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Abstract

It is well established that a relatively brief exposure to environmental enrichment (EE) enhances motor and cognitive

performance after experimental traumatic brain injury (TBI), but it is not known whether the benefits can be sustained

after EE is discontinued. To address this important rehabilitation-relevant concern, anesthetized rats received a controlled

cortical impact (CCI) or sham injury, and for phase 1 of the experiment were randomly assigned to either 3 weeks of EE or

standard (STD) housing. Neurobehavioral outcome was assessed by established motor and cognitive tests on postoperative

days 1–5 and 14–18, respectively. Beam-balance and spatial learning were facilitated in the TBI + EE more than the

TBI + STD group ( p < 0.0001). In phase 2 of the experiment, half of the rats in EE were transferred to STD conditions

(TBI + EE + STD and sham + EE + STD), and neurobehavior was re-assessed once per month for 6 months. The TBI + EE

and TBI + EE + STD groups performed markedly better in the water maze than the TBI + STD group ( p < 0.0001), and

did not differ from one another ( p = 0.53). These data replicate those of several studies from our laboratory showing that

EE enhances recovery after CCI injury, and extend those findings by demonstrating that the cognitive benefits are

maintained for at least 6 months post-rehabilitation. The persistent benefits shown with this paradigm provide further

support for EE as a pre-clinical model of rehabilitation that can be further explored, either alone or in combination with

pharmacotherapies, for optimal neurorehabilitation after TBI.
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Introduction

Environmental enrichment (EE) consists of novel stimuli

and increased social interaction in a spacious milieu.1 Several

studies in experimental models of traumatic brain injury (TBI)

have shown that a typical 3-week EE paradigm improves motor

performance, facilitates spatial learning, and enhances memory re-

tention after controlled cortical impact,1–6 and fluid percussion brain

injury.7–9 Additionally, EE also provides histological protection as

evidenced by decreased hippocampal CA1/3 cell loss,3,5 and smaller

cortical lesions.8,10 Furthermore, EE attenuates the TBI-induced loss

of acetyltransferase-positive (ChAT + ) medial septal cells.4 Given

the plethora of benefits mediated by EE after TBI, it constitutes a

pre-clinical model of neurorehabilitation.

However, a potential limitation to the current model is that it is

unknown if the improvement conferred by the relatively brief

EE exposure paradigm is limited to the period when treatment is

ongoing, or if the benefits are sustained after enrichment is dis-

continued. The answer to this question has significant clinical im-

plications because the current time frame of EE exposure plus

behavioral evaluation is akin to clinical rehabilitation, in which

therapy is provided for a finite period after TBI.11,12,13 Hence the

current study was designed to determine whether the EE-mediated

motor and cognitive benefits persist after its withdrawal. The

findings could help refine current clinical rehabilitation practice.

Methods

Forty-four male Harlan Sprague-Dawley rats, weighing
300 - 325 g on the day of surgery, were housed in standard steel-
wire mesh cages in a temperature-controlled (21 – 1�C) and light-
controlled (lights on at 7:00 am to 7:00 pm) environment, with
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continuing access to food and water ad libitum. After 1 week of
acclimatization, the rats were prepared for surgery as previously
described.3,4,5,14 Briefly, anesthesia was induced and maintained
with inspired concentrations of 4% and 2% isoflurane, respectively,
in 2:1 N2O:O2 in a vented anesthesia chamber. After endotracheal
intubation the rats were placed in a stereotaxic frame and ventilated
mechanically. All rats were maintained at 37 – 0.5�C during sur-
gery with a heating blanket. Utilizing aseptic techniques a cra-
niectomy was made in the right hemisphere with a hand-held
trephine, and the TBI was produced by impacting the exposed
parietal cortex 2.8 mm at 4 m/sec. After the impact, anesthesia was
discontinued, the incision was promptly sutured, and the rats were
extubated and placed in a temporary acrylic glass holding cage until
the effects of anesthesia abated, and then they were placed in their
assigned housing conditions. Sham rats underwent similar surgical
procedures, but were not subjected to the cortical impact.

Following surgery, the rats were randomly assigned to two TBI
groups (EE or STD housing; n = 22 and 8, respectively), and two
sham groups (EE or STD housing; n = 9 and 5, respectively). The
EE groups were much larger initially (i.e., phase 1), as half of these
were returned to STD housing (i.e., phase 2), thus producing ad-
ditional comparison groups requiring statistical power.

The enriched environment consists of specifically designed
36 · 30 · 20-inch steel-wire cages with three levels and ladders to
ambulate from one level to another, where various toys (e.g., balls,
blocks, and tubes), nesting materials (e.g., paper towels), and ad
libitum food and water are available (for depiction of an EE cage,
see Kline and associates3 and Sozda and colleagues1). To maintain
novelty, the objects were rearranged every day and changed each
time the cage was cleaned, which was twice per week. Groups of
10–12 rats, which included subsets of each of the conditions (i.e.,
TBI and sham controls), were housed together to minimize vari-
ability. During phase 1 of the experiment, all EE rats received our
typical paradigm, which consisted of 3 weeks of exposure.1,3,15

During phase 2, half were returned to STD housing and the re-
maining animals received 6 additional months of EE. Rats in the
STD conditions were placed in standard steel-wire mesh cages (2
rats per cage) with only food and water.

All experimental procedures were approved by the Animal Care
and Use Committee at the University of Pittsburgh, and were
conducted in accordance with the recommendations provided in the
Guide for the Care and Use of Laboratory Animals (National
Academy Press, 2011). Every attempt was made to limit the
number of subjects used and to minimize their discomfort.

Motor function was assessed with well-established beam
tasks.3,5,16 Beam balance consisted of placing the rat on an elevated
narrow beam (1.5 cm wide) and recording the time it remained on
for a maximum of 60 sec. The beam walk consisted of recording the
elapsed time to traverse the beam (2.5 cm wide by 100 cm long). In
the first phase of the experiment, testing was conducted immedi-
ately before surgery (to establish a baseline measure), as well as on
postoperative days 1 - 5, and consisted of three trials (60 sec were
allotted for each trial, with an inter-trial interval of 30 sec) per day
on each task. The average daily scores for each subject were used in
the statistical analyses. During the second phase of the experiment
(i.e., determination of long-term effects), testing on the beam tasks
again consisted of three trials on the testing day, but testing was
done only once per month for 6 months.

Spatial learning was assessed in a Morris water maze (MWM),17

which is sensitive to cognitive function/dysfunction after
TBI.4,5,10,14,15,18 Briefly, the maze consisted of a plastic pool
(180 cm diameter, 60 cm high) filled with tap water (26 – 1�C) to a
depth of 28 cm, and was situated in a room with salient visual cues
that remained constant throughout the study. The platform was a
clear acrylic glass stand (10 cm diameter, 26 cm high), that was
positioned 26 cm from the maze wall in the southwest quadrant
and held constant for each rat. For the first phase of the experi-
ment, spatial learning acquisition began on postoperative day 14,

and consisted of providing a block of four daily trials (4-min
inter-trial interval) for 5 consecutive days (14 - 18) to locate the
platform when it was submerged 2 cm below the water’s surface
(i.e., invisible to the rat). For each daily block of trials the rats
were placed in the pool facing the wall at each of the four possible
start locations (north, east, south, and west quadrants) in a ran-
domized manner. Each trial lasted until the rat climbed onto the
platform or until 120 sec had elapsed, whichever occurred first.
Rats that failed to locate the goal within the allotted time were
manually guided to it. All rats remained on the platform for 30 sec
before being placed in a heated incubator between trials. The
times of the four daily trials for each rat were averaged and used
in the statistical analyses. During the second phase of the study, a
similar daily block of trials was provided, but as indicated for the
motor tasks, testing was conducted only once per month for 6
months. The data were obtained using a spontaneous motor ac-
tivity recording and tracking (SMART) system (San Diego In-
struments, San Diego, CA).

Statistical analysis

Statistical analyses were performed on data collected by ob-
servers blinded to treatment conditions using Statview 5.0.1 soft-
ware (Abacus Concepts, Inc., Berkeley, CA). The motor and
cognitive data were analyzed by repeated-measures analysis of
variance (ANOVA). When the overall ANOVA revealed a signif-
icant effect, the data were further analyzed with Fisher’s PLSD
post-hoc test to determine specific group differences. The data are
presented as the mean – standard error of the mean (SEM) and were
considered significant when p values were £ 0.05.

Results

No differences were revealed in any behavioral measure be-

tween the EE and STD sham control groups in either phase 1 or

phase 2 and thus the data were pooled.

No pre-surgical differences were observed among groups in either

the beam-balance or beam-walk tasks, as all rats were able to balance

for the allotted 60 sec and traverse the beam within the 5-sec training

criterion. However, following CCI injury significant impairments

were detected in all TBI groups versus sham controls on both tests as

expected ( p < 0.0001). Moreover, recovery of beam-balancing ability

was facilitated in the EE group more than the STD controls

( p = 0.0117; Fig. 1A). While both TBI groups showed significant

beam-walk impairments initially, there were no differences in the rate

of recovery between the EE and STD groups, as they both reached

baseline levels by the last day of testing ( p = 0.54). During phase 2 of

the experiment, the TBI + STD group showed a statistically sig-

nificant impairment on the beam-balance task versus the TBI + EE

and TBI + EE + STD groups ( p = 0.0007 and 0.0021, respectively),

which did not differ from one another (Fig. 1B). No overall differ-

ences were observed among the groups in beam-walk ability

( p > 0.05; data not shown due to a lack of significant differences).

Analysis of the spatial acquisition data for phase 1 of the ex-

periment revealed that the sham group was significantly better than

all TBI groups ( p < 0.0001). Additionally, the TBI + EE group

located the escape platform significantly quicker over time than the

TBI + STD group ( p < 0.0001; Fig. 2A). Analysis of the phase 2

data showed that the sham control group was significantly better

than all TBI groups ( p < 0.0022). Furthermore, the TBI + EE and

TBI + EE + STD groups were significantly better at finding the

escape platform than the TBI + STD group over the subsequent 6

months ( p < 0.0001), but did not differ from one another ( p = 0.53;

Fig. 2B). No differences were observed among the TBI groups in

visible platform performance ( p = 0.478; data not shown).

EE CONFERS LONG-TERM BENEFITS 2685



Discussion

The rationale for this descriptive behavioral study was to de-

termine whether the demonstrated benefits conferred by a relatively

brief EE rehabilitation paradigm would be maintained after dis-

continuation. The relevance is that EE may be viewed as a pre-

clinical model of rehabilitation for TBI. However, a requisite for a

valid therapeutic intervention is that benefits are produced while

treatment is ongoing and endure after its withdrawal. This later

point is perhaps more relevant in the context of rehabilitation, as

patients rarely have the opportunity to continue treatment due to

cost and insurance limitations. Thus if EE is to move forward as a

significant preclinical model of rehabilitation, then determination

of its therapeutic longevity needs to be established.

The data showed that the typical 3-week EE paradigm enhanced

motor and cognitive function after TBI, which replicates the results

of several studies from our laboratory,1,3,4,6 and those of others.7–9

Additionally, the data showed that the benefits produced by EE are

long-lasting, as the EE-induced motor and cognitive recovery was

maintained for up to 6 months after discontinuation of EE. It is worth

noting that while the beam-balance data showed a statistically sig-

nificant difference between the continuously STD housed group

(TBI + STD) and the group that received EE continuously (TBI +
EE), or that received it initially and then returned to STD (TBI + EE

+ STD), the outcome may not be functionally relevant, as the effect

is based on a difference of only 2–3 sec. In marked contrast, the

ability of the TBI + EE + STD group to maintain its benefit in the

spatial learning task is both statistically and functionally relevant,

FIG. 2. Mean ( – standard error of the mean) time (sec) to locate
a submerged platform in a water maze. (A) *p < 0.0001 versus
traumatic brain injury (TBI) + STD; **p < 0.0001 versus both
TBI groups). (B) All TBI groups were significantly impaired
relative to the sham group (**p < 0.0022). Additionally, the
TBI + EE and TBI + EE + STD groups were significantly better
than the TBI + STD group (*p < 0.0001), but did not differ from
one another ( p = 0.53; EE, environmental enrichment; STD,
standard housing; SHAM, sham injury).

FIG. 1. Mean ( – standard error of the mean) time (sec) bal-
ancing on an elevated narrow beam prior to and after traumatic
brain injury (TBI) or sham injury. (A) Both TBI groups were
significantly impaired relative to the sham group (**p < 0.0001).
Additionally, the TBI + EE group performed significantly better
than the TBI + STD group (*p < 0.0117). (B) *p < 0.0021 versus
the TBI + STD group (**p < 0.0001 versus TBI + STD animals;
EE, environmental enrichment; STD, standard housing; SHAM,
sham injury).

2686 CHENG ET AL.



because the difference in time to locate the escape platform was

consistently 30 sec or *50% faster than the STD-housed group, and

did not differ from the continuous EE group.

This level of maintained performance is impressive, and sug-

gests that the reparative and/or plasticity-associated effects of early

and relatively brief EE are long-lasting. While we did not evaluate

plasticity markers in this study, which was designed for behavioral

manipulations, it is well known that EE induces a plethora of

neuroplastic changes such as enhancing neurogenesis and in-

creasing dendritic branching, spine density, and nerve growth

factor mRNA.19–24 Any of these changes could have contributed to

the enhanced and enduring benefits. Future studies will evaluate

various markers of plasticity in continuous EE groups, as well as

those with limited exposure, in order to determine a correlation

between anatomical changes and functional outcome.

The data further showed that the TBI-induced cognitive deficits

in untreated rats is long-term, which is in accord with previous

studies following CCI injury,25,26 and lateral fluid percussion brain

injury.27 Specifically, the time to locate the consistently-situated

escape platform in the STD-housed rats did not change dramati-

cally from postoperative day 18 (78.5 – 6.2 sec) to the last training

session at 6 months (71.4 – 12.6 sec). This long-term TBI-induced

cognitive deficit confirms the clinical literature, where it has been

reported that memory is the most severely affected and the most

frequently reported symptom by both TBI patients and relatives.28

The finding also validates the MWM as a sensitive indicator of

cognitive function and dysfunction after experimental TBI.

An interesting new observation is that EE may have a limitation

or threshold for producing benefits, as the rats in the continuous EE

group did not perform significantly better than those that were

returned to standard living conditions. Furthermore, even though

the continuous EE rats did not differ statistically from the sham

controls at a couple of time points, they did not quite reach their

overall level of performance, suggesting that some TBI-induced

impairment remains. EE has been shown to have a threshold for the

minimal amount of daily exposure necessary to confer benefits,2

and here we show that there may also be a threshold at which EE

has reached its maximum potential for spatial learning. Specifi-

cally, that threshold appears to be at 3 weeks, as indicated by the

lack of statistically significant differences between the continuous

EE and EE withdrawal groups. Based on our previous and current

data, it seems that EE can provide benefits when provided for as

little as 6 h per day after TBI,2 to as much as 3 weeks when provided

continuously after TBI.1,3,4,6,15 Future studies will continue to es-

tablish the EE paradigm as a clinically-relevant model by assessing

if limited EE each day (i.e., 6 h) provides long-term functional

benefits when EE is withdrawn after 3 weeks.

It is also interesting to speculate whether the single day of

training, which consisted of four trials in the cognitive task each

month, served as a mini-rehabilitative session that allowed the

TBI + EE + STD group to maintain their motor and cognitive

benefits even without daily EE. If this is true, then this would

suggest that clinical rehabilitative strategies could be far superior

if patients were provided routine follow-up rehabilitation (i.e.,

‘‘refresher rehab’’), such that benefits could be maintained, if not

strengthened over time, rather than weakened or lost altogether.

Studies addressing these questions are ongoing in our laboratory.
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