatial learning and memory. We hypothesize that following TBI there is an upstream activation
of NMDAR that promotes oxidative insult and an inflammatory response, thereby resulting in impaired behav-
ioral functioning but EE may exert a neuroprotective effect via sustained downregulation of NMDAR1.

1. Introduction

Traumatic brain injury (TBI), a penetrating or closed form of ac-
quired brain injury, is a leading cause of persistent disabilities and
death worldwide (Hyder et al., 2007). The deleterious effects of TBI are
not confined to the salient motor, affective, and cognitive dysfunction
that diminish life quality but are compounded by the negative impact
on occupational and social functioning. TBI can be classified as mild,
moderate, or severe, depending on whether the injury causes uncon-
sciousness, how long unconsciousness lasts, and the severity of symp-
toms. TBI with loss of consciousness is associated with a 4–5-fold in-
creased risk of dementia and neurodegenerative diseases, including

Alzheimer's disease (AD), Parkinson's disease, and frontotemporal de-
mentia (Crane et al., 2016; LoBue et al., 2016; Gardner et al., 2018). In
addition, exposure to repeated mild TBI may increase the risk of devel-
oping chronic traumatic encephalopathy, a progressive tauopathy
(McKee et al., 2013).

Compelling evidence has demonstrated that sustained oxidative
stress plays a crucial role in the onset and pathogenesis of TBI. Modifi-
cation of tyrosine residues in proteins by NO•-derived species leads to
3-nitrotyrosine (3-NT) formation. Evidence of protein nitration has
been described in the mouse cerebral cortex, rat hippocampus, and CSF
samples from TBI patients (Darwish et al., 2007; Deng et al., 2007;
Readnower et al., 2010). Another important oxidative stress-induced-
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modification is lipid peroxidation (LPO). Malondialdehyde (MDA), the
most mutagenic LPO-derived product can interact with proteins and
DNA to form stable adducts, which leads to structural and functional al-
terations and subsequent strong immune responses and mitochondrial
deficiencies (Jove et al., 2020). 4-hydroxynonenal (4-HNE) can inter-
fere with mitochondrial respiration, DNA synthesis, and calcium (Ca2+)
homeostasis (Chandra and Srivastava, 1997). Acrolein is the most reac-
tive product of LPO and is an initiator of oxidative stress by adducting
nucleophilic groups found on lipids, proteins, and nucleic acid.
Acrolein inhibits mitochondrial respiration at different levels although
does not alter the enzymatic activities of the electron transport chain
(Picklo and Montine, 2001). Isoprostanes (IsoP) are prostaglandin-like
compounds generated from the free radical-catalyzed peroxidation of
essential fatty acids (mainly arachidonic acid) and show a stable meta-
bolic profile, which make them more suitable markers of LPO (Beal et
al., 2020). Several studies have demonstrated a robust increase in the
levels of LPO-derived metabolites, such as MDA and 4-HNE, in diverse
experimental models of TBI (Solaroglu et al., 2005; Sharma et al.,
2010).

A mechanical consequence of brain trauma involves disruption of
the blood–brain barrier (BBB), which leads to a complex inflammatory
process involving local glial and infiltrating immune cells that promote
the upregulation of pro-inflammatory mediators responsible for the
post-traumatic inflammatory cascade. Chronic microglial activation
was found one year after moderate-to-severe contusion (Loane et al.,
2014). Moreover, unresolved pro-inflammatory phenotype has been
observed to persist chronically after moderate-to-severe TBI in both
preclinical and clinical studies. Also, reactive oxygen species (ROS) and
reactive nitrogen species (RNS) can act as key regulators of inflamma-
tory signaling promoting the expression of various pro-inflammatory
mediators (Morgan and Liu, 2011).

Despite several preclinical studies evaluating a plethora of pharma-
cological agents, there is currently no effective neuroprotective therapy
or cure for individuals with TBI (Kokiko and Hamm, 2007; Kline et al.,
2016; Margulies et al., 2016). The lack of translational success may be
due to inappropriate dosing and/or temporal window. Given the
paucity of therapeutic interventions for TBI, preclinical rehabilitative
paradigms are gaining momentum as they may enable successful trans-
lation with minimal to no adverse side effects (Bondi et al., 2014; de la
Tremblaye et al., 2019). Environmental enrichment (EE) is a multifac-
eted expansive housing environment consisting of multiple stimuli and
social interaction that collectively yield a preclinical model of multi-
modal neurorehabilitation, which reliably provides behavioral and his-
tological benefits after TBI independently of injury severity, age or sex
(Bondi et al., 2014; de la Tremblaye et al., 2019). The diverse benefits
induced by EE in TBI models have been attributed to various physiolog-
ical and anatomical responses (Bondi et al., 2014). In uninjured control
rats, EE promoted dendritic arborization and both cortical and hip-
pocampal synaptogenesis (van Praag et al., 2000; Frick and Fernandez,
2003). EE increased the expression of brain-derived neurotrophic factor
(BDNF) and fibronectin type III domain-containing protein 5 in the
cerebral cortex of mice subjected to middle cerebral artery occlusion
(Yu et al., 2020). Therefore, given that oxidative stress and neuroin-
flammatory responses are prominent secondary sequelae of TBI, we
sought to evaluate whether the EE-induced behavioral and functional
benefits correlate with attenuation of these deleterious effects.

2. Methods

2.1. Animals

Forty-eight (3-month-old) male Sprague-Dawley rats (Envigo RMS,
Indianapolis, IN) were housed in pairs in standard (STD) laboratory
ventilated polycarbonate cages in a temperature (21 ± 1 °C) and light-
controlled (7:00 a.m. to 7:00 p.m.) vivarium with ad libitum food and

water. After a week of acclimatization, the rats were pretrained on the
designated motor tasks (see motor performance section for details) in
preparation for surgery. The rats were randomly assigned to four
groups of 12 in each: Sham + STD, Sham + EE, TBI + STD, and
TBI + EE. A power analysis (G*power 3.1.9.4) indicated that an
n = 10/group yields sufficient power (95%) for the behavioral assays.
Despite the power analysis, we included an extra 2 rats in each group to
account for possible attrition due to surgery or behavioral outliers. All
experimental procedures were approved by the Institutional Animal
Care and Use Committee at the University of Pittsburgh. Every attempt
was made to limit the number of rats used and to minimize suffering.
One rat from the TBI + STD group was excluded from the analyses be-
cause of an inability to locate the visible platform, which may be indica-
tive of visual acuity deficits and therefore could be a potential confound
given the necessity to see the cues located on the walls to acquire spa-
tial learning.

2.2. Surgery

Controlled cortical impact (CCI) or Sham surgeries were performed
as previously reported (Kline et al., 2002; Kline et al., 2010; Lajud et al.,
2019; Moschonas et al., 2021). Briefly, the rats received a 4% concen-
tration of isoflurane in 2:1 N2O:O2 for anesthetic induction, after which
they were endotracheally intubated and secured on a stereotaxic frame.
During mechanical ventilation, the carrier gases remained the same,
but the concentration of isoflurane was reduced to 2%, which was suffi-
cient for maintaining an adequate plane of surgical anesthesia. Core
temperature was maintained at 37 ± 0.5 °C with the use of a heating
pad and monitored with a rectal thermistor probe. Using aseptic proce-
dures, a midline scalp incision was made followed by a craniectomy of
approximately 8 mm in diameter in the right hemisphere. The impact
tip (6 mm, flat) was centered through the craniectomy until it touched
the dura mater and then it was advanced 2.8 mm farther and impacted
the cortex at 4 m/s to cause a moderate-to-severe injury. Sham rats un-
derwent similar surgical procedures but were not subjected to the im-
pact. Anesthesia was discontinued immediately after the CCI injury, the
incision was sutured, and the rats were extubated. Sham rats were su-
tured while under anesthesia. Rats were euthanized at 21 days after TBI
or Sham injury.

2.3. Acute neurological evaluation

Immediately after the discontinuation of anesthesia, acute neurolog-
ical outcomes were assessed. Briefly, limb reflex ability was determined
by gently squeezing the left and right hind paw every 5 s and recording
the withdrawal latency. Righting reflex was assessed by measuring the
time required to turn from the supine to prone position on three consec-
utive trials. These acute tests are sensitive indicators of injury severity
and anesthetic effects (Kline et al., 2010; de la Tremblaye et al., 2021).

2.4. Housing conditions

After recovery from anesthesia, as evidenced by spontaneous move-
ment in the holding cage, the rats were returned to the colony where
those designated for enrichment were immediately placed in the EE
cages (Bondi et al., 2014; Moschonas et al., 2021). The EE cages
(92 × 78 × 51 cm) were fabricated with stainless-steel wire mesh and
included ladders that allowed the rats to ambulate all three levels. Con-
tained in the EE cages were various toys (e.g., blocks, tubes, balls), nest-
ing materials (e.g., bedding) and ad libitum food and water. To main-
tain novelty, the objects were rearranged daily, and the cages were
cleaned twice per week. To minimize variability, 10–12 rats (TBI and
Sham) were housed together. Rats assigned to STD housing were placed
as pairs in ventilated polycarbonate cages (37 × 25 × 18 cm) with
only ad libitum food and water.
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2.5. Motor performance

Motor function was assessed with beam-balance and beam-walk
tasks that have been extensively used in the neurotrauma field and in
our laboratory (Kline et al., 2002; Bao et al., 2019). The beam-balance
task consists of placing a rat on an elevated (90 cm) narrow (1.5 cm
wide) wooden beam and recording the time it remains on for a maxi-
mum of 60 s. The beam-walk task consists of training rats to escape a
bright light and white noise (i.e., negative reinforcement) by traversing
an elevated narrow beam (2.5 cm wide x 100 cm long) and entering a
darkened goal box. Beam-walk performance was assessed by recording
the elapsed time to traverse the beam as well as the distance traveled
using scoring criteria based on a rating scale from 0 to 5 where 0 indi-
cates an inability to ambulate beyond the start point and 5 indicates
walking down the entire beam and entering the goal box. Prior to
surgery, all rats were trained to maintain balance for 60 s and traverse
the beam in under 5 s, which typically required 3–5 trials. Baseline per-
formance was assessed on the day of surgery. On post-operative days
1–5, the rats were tested on both motor tasks and given three 60 s trials
per day on each task. Daily scores were averaged for each rat and used
in the statistical analyses.

2.6. Cognitive performance

Spatial learning and memory retention were assessed using a well-
established Morris water maze (MWM) task that is sensitive to cogni-
tive function/dysfunction after TBI (Kline et al., 2002; Kline et al.,
2010). Briefly, the maze consists of a plastic pool (180 cm diameter;
60 cm high) filled with water (26 ± 1 °C) to a depth of 28 cm with
salient visual cues that remained constant throughout the study. The es-
cape platform, a clear Plexiglass stand (10 cm diameter, 26 cm high),
was positioned 26 cm from the maze in the southwest quadrant and
held constant for each rat. Spatial learning, represented by the ability to
locate the submerged (2 cm below the water surface) escape platform
began on post-operative day 14 and consisted of providing a block of
four daily trials with a 4-min inter-trial-interval (ITI) for five consecu-
tive days (i.e., 14–18). For each daily block of trials, the rats were
placed in the pool facing the wall at each of the four possible start loca-
tions in a randomized manner. Each trial lasted until the rat climbed
onto the platform or until 120 s elapsed. The rats remained on the plat-
form for 30 s before being placed in a heated incubator during the
4 min ITI. The times of the four daily trials for each rat were averaged
and used in the statistical analysis.

On post-operative day 19, both memory retention and visible plat-
form tests were conducted. Memory retention was carried out before
the visible platform test so as not to provide a refresher for platform lo-
cation, and consisted of a single probe trial where the platform was re-
moved, and the rats were given the opportunity to explore the pool for
30 s. The more time the rats spent searching for the platform in the
quadrant where it was previously situated (i.e., target quadrant) was in-
dicative of better memory retention. Following the probe trial, the plat-
form was raised 2 cm above the water surface to determine non-spatial
factors on cognitive performance or visual acuity deficits. The data,
which included time to locate the submerged and visible platform, time
in the target quadrant, and swim speed were obtained using video
tracking software.

2.7. Immunohistochemistry

Three weeks after CCI injury or sham surgery, the rats were anes-
thetized with Fatal-Plus (0.3 mL, i.p.) and perfused transcardially with
200 mL of 0.1 M of phosphate-buffered saline (pH 7.4) followed by
300 mL of 4% paraformaldehyde (PFA). The brains (4 in each group)
were post-fixed in 4% PFA for 7 days and then placed in 30% sucrose in
PBS until infiltration was complete (~3 days), then flash-frozen in liq-

uid nitrogen and stored in −80 °C until ready to cut. The brains were
cut coronally using a cryostat microtome at 35 μm, and the sections
were stored in cryoprotectant at −20 °C until ready for immunohisto-
chemistry. Unless otherwise specified, all incubations were carried out
at room temperature (RT).

Brain sections were washed 3 × 10 min in PBS and pre-incubated
for 5 h with 1% Triton X-100 in PBS at 4 °C. The tissue was washed
again (3 × 10 min) followed by 5 min at 37 °C for the antigen retrieval
step (Invitrogen Life Technologies; Carlsbad, CA, USA). Next, the sec-
tions were blocked for 1 h. An antibody against microtubule-associated
protein 2 (chicken MAP2; 1:2000, Millipore) was used to label neuronal
cell bodies and dendrites and to study their cytoskeleton structure. In
combination with other antibodies, MAP2 staining allows detection of
potential changes in the immunoreactivity of proteins between neurons
(pyramidal) and the neuropil. To evaluate oxidative damage, hip-
pocampal sections were incubated for 72 h at 4 °C with antibodies
against mouse 4-HNE (1:500, Percipio Biosciences) or rabbit 3-NT
(1:500, Millipore). To investigate the neuroinflammatory response in
the hippocampus, sections were incubated for 72 h at 4 °C with rabbit
ionized calcium-binding adapter molecule (Iba1; 1:25000, Wako) pri-
mary antibody. To assess the hippocampal immunoreactivity of the N-
methyl-d-aspartate receptor 1 (NMDAR1), brain sections were incu-
bated for 72 h at 4 °C with a rabbit NMDAR1 (1:1000, Abcam) anti-
body.

After incubation, the tissue was rinsed (3 × 10 min) in PBS and in-
cubated in a secondary antibody, which for neuroinflammation was
anti-mouse Alexa Fluor 647-conjugated IgG (1:500, Life Technologies)
and anti-rabbit Cy3 543-conjugated IgG (1:500, Jackson Immuno Re-
search), while for oxidative stress it was anti-chicken DyLight 405-
conjugated IgG (1:500, Jackson Immuno Research) and anti-rabbit Cy3
543-conjugated IgG (1:500, Jackson Immuno Research) for 2 h. After 3
PBS washes of 10 min each, the sections were mounted onto plus
coated glass slides and cover slipped using gelvatol mounting medium.
Combined CA1 and CA2 regions of the hippocampus ipsilateral and
contralateral to injury were examined using confocal laser microscopy.
Quantitative analyses of markers were carried out in three sections per
rat (n = 4 group).

2.8. Confocal laser microscopy

Confocal laser microscopy was used to evaluate oxidative damage
and the pro-inflammatory response as well as variations in the im-
munoreactivity of NMDAR1. Images of the stained rat brain sections
were acquired on an Olympus BX61 Fluoview 1000 under constant
power and pinhole aperture with a 20× (N.A. 0.75) lens. Quantifica-
tion was carried out using the Fluoview Viewer Olympus software (v.
4.2c). Final fluorescence micrographs were obtained using a PlanApo
60× oil-immersion objective (1.45 N.A.) at high resolution (100 μs).

2.9. Microglial activation

Rat hippocampal sections were immunolabeled using an antibody
against the Iba1 epitope. Fluorescent micrographs were acquired using
a confocal microscope at 20× (N.A. 0.75). Digital pictures were ex-
ported and analyzed using the Fiji software (ImageJ, v1.52). RGB color
images were converted into 8-bit grayscale files with pixel values rang-
ing from 0 to 255. After creating a region of interest, background was
subtracted, and the average pixel intensity was determined. Values for
the number of microglial-positive cells were generated.

2.10. Data analyses

Statistical analyses were conducted on data collected by researchers
blinded to group conditions using StatView 5.0.1 software (Abacus
Concepts, Inc., Berkeley, CA). The motor and cognitive data were ana-
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lyzed by repeated-measures analysis of variance (rmANOVA). Acute
neurological assessment, probe trial, visible platform, and swim speed
were analyzed by two-way ANOVAs with housing and injury as factors.
Quantification of Iba1, 3-NT, 4-HNE, and NMDAR1 immunoreactivity
was assessed by ANOVAs. The Newman-Keuls multiple comparisons
post-hoc test determined specific group differences. The results are ex-
pressed as the mean ± standard error of the mean (S.E.M.). p < 0.05
was considered significant. For correlation analysis, entire data sets for
each variable (i.e., all rats) were tested with the Shapiro-Wilk test for
normal distribution and a correlation analysis was estimated. A heat
map was obtained for Spearman's correlation coefficients.

3. Results

3.1. Acute neurological evaluation

No significant differences were observed between the TBI groups for
return of hind limb reflex ability after a brief paw pinch (mean range
for right = 168.7 ± 3.1 s to 187.9 ± 10.8 s; mean range for
left = 172.5 ± 3.3 s to 191.0 ± 10.6 s) or righting reflex latency
(mean range = 416.6 ± 16.4 s to 428.8 ± 15.9 s) after cessation of
anesthesia (p > 0.05). The lack of significant differences in post-
surgical neurological assessments between the TBI groups indicates that
all rats received an equivalent level of injury and anesthesia. Also, no
differences were found between the Sham groups (p > 0.05) in hind
limb reflex (mean range for right = 33.9 ± 7.1 s to 37.9 ± 5.1 s;
mean range for left = 37.5 ± 7.4 s to 41.1 ± 4.9 s) or righting reflex
(mean range = 116.8 ± 6.8 s to 119.7 ± 5.5 s).

3.2. Motor performance

3.2.1. Beam-balance
Baseline performance prior to surgery revealed that every rat was

able to balance on the beam for the allotted 60 s (Fig. 1A). Following
TBI, the rmANOVA showed significant Group (F3,43 = 17.535,
p < 0.0001) and Day (F5,215 = 21.327, p < 0.0001) differences, as
well as a significant Group x Day interaction (F15,215 = 7.665,
p < 0.0001). The post-hoc analysis indicated that both TBI groups (EE
and STD) were significantly impaired relative to the Sham groups
(p < 0.05), which were able to maintain baseline-level balance
through the 5 days of testing and did not differ from one another
(p > 0.05). Between the brain injured groups, TBI + EE performed
markedly better than TBI + STD (p < 0.05).

3.2.2. Beam-walk time
No pre-surgical differences in time to traverse the beam were ob-

served among the groups as all rats were well-trained and proficiently
reached the goal box in under 5 s (Fig. 1B). After TBI, the rmANOVA
showed significant Group (F3,43 = 214.179, p < 0.0001) and Day
(F5,215 = 208.378, p < 0.0001) differences, as well as a significant
Group x Day interaction (F15,215 = 61.983, p < 0.0001). The post-hoc
analysis demonstrated that both TBI groups (EE and STD) were signifi-
cantly impaired relative to the Sham groups (p < 0.05), which were
able to maintain baseline-level traversal times through the 5 days of
testing and did not differ from one another (p > 0.05). Between the
brain injured groups, TBI + EE performed better than TBI + STD
(p < 0.05).

3.3. Beam-walk score

Baseline performance prior to surgery indicated that every rat was
able to traverse the entire length of the beam and enter the goal box for
a maximum score of 5 (Fig. 1C). Following TBI, the rmANOVA showed
significant Group (F3,43 = 80.722, p < 0.0001) and Day
(F5,215 = 74.018, p < 0.0001) differences, as well as a significant
Group x Day interaction (F15,215 = 25.889, p < 0.0001). The post-hoc
analysis showed that both TBI groups (EE and STD) were significantly
impaired relative to the Sham groups (p < 0.05), which were able to
maintain baseline-level performance through the 5 days of testing and
did not differ from one another (p > 0.05). Between the brain injured
groups, TBI + EE performed markedly better than TBI + STD having
reached baseline performance by the end of the testing period
(p < 0.05).

3.4. Cognitive performance

3.4.1. Spatial learning
Analysis of the spatial learning data showed significant Group

(F3,43 = 69.644, p < 0.0001) and Day (F4,172 = 25.532, p < 0.0001)
differences (Fig. 2A). The post-hoc test demonstrated that the TBI + EE
group located the escape platform significantly quicker over time vs.
the TBI + STD group (p < 0.05). There was no difference between the
Sham groups regardless of housing (STD vs. EE), but both were better at
locating the escape platform relative to both TBI groups (p < 0.05). No
differences in time to locate the visible platform (mean
range = 23.8 ± 2.0 s to 31.1 ± 1.9 s) or swim speed (mean
range = 28.3 ± 1.2 cm/s to 32.3 ± 1.8 cm/s) were observed among

Fig. 1. Motor performance. (A) Time (s) to maintain balance on an elevated narrow beam prior to, and after, TBI or Sham injury on post-operative days 1–5.
#p < 0.05 vs. TBI + STD and TBI + EE and *p < 0.05 vs. TBI + STD. No statistical difference was revealed between the Sham groups. (B) Time (s) to traverse an
elevated narrow beam prior to, and after, TBI or sham injury on post-operative days 1–5. #p < 0.05 vs. TBI + STD and TBI + EE and *p < 0.05 vs. TBI + STD. No
statistical difference was revealed between the Sham groups. (C) Distance traveled along an elevated narrow beam prior to, and after, TBI or sham injury on post-
operative days 1–5. #p < 0.05 vs. TBI + STD and TBI + EE and *p < 0.05 vs. TBI + STD. No statistical difference was revealed between the Sham groups. All data
were analyzed by repeated measures ANOVA followed by the Newman-Keuls multiple comparisons post-hoc test. The results are expressed as the mean ± S.E.M.
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Fig. 2. Cognitive performance. (A) Time (s) to locate a submerged (i.e., hidden) and visible platform in the Morris water maze on post-operative days 14–19.
#p < 0.05 vs. TBI + STD and TBI + EE and *p < 0.05 vs. TBI + STD. No statistical difference was revealed between the Sham groups. No differences were noted
among the groups in time to locate the visible platform (p > 0.05). (B) Percent of time spent in the target quadrant (i.e., where the platform was previously located)
following a single probe trial at day 19. #p < 0.05 vs. TBI + STD and *p < 0.05 vs. TBI + STD. No statistical differences were revealed among the TBI + EE, Sham
+ STD, and Sham + EE groups (p > 0.05). Dotted line represents performance at the chance level (25%). All data were analyzed by repeated measures ANOVA fol-
lowed by the Newman-Keuls multiple comparisons post-hoc test. The results are expressed as the mean ± S.E.M.

the groups suggesting there were no extraneous factors precluding the
accurate assessment of spatial learning.

3.4.2. Memory retention
Analysis of the probe data exhibited a significant Group effect

(F3,43 = 10.226, p < 0.0001; Fig. 2B). The post-hoc analysis confirmed
significant memory retention in the Sham + EE, Sham + STD, and
TBI + EE groups as evidenced by a greater percentage of the allotted
time spent in the target quadrant (41.7 ± 2.1%, 39.6 ± 1.4%, and
37.6 ± 1.9%, respectively) vs. the TBI + STD group (27.7 ± 2.0%).
No significant differences were found between the Sham controls (EE
and STD) or among the Shams and the TBI + EE group (p > 0.05).

3.5. Protein nitration

Oxidative stress, including damage to proteins, is a major contribu-
tor to secondary injury signaling cascades following TBI. Protein tyro-
sine nitration was assessed in the rat brain (Fig. 3). The ANOVA showed
significant Group differences in the ipsilateral (F3,20 = 32.15,
p < 0.0001) and contralateral (F3,20 = 12.11, p < 0.0001) hippocam-
pal CA1/CA2 regions. Post-hoc analyses revealed significant 3-NT im-
munoreactivity in the TBI groups relative to the Sham + STD controls
in both hemispheres. A significant reduction of 3-NT immunoreactivity
was noted in the TBI + EE group vs. the TBI + STD group ipsilateral to
the injury (p < 0.05) but not contralateral (p > 0.05). Moreover, the
TBI + EE group did not differ from the Sham + EE group in the ipsilat-
eral hippocampus (p > 0.05). Lastly, there was no difference between
the Sham groups regardless of the hemisphere (p > 0.05).

3.6. Lipid peroxidation

The pathophysiology of TBI is complex and involves multiple and
complex signaling cascades, including LPO, which plays a critical role
in in cell membrane damage and concomitant cell death, including
apoptosis. Therefore, we examined whether EE showed beneficial an-
tioxidant effects in TBI rats. Damage to lipids was quantified by measur-
ing the immunofluorescence signal of 4-HNE (Fig. 4). Group differences
in the ipsilateral (F3,20 = 14.04, p < 0.0001) and contralateral
(F3,20 = 5.444, p = 0.0067) were described in the hippocampal CA1/
CA2 regions. Post-hoc analyses showed significant 4-HNE immunoreac-

tivity in the TBI groups relative to the Sham + STD controls in both
hemispheres. A significant reduction of 4-HNE immunoreactivity was
observed in the TBI + EE group vs. the TBI + STD group in the ipsilat-
eral (p < 0.05) but not in the contralateral hippocampus (p > 0.05).
No differences were observed between the TBI + EE and the Sham +
EE groups in the contralateral hippocampus (p > 0.05). No changes
were found between the Sham groups independently of the hemisphere
(p > 0.05).

3.7. Microglial activation

As activated microglia are a hallmark of TBI, we determined the ex-
tent by which EE could attenuate the injury-induced neuroinflamma-
tory response in a rat model of TBI. Activated microglial cells were de-
tected using the Iba1 marker (Fig. 5). Robust Group differences were
seen in the ipsilateral (F3,23 = 21.89, p < 0.0001) and contralateral
(F3,23 = 7.606, p = 0.0010) hippocampus. Post hoc analysis showed
no differences between the STD-and EE-housed Sham groups in either
hemisphere. The TBI + STD group had significantly greater Iba1 im-
munoreactivity compared to the TBI + EE group in both hemispheres.

3.8. NMDA receptor 1

The levels of extracellular glutamate are robustly increased follow-
ing TBI, resulting in an excessive NMDAR activation. Thus, the im-
munoreactivity of NMDAR1 was determined in the rat brain (Fig. 6).
The ANOVA analysis displayed significant Group differences in the ipsi-
lateral (F3,23 = 25.14, p < 0.0001) and contralateral (F3,24 = 12.47,
p < 0.0001) hippocampal CA1/CA2 regions. Post-hoc analyses re-
vealed that both TBI groups had elevated NMDAR1 immunoreactivity
relative to both Sham controls in the ipsilateral hippocampus, but only
the TBI + STD group exhibited an increase in NMDAR1 fluorescence
signal in the contralateral hippocampus. The data further showed that
NMDAR1 immunoreactivity was reduced in the TBI + EE group vs. the
TBI + STD group in both hemispheres.

3.9. Correlation analysis

Spearman's correlation analysis (Fig. 7) indicated that 3-NT and 4-
HNE correlated with behavior (r > 0.4 or r < −0.4, p < 0.05). Also, a
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Fig. 3. Protein nitration. Quantification of 3-NT immunofluorescence signal was carried out in the rat ipsilateral and contralateral hippocampus on post-operative
day 21. Data were analyzed by ANOVA followed by the Newman-Keuls multiple comparisons post-hoc test to determine specific group differences. The results are ex-
pressed as the mean ± S.E.M. In the hippocampus ipsilateral to TBI or Sham surgery, **p < 0.01 vs. Sham + STD; ***p < 0.001 vs. TBI + STD; ****p < 0.0001 vs.
Sham + STD and Sham + EE. No difference was revealed between the TBI + EE and Sham + EE (p > 0.05). In the hippocampus contralateral to TBI or Sham
surgery, **p < 0.01 vs. Sham + STD; ***p < 0.001 vs. Sham + STD; ##p < 0.01 vs. Sham + STD and Sham + EE. No difference was observed between the Sham
groups in either hemisphere (p > 0.05). Scale bar = 50 μm.

significant correlation was observed for Iba1 immunoreactivity from
the ipsilateral hippocampus that was more robust that for the contralat-
eral. The strongest correlations with behavior were observed for NM-
DAR1 immunoreactivity from the ipsilateral hemisphere (r > 0.6 or
r < −0.6, p < 0.0001). The results indicate a positive correlation for
NMDAR1 immunofluorescence with the time to traverse the beam and
escape latency during the five days of the learning phase of MWM
(r26 > 0.50, p < 0.01). NMDAR1 immunofluorescence negatively cor-
related with the time in the beam-balance test and the score in the
beam-walk test (r26 < −0.50, p < 0.01). Also, NMDAR1 expression
from the ipsilateral hippocampus positively correlated with 3-NT
(r23 = 0.82, p < 0.0001), 4-HNE (r23 = 0.82, p < 0.0001), and Iba1
immunoreactivity (r26 = 0.78, p < 0.0001). Note that while 3-NT, 4-
HNE, and NMDAR1 immunoreactivity correlated with spatial learning,
only Iba1 immunoreactivity showed a significant correlation with

memory retention, and this effect was stronger for the contralateral
hemisphere (r26 = −0.50, p < 0.01) relative to the ipsilateral hemi-
sphere (r26 = −0.42, p < 0.05).

4. Discussion

After TBI, complex secondary pathogenic sequelae such as wide-
spread free radical overproduction and microglial activation initiate ab-
normal cellular and molecular dysfunction that yields progressive neu-
rodegeneration and behavioral deficits (Block et al., 2007; Hill et al.,
2017). The aim of the current study was to investigate the neuroprotec-
tive effects of EE, and more specifically, whether EE would prevent bio-
chemical failures and improve functional recovery in a rat CCI model of
TBI. The severity of injury in TBI is directly associated with ROS-
induced tissue damage (Di Pietro et al., 2014). Nitration of tyrosine
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Fig. 4. Lipid peroxidation. Quantification of the fluorescence intensity of 4-HNE was assessed in the rat ipsilateral and contralateral hippocampus was performed at
3 weeks post-injury. Data were analyzed by ANOVA followed by the Newman-Keuls multiple comparisons post-hoc test. The results are expressed as the
mean ± S.E.M. In the hippocampus ipsilateral to TBI or Sham surgery, *p < 0.05 vs. TBI + STD; ****p < 0.0001 vs. Sham + STD; #p < 0.05 vs. vs. Sham + STD
and Sham + EE; ###p < 0.001 vs. Sham + EE. In the hippocampus contralateral to TBI or Sham surgery, *p < 0.05 vs. Sham + STD; **p < 0.01 vs. Sham + STD.
No differences were revealed among the TBI + STD, TBI + EE, and Sham + EE groups (p > 0.05). No difference was observed between the Sham groups in either
hemisphere (p > 0.05). Scale bar = 50 μm.

residues can regulate changes in protein structure and function, thereby
affecting cell homeostasis. Aberrant protein nitration has been ob-
served in individuals with TBI and in experimental animal models (Dar-
wish et al., 2007; Deng et al., 2007; Readnower et al., 2010). Increased
neuronal and glial 3-NT immunoreactivity was found in the CSF of TBI
patients (Darwish et al., 2007). Peroxynitrite (ONOO−) and 3-NT medi-
ate nitrosative stress damage in a model of severe CCI focal TBI, con-
tributing to an excessive Ca2+ accumulation, cytoskeletal degradation,
and neurodegenerative processes (Deng et al., 2007). The number of 3-
NT-positive neurons was increased in the mouse cortex and hippocam-
pus after concussive brain injury (Miyamoto et al., 2013; Higashi et al.,
2014). Our results showed a significant correlation of the expression of
hippocampal 3-NT levels with motor and cognitive performance.

Peroxidation of lipid species can alter the biological membrane
function and properties (e.g., permeability and fluidity), induce free
radical damage, and promote mitochondrial dysfunction. Following

TBI, oxidative stress is prominently manifested as LPO in neurons and
glial cells. Elevated levels of MDA and 8-isoPGF2α within 6 h were de-
tected in the ipsilateral cortex of TBI rats (Ji et al., 2010). The concen-
tration of MDA was markedly augmented in the brain samples of TBI
rats (Solaroglu et al., 2005). Oxidation-mediated lipid damage was seen
in a unilateral CCI model of TBI (Sullivan et al., 1998). The number of
4-HNE+ cells was elevated in the rat cerebral cortex three days after in-
flicting TBI (Itoh et al., 2009). We found a significant increase in 3-NT
and 4-HNE immunoreactivity in the rat ipsilateral hippocampus, which
was reduced by EE. These alterations significantly correlated with mo-
tor performance and spatial learning.

A direct relationship between 3-NT and 4-HNE has been described
in TBI. RNS (mainly ONOO−) are considered a major player in TBI-
induced oxidative insult. ONOO−decomposes into highly reactive free
radicals that trigger membrane LPO of polyunsaturated fatty acids and
protein nitration. In addition, LPO results in the formation of toxic alde-
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Fig. 5. Microglial activation. Iba1-immunoreactive cells were quantitated in both the ipsilateral and the contralateral sides of rat hippocampus on post-operative day
21. Data were analyzed by ANOVA followed by the Newman-Keuls multiple comparisons post-hoc test to determine specific group differences. The results are ex-
pressed as the mean ± S.E.M. In the hippocampus ipsilateral to TBI or Sham surgery, *p < 0.05 vs. Sham + STD and Sham + EE; ***p < 0.001 vs. TBI + STD;
****p < 0.0001 vs. Sham + STD and Sham + EE. In the hippocampus contralateral to TBI or Sham surgery, *p < 0.05 vs. Sham + STD and Sham + EE;
***p < 0.001 vs. TBI + STD; #p < 0.05 vs. Sham + STD and Sham + EE. No difference was detected between the Sham groups in either hemisphere (p > 0.05).
Scale bar = 50 μm.

hyde byproducts, including 4-HNE and acrolein, that in turn, exacer-
bate ROS/RNS formation and oxidative damage to proteins. Hill and
colleagues showed that time courses of 3-NT and 4-HNE were similar,
with a peak after 48-72 h following CCI-TBI (Hill et al., 2017). More-
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Fig. 6. NMDAR1 activation. NMDAR1 content was determined in the rat ipsilateral and contralateral hippocampus. Data were analyzed by ANOVA followed by the
Newman-Keuls multiple comparisons post-hoc test and the results are expressed as the mean ± S.E.M. In the hippocampus ipsilateral to TBI or Sham surgery,
*p < 0.05 vs. TBI + STD; ***p < 0.001 vs. Sham + STD and Sham + EE; ****p < 0.0001 vs. Sham + STD and Sham + EE. In the hippocampus contralateral to
TBI or Sham surgery, **p < 0.01 vs. Sham + STD; ***p < 0.001 vs. TBI + STD; ####p < 0.0001 vs. Sham + EE. No differences were revealed between the
TBI + EE vs. Sham + STD and Sham + EE groups (p > 0.05). No difference was observed between the Sham groups in either hemisphere (p > 0.05). Scale
bar = 50 μm.

over, a temporal and spatial relationship between ONOO−-mediated ox-
idative insult, cytoskeletal degradation, and neurodegeneration was ob-
served following TBI (Deng et al., 2007).

A prominent pro-inflammatory phenotype persists chronically after
a moderate-to-severe TBI, in both clinical and pre-clinical studies (Ram-
lackhansingh et al., 2011; Loane et al., 2014; Coughlin et al., 2017).
Clinically, PET studies demonstrated that (i) repeated TBI led to sus-
tained glial activation in the brain of NFL players (Coughlin et al.,
2017), and (ii) microglial stimulation can last up to 17 years in individ-
uals with TBI (Ramlackhansingh et al., 2011). Pre-clinical studies have
shown a prolonged microglial activation in the mouse cerebral cortex
up to 1 year post-injury (Loane et al., 2014). This unresolved inflamma-
tion could be related to motor and cognitive impairments in the long
term (Diaz-Chavez et al., 2020). In our study, Iba1 immunoreactivity
was the only parameter that showed significant negative correlations

with memory retention, thereby suggesting that microglial activation
during the chronic phase of TBI predicts for more severe memory
deficits. Memory impairment and executive functioning deficits are
prominent symptoms following TBI (Wolf and Koch, 2016). Brain in-
jury causes a disruption of brain structure and function that, combined
with the pathophysiological changes related to aging, can exacerbate
cognitive decline (Moretti et al., 2012). Cognitive impairment could be
mediated, in part, by increased free radical generation and inflamma-
tion after TBI (Sun et al., 2019; Knopp et al., 2020. While several pre-
clinical studies have demonstrated that antioxidant and anti-
inflammatory pharmacotherapies ameliorate TBI-induced biochemical
and neurobehavioral deficits, to date clinical trials have not yet con-
ferred improvements, suggesting that alternative therapeutic interven-
tions need to be elucidated (Hall et al., 2010; Mallah et al., 2020).
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Fig. 7. Correlation analysis. Color heat map of the Spearman's correlation coefficients computed for the time on the beam-balance (BB), time to traverse the beam
(BW TIME), beam-walk score (BW SCORE), escape latency, and percent of time in the target quadrant during the probe trial of the Morris water maze (MWM)
with hippocampal 3-NT, 4-HNE, Iba1, and NMDAR1. Correlation coefficients are shown with continuous gradient colors where positive correlation is marked in
red (r > 0.4, *p < 0.05; r > 0.5, **p < 0.01; and r > 0.6, ***p < 0.001), negative is in blue (r > −0.4, *p < 0.05; r > −0.5, **p < 0.01; and r > −0.6,
***p < 0.001), and white represents no correlation (r = 0, p = 1). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Growing evidence has shown that EE promotes functional and cog-
nitive recovery after TBI. It has been described that EE-mediated effect
in restoring injury-induced motor deficits is attributed to the EE arena
size, which allows increased ambulation across various surfaces and in-
clines as well as social components and stimulating objects (Sozda et
al., 2010). Exposure of TBI rats to EE combined with targeted early-
onset stimulation resulted in the recovery of neuromotor and cognitive
dysfunction (Maegele et al., 2005). TBI-induced deficits on spatial
memory and sensory discrimination were significantly reduced in EE
exposed rats (Johnson et al., 2013). Following severe TBI, EE amelio-
rated functional outcome in adult rats (Passineau et al., 2001). Our lab-
oratory has shown that abbreviated EE conferred neurobehavioral ben-
efits, including spatial learning and memory recovery, and reduced cor-
tical lesion volume in both male and female rats (de Witt et al., 2011;
Radabaugh et al., 2016). EE also improved spatial learning and memory
and mitigated the loss of medial septal and choline acetyltransferase
neurons after CCI injury (Moschonas et al., 2021).

The mechanisms by which EE attenuates cognitive deficits remain
unknown and are complex and multifactorial. Our results provide com-
pelling evidence of a correlation among decreased oxidative insult, mi-
croglial activation, and behavioral outcome. Specifically, our results
demonstrate that 3-NT and Iba1 immunoreactivity in the ipsilateral
hippocampus inversely correlated with beam-balance and beam-walk
scores, but directly correlated with spatial learning parameters. Fur-
thermore, we found a robust increase in the content of NMDAR1. Exces-
sive or prolonged exposure to glutamate causes NMDAR activation,
which increases Ca2+ entry into the post-synaptic cell and stimulates
the production of nitric oxide by neuronal nitric oxide synthase. Nitric
oxide contributes to 3-NT formation and activates downstream signal-
ing pathways, resulting in mitochondrial dysfunction. It should be
noted that a limitation of our analysis is that we correlated outcomes
that occur days to weeks apart from each other. The correlations were
conducted after all the behaviors were concluded, which is two weeks
from the motor tasks, while spatial learning was completed 24 h prior
to sacrifice.

Several studies have examined the role of NMDAR2, which plays a
central role in synaptic plasticity, learning and memory, on TBI. NM-
DAR2 was significantly decreased in the rat hippocampus, thereby re-
sulting in diminished plasma membrane stability following TBI
(Sharma et al., 2010). Rats treated with glutathione showed downregu-
lated NR2B gene expression and had a protective effect against the
long-term sequelae of TBI (Arifin et al., 2011). Following TBI, NR2B sig-
naling promoted the amount of autophagic proteins (such as Beclin-1)
in membrane rafts of the rat cerebral cortex (Bigford et al., 2009).

Nevertheless, further research is needed to study the potential ef-
fects of NMDAR1 on TBI. RNAi-mediated downregulation of aquaporin
4 led to reduced mRNA expression levels and protein content of NM-
DAR1 in TBI rats (Chen et al., 2018). In our study, TBI rats showed ele-
vated NMDAR1 immunoreactive signal but exposure to EE resulted in a
significant decrease in NMDAR1 levels, suggestive of declined gluta-
mate toxicity and ion influx, which inactivates cell death signaling cas-
cades through inhibition of several degradative enzymes, including pro-
teases and endonucleases. Therefore, modulation of NMDAR may be an
effective therapeutic target for TBI. Indeed, NMDAR antagonists such as
gacyclidine and memantine improve functional and neurological out-
come in animal models of TBI (Smith et al., 2000; Rao et al., 2001) but
all clinical trials using NMDAR antagonists have failed to show efficacy
following TBI and, in some cases, have even increased mortality. A ma-
jor problem includes a limited neuroprotective therapeutic time win-
dow as NMDAR antagonists appear to be highly efficacious when ad-
ministered prior or immediately (< 30 min) post-injury (Rod and Auer,
1989; Kroppenstedt et al., 1998). In addition, NMDAR antagonists can
alter synaptic function and plasticity and induce neurotoxicity
(Ikonomidou and Turski, 2002).

In summary, we hypothesize that after moderate-to-severe CCI in
adult rats, there is an upstream activation of NMDAR and concomitant
oxidative damage and neuroinflammatory process, thereby leading to
impaired behavioral functioning. Exposure to EE decreases the concen-
tration of NMDAR and concomitant 3-NT, 4-HNE, and Iba1 immunore-
activity in the rat brain, which was associated with improved spatial
learning and memory. Our findings support the notion that an enriched
and interactive environment could be of therapeutic interest and bene-
fit for patients with TBI.
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