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Abstract

Environmental enrichment (EE) and serotonin1A (5-HT1A)-receptor agonists provide significant benefit after
experimental traumatic brain injury (TBI). The aim of this study was to test the hypothesis that combining these
therapies would produce an effect that is more robust than either therapy alone. Anesthetized adult male rats
received a cortical impact or sham injury and then were randomly assigned to EE or standard (STD) housing
where they received either buspirone (0.3 mg/kg) or vehicle (1.0 mL/kg) once daily for 3 weeks. Motor and
cognitive assessments were conducted on post-injury days 1–5 and 14–19, respectively. CA1/3 neurons were
quantified at 3 weeks. No differences were observed among buspirone and vehicle sham groups in any task
regardless of housing condition and thus the data were pooled. CA3 cell loss was reduced in the TBI + EE +
buspirone and TBI + EE + vehicle groups. Motor recovery, spatial learning, and memory retention were enhanced
in the TBI + EE + buspirone, TBI + EE + vehicle, and TBI + STD + buspirone groups versus the TBI + STD + vehicle
group ( p £ 0.005). Moreover, spatial learning was significantly better in the TBI + EE + buspirone group versus
the TBI + STD + buspirone group ( p < 0.0001). No differences were revealed between the buspirone and vehicle
EE groups. These data show that EE and buspirone benefit functional outcome after TBI, but their combination is
not more robust than either alone, which does not support the hypothesis. The lack of an additive effect may be
due to the early-and-continuous EE paradigm on its own producing marked benefits, resulting in a ceiling effect.
The evaluation of buspirone in a delayed-and-abbreviated EE paradigm is ongoing in our laboratory.

Key words: behavioral outcome; controlled cortical impact; functional recovery; hippocampus; learning and
memory; Morris water maze; serotonin (5-HT1A)-receptor agonist; traumatic brain injury

Introduction

An estimated 1.7 million Americans suffer signifi-
cant neurological disabilities resulting from traumatic

brain injury (TBI) each year (Faul et al., 2010; Selassie et al.,
2008; Sosin et al., 1995; Summers et al., 2009; Thurman et al.,
1999). The cost of medical and rehabilitative care as well as
that associated with the loss of productivity results in a
significant monetary burden that is conservatively estimated
to be more than $50 billion per year (Max et al., 1991).
Consequently, the need for development, refinement, and
effective implementation of treatment strategies capable of
producing neurobehavioral and cognitive recovery after TBI
is high.

Several treatment approaches have been implemented after
experimental TBI, leading to numerous pre-clinical studies

demonstrating improvement in behavioral and histological
outcome (Bales et al., 2009; Garcia et al., 2011; Kokiko and
Hamm, 2007; McIntosh et al., 1998; Wheaton et al., 2009).
While many of these interventions have produced benefits in
the laboratory, the same cannot be said for the clinic (Dop-
penberg et al., 2004; Menon, 2009). The overall lack of trans-
lational success has evolved into the current thinking by many
in the TBI community that mono-therapies may be insufficient
to produce a translatable product, and that a more dedicated
effort toward poly-therapies is necessary. Indeed, a National
Institutes of Health (NIH) TBI workshop convened to discuss
the opportunities and challenges associated with conducting
research studies using multiple drug interventions (Margulies
et al., 2009). The workshop leaders focused exclusively on the
potential for combinatorial pharmacological agents to pro-
mote recovery. While this is a commendable start, there is
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certainly real potential and value in including non-invasive
therapies, such as environmental enrichment (EE) or exercise
(Gomez-Pinilla et al., 2011; Griesbach et al., 2009; Hamm et al.,
1996; Hicks et al., 2002; Hoffman et al., 2008; Kline et al.,
2007,2010; Matter et al., 2011; Passineau et al., 2001; de Witt
et al., 2011), in combinational therapy paradigms for pro-
moting recovery and perhaps augmenting the pharmacolog-
ical effects, particularly in rehabilitation settings.

With this mindset, the current study was designed to test
the hypothesis that combining two therapies that have been
shown to produce benefits on their own would result in a
more robust effect when combined after TBI. The end-point
measures are standard in the laboratory and the TBI field in
general, and include motor, cognitive, and histological out-
comes. The first therapeutic approach is EE, which consists of
increased living space, complex stimuli, and social interaction
that promotes exploration of the surroundings (Sozda et al.,
2010). This paradigm has consistently shown improvements
in behavioral and histological outcome after brain trauma and
can therefore be considered a reasonable approach to pre-
clinical rehabilitation. Importantly, the benefits conferred by
EE span clinically-relevant models of experimental TBI,
such as controlled cortical impact (CCI; Chen et al., 2005; de
Witt et al., 2011; Hoffman et al., 2008; Kline et al., 2007,2010;
Matter et al., 2011; Sozda et al., 2010) and fluid percussion
(Hamm et al., 1996; Hicks et al., 2002; Gaulke et al., 2005; Giza
et al., 2005; Maegele et al., 2005; Passineau et al., 2001). The
second therapy in this combined treatment approach is the
systemic administration of the serotonin1A (5-HT1A)-receptor
agonist buspirone. A recent dose-response study from our
laboratory showed that buspirone facilitated spatial learning
in a well-established water maze task and reduced the size of
TBI-induced cortical lesions (Olsen et al., 2012), which repli-
cates the results of studies evaluating other 5-HT1A-
receptor agonists, such as 8-OH-DPAT (Cheng et al., 2007,
2008; Kline et al., 2002c,2004,2007,2010), and repinotan HCl
(Kline et al., 2001). The advantage of evaluating buspirone
in an experimental model of TBI is that it is used clinically as a
treatment for anxiety and depression, and therefore safety and
tolerability issues are well known (Chew and Zafonte, 2009).
Furthermore, because of its widespread clinical applicability,
its translation from bench to bedside could be expedited if it is
shown to be efficacious in pre-clinical models of TBI.

Methods

Subjects

Sixty adult male Sprague-Dawley rats (Harlan, In-
dianapolis, IN) weighing 300–325 g on the day of surgery
were initially housed in standard steel-wire mesh cages and
maintained in a temperature-controlled (21 – 1�C) and light-
controlled (on 7:00 am to 7:00 pm) environment with food and
water available ad libitum. After 1 week of acclimatization all
rats underwent a single day of beam-walk training, which
consisted of 3–5 trials to traverse the beam. Following train-
ing the rats were randomly assigned to one of the following
group conditions: TBI + EE + buspirone (0.3 mg/kg; n = 10),
TBI + EE + vehicle (1.0 mL/kg; n = 10), TBI + STD + buspirone
(n = 10), TBI + STD + vehicle (n = 10), sham + EE + buspirone
(n = 5), sham + EE + vehicle (n = 5), sham + STD + buspirone
(n = 5), or sham + STD + vehicle (n = 5). All experimental pro-
cedures were approved by the Institutional Animal Care and

Use Committee at the University of Pittsburgh, and were
conducted in accordance with the recommendations pro-
vided in the Guide for the Care and Use of Laboratory Animals
(National Research Council, 1996). Every attempt was made
to limit the number of rats used and to minimize suffering.

Surgery

A CCI injury was produced as previously described
(Kline et al., 2002a,b,c,2004,2007,2010). Briefly, surgical anes-
thesia was induced and maintained with inspired concentra-
tions of 4% and 2% isoflurane, respectively, in 2:1 N2O:O2.
After endotracheal intubation the rats were secured in a ste-
reotaxic frame, ventilated mechanically, and temperature was
maintained at 37 – 0.5�C with a heating blanket. Utilizing
aseptic procedures a midline scalp incision was made, the skin
and fascia were reflected to expose the skull, and a cra-
niectomy was made in the right hemisphere (encompassing
bregma and lambda, between the sagittal suture and the
coronal ridge) with a hand-held trephine. The bone flap was
removed and the craniectomy was enlarged further with
rongeurs. Subsequently, the impacting rod was extended
and the impact tip (6 mm, flat) was centered and lowered
through the craniectomy until it touched the dura mater, then
the rod was retracted and the impact tip was advanced
2.8 mm farther to produce a brain injury of moderate severity
(2.8-mm tissue deformation at 4 m/sec). Immediately after the
CCI, anesthesia was discontinued and the incision was
promptly sutured. The rats were subsequently extubated and
assessed for acute neurological outcome. Sham rats under-
went similar surgical procedures, but were not subjected to
the impact.

Acute neurological evaluation

Hindlimb reflexive ability was assessed immediately fol-
lowing the cessation of anesthesia by gently squeezing the
rats’ paw every 5 sec and recording the time to elicit a with-
drawal response. Return of the righting reflex was determined
by the time required to turn from the supine to the prone
position.

Drug administration

Buspirone was purchased from Sigma-Aldrich (St. Louis,
MO), and was prepared daily by dissolving in sterile saline,
which also served as the vehicle. Buspirone (0.3 mg/kg), or a
comparable volume of vehicle (1.0 mL/kg), was administered
intraperitoneally beginning 24 h after CCI or sham injury and
once daily for 3 weeks. The dose of buspirone and route of
administration were selected based on previous data from our
laboratory showing this regimen to be optimal after chronic
treatment (Olsen et al., 2012).

Housing conditions: Environmental manipulation

Following surgery, and after the effects of anesthesia aba-
ted (as evidenced by spontaneous movement in the holding
cage), the rats were returned to the colony where those des-
ignated for EE were immediately placed in specifically de-
signed 36 · 30 · 20-inch steel-wire cages that consist of three
levels with ladders to ambulate from one level to another, and
contain various toys (e.g., balls, blocks, and tubes), nesting
materials (e.g., paper towels), and ad libitum food and water
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(for depiction of the EE cage, see Kline et al., 2007 and Sozda
et al., 2010). 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., buspirone- and vehicle-
treated TBI and sham controls), were housed together to
minimize variability. Rats in the STD conditions were placed
in standard steel-wire mesh cages (2 rats per cage) with only
food and water.

Motor performance

Beam-balance and beam-walk tasks were used to assess
motor function. Briefly, the beam-balance task consists of
placing the rat on an elevated and narrow beam (1.5 cm wide),
and recording the time it remains on up to a maximum of
60 sec. The beam-walk task, modified from that originally
devised by Feeney and colleagues (1982), consists of training/
assessing rats using a negative-reinforcement paradigm to
escape ambient light and white noise by traversing an ele-
vated narrow beam (2.5 · 100 cm), and entering a darkened
goal box situated at the opposite end. When the rat enters the
goal box the adverse stimuli (light and noise) are terminated,
thus serving as reinforcement (reward) for completing the
task. Performance was assessed by recording the elapsed time
to traverse the beam. Rats were tested for beam-balance and
beam-walk performance prior to surgery to establish a base-
line measure, and again on post-operative days 1–5. Testing
consisted of three trials (60 sec allotted time with an inter-trial
interval of 30 sec) per day on each task. If the rat was unable to
traverse the entire length of the beam the maximum allowed
time of 60 sec was recorded. The average daily scores for each
subject were used in the statistical analyses.

Cognitive function: Acquisition of spatial learning

Spatial learning was assessed in a Morris water maze
(Morris, 1984), a task that has been shown to be sensitive to
cognitive function after TBI (Dixon et al., 1999; Hamm et al.,
1992; Kline et al., 2002a,b,c,2010; Matter et al., 2011; Scheff
et al., 1997). 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, that 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.
Spatial learning began on post-operative day 14, and con-
sisted of providing a block of four daily trials (4-min inter-
trial interval) for five 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). On day 19 the platform was
raised 2 cm above the water’s surface (i.e., visible to the rat)
as a control procedure to determine the contributions of non-
spatial factors (e.g., sensorimotor performance, motivation,
and visual acuity) on cognitive performance. 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) in a randomized 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 4 daily
trials for each rat were averaged and used in the statistical
analyses.

Cognitive function: Probe trial (memory retention)

One day after the final acquisition training session (i.e., day
19), all rats were given a single probe trial to measure reten-
tion. Briefly, the platform was removed from the pool and the
rats were placed in the maze from the location point most
distal to the quadrant where the platform was previously si-
tuated (i.e., ‘‘target quadrant’’) and allowed to freely explore
the pool for 30 sec. Typically, rats that have learned the spe-
cific location of the escape platform exhibit a spatial bias and
spend significantly more time in the target quadrant. The
percent time spent in the target quadrant was used in the
statistical analysis.

A spontaneous motor activity recording and tracking
(SMART) system (San Diego Instruments, San Diego, CA)
was used to record the data, which included time to locate the
platform, time in the target quadrant, and swim speed.

Histology: Quantification of hippocampal neurons

Three weeks after CCI or sham injury the rats were an-
esthetized with pentobarbital (50 mg/kg IP), and then per-
fused transcardially with 200 mL heparinized 0.1 M
phosphate-buffered saline (pH 7.4), followed by 300 mL 10%
buffered formalin. The brains were extracted, post-fixed in
10% buffered formalin for 1 week, dehydrated with alcohols,
and embedded in paraffin. Seven-micrometer-thick coronal
sections were cut at 1-mm intervals through the lesion on
a rotary microtome and mounted on gelatin-coated glass
microscope slides. After drying at room temperature, the
sections were deparaffinized in xylenes, rehydrated, and
stained with cresyl violet. An observer blinded to experi-
mental conditions analyzed one coronal section underlying
the area of contusion (3.5 mm posterior to the bregma) from
the rats in each group for determination of treatment effi-
cacy on selectively vulnerable hippocampal CA1 and CA3
neurons. To reduce counting errors associated with false-
positive identification of dying neurons, the total number of
CA1 and CA3 morphologically-intact neurons (i.e., those
with a clearly defined cell body and nucleus) were counted
using a Nikon Eclipse E600 microscope with a 40 · objective.
For consistency and replication, the data are presented as the
percent of total neurons in the ipsilateral (injured) CA1 and
CA3 regions relative to the contralateral (uninjured) hippo-
campus, as previously reported (Cheng et al., 2007; Dixon
et al., 1999; Hoffman et al., 2008; Kline et al., 2004,2010;
Sozda et al., 2010).

Data analyses

Statistical analyses were performed on data collected by
observers blinded to treatment conditions using StatView
5.0.1 software (Abacus Concepts, Inc., Berkeley, CA). The
motor and cognitive data were analyzed by repeated-
measures analysis of variance (ANOVA). The acute neuro-
logical, probe trial, swim speed, and histological data were
analyzed by one-factor ANOVAs. When the ANOVA showed
a significant effect, the Bonferroni/Dunn post-hoc test was
utilized to determine specific group differences. The results
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are expressed as the mean – standard error of the mean (SEM),
and were considered significant when p values were £ 0.05 or
as determined by the Bonferroni/Dunn statistic after cor-
recting for multiple comparisons, which according to the
number of groups was revealed to be p £ 0.005.

Results

There were no significant differences in any assessment
among the sham control groups, regardless of treatment
(buspirone or housing), and thus the data were pooled into
one group (denoted as Sham).

Acute neurological function

No significant differences were observed among the TBI
groups in time to recover the hindlimb withdrawal reflex
in response to a brief paw pinch (left range = 176.0 – 3.4 sec
to 190.0 – 4.8 sec, p > 0.05; right range = 170.7 – 3.0 sec to
177.0 – 4.1 sec, p > 0.05), or for return of righting ability (range
358.9 – 24.3 sec to 401.2 – 27.2 sec, p > 0.05) following the ces-
sation of anesthesia. The lack of significant differences with
these acute neurological indices suggests that all groups ex-
perienced an equivalent level of injury and anesthesia.

Motor function: Beam-balance

No pre-surgical differences were observed among groups,
as all rats were capable of balancing on the beam for the

allotted 60 sec (Fig. 1). Following the cortical impact all groups
were significantly impaired relative to the sham group
( p £ 0.001), which was able to maintain balance for the full
60 sec. The repeated-measures ANOVA revealed signifi-
cant group (F4,55 = 9.772, p < 0.0001), and day (F5,275 = 38.834,
p < 0.0001) differences, as well as a significant group · day
interaction (F20,275 = 4.485, p < 0.0001). The post-hoc test re-
vealed that the TBI + EE + buspirone, TBI + EE + vehicle, and
TBI + STD + buspirone groups were able to regain their
beam-balancing ability significantly quicker than the TBI +
STD + vehicle group, which did not return to baseline over
the 5 days of testing ( p £ 0.0009). No significant differ-
ences were revealed among the three therapy groups
( p ‡ 0.47).

Motor function: Beam-walk (time to traverse)

No pre-surgical differences in time to traverse the beam
were revealed among groups, as all rats were fully trained
and became proficient at reaching the goal box in approxi-
mately 5 sec (Fig. 2). After TBI, the ANOVA revealed signifi-
cant group (F4,55 = 36.754, p < 0.0001), and day (F5,275 = 198.098,
p < 0.0001) differences, as well as a significant group · day
interaction (F20,275 = 18.968, p < 0.0001). The post-hoc test showed
that all TBI groups differed from the sham controls ( p < 0.0001).
Additionally, the TBI + EE + buspirone and TBI + EE + vehicle
groups were able to traverse the beam significantly quicker
than the TBI + STD + vehicle group ( p £ 0.005), but did not

FIG. 1. Mean ( – standard error of the mean) time (sec) maintaining balance on an elevated narrow beam before and after
TBI or sham injury (*p £ 0.0009 versus TBI + STD + vehicle; **p £ 0.001 versus all TBI groups). No other group comparisons
were significant ( p £ 0.47; TBI, traumatic brain injury; EE, environmental enrichment; STD, standard environment).
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differ from one another ( p = 0.79). No other group comparisons
were significant.

Cognitive function: Acquisition of spatial learning

Analysis of the water maze data revealed several significant
findings. A single-day analysis on the first day of training
confirmed that both TBI + EE groups, regardless of treatment,
were able to find the platform significantly quicker than both
TBI + STD groups ( p £ 0.0042; Fig. 3). The repeated-measures
ANOVA revealed significant group (F4,55 = 11.379, p < 0.0001),
and day (F4,220 = 29.826, p < 0.0001) differences. The post-hoc test
revealed that the TBI + EE + buspirone, TBI + EE + vehicle, and
TBI + STD + buspirone groups located the escape platform sig-
nificantly faster over the 5 days of training versus the
TBI + STD + vehicle group ( p < 0.0001). Moreover, the TBI +
EE + buspirone group also performed significantly better than
the TBI + STD + buspirone group ( p < 0.0001), but did not differ
from the TBI + EE + vehicle group ( p = 0.63) or the sham con-
trols ( p = 0.83). In addition, the TBI + EE + vehicle group per-
formed better than the TBI + STD + buspirone group ( p = 0.006),
but like the TBI + EE + buspirone group, it also did not differ
from the sham controls ( p = 0.72). The sham group was sig-
nificantly better than the TBI + STD + buspirone and
TBI + STD + vehicle groups ( p < 0.0001). No significant differ-
ences in swim speed (range 28.3 – 1.0 cm/sec to 31.5 – 1.4 cm/
sec) or visible platform acquisition (Fig. 3), were observed
among the groups, suggesting that neither motor nor visual
impairments influenced the assessment of place learning.

Cognitive function: Probe trial

Analysis of the probe data revealed intact memory, as
evidenced by a greater percentage of the allotted time spent
searching in the target quadrant, for the TBI + EE + buspirone
(40.5 – 1.4%), TBI + EE + vehicle (39.5 – 4.1%), and TBI + STD +
buspirone (37.1 – 1.1%) groups versus the TBI + STD + vehicle
group (25.7 – 3.2%; p £ 0.003), and no differences from the
sham (44.1 – 2.6%) controls ( p ‡ 0.07). In addition, as shown in
Figure 4, the shams were significantly better than the
TBI + STD + vehicle group ( p < 0.0001).

Histology: Quantification of hippocampal neurons

The CCI injury resulted in a significant reduction of mor-
phologically intact (i.e., normal-appearing) CA1/3 neurons in
the hippocampus ipsilateral to the impact. In the CA1 all TBI
groups differed from the sham control group ( p < 0.0001). The
percentage of normal-appearing neurons in the sham group
was 100.7 – 1.0, while in the TBI + EE + buspirone, TBI +
EE + vehicle, TBI + STD + buspirone, and TBI + STD + vehicle
groups, the percentages were 51.5 – 7.1, 49.6 – 6.3, 47.0 – 2.6,
and 36.3 – 4.8 neurons, respectively. While the TBI + EE +
buspirone group exhibited a greater percentage of cells versus
the TBI + STD + vehicle group, the post-hoc statistic did not re-
veal significance, as a corrected p value of 0.005 was required,
and only a p of 0.04 was attained. Due to the lack of statistically
significant differences among the treatment groups, these data
are not depicted graphically. Comparable to the CA1 data, all
TBI groups differed from the sham control group in the CA3

FIG. 2. Mean ( – standard error of the mean) time to traverse an elevated narrow beam after TBI or sham injury (*p £ 0.005
versus TBI + STD + vehicle; **p £ 0.0001 versus all TBI groups). No other group comparisons were significant (EE, environ-
mental enrichment; STD, standard environment; TBI, traumatic brain injury).
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FIG. 3. Mean ( – standard error of the mean) time (sec) to locate a hidden (submerged) platform in a water maze (*p £ 0.0001
versus TBI + STD + vehicle, 1.0 mL/kg; **p £ 0.0001 versus TBI + STD + buspirone, 0.3 mg/kg, and TBI + STD + vehicle, 1.0 mL/
kg; ^p £ 0.0001 versus TBI + STD + buspirone, 0.3 mg/kg). No other group comparisons were significant (EE, environmental
enrichment; STD, standard environment; TBI, traumatic brain injury).

FIG. 4. Mean ( – standard error of the mean) percentage of time spent in the target quadrant (i.e., where the platform was
previously located), following a single-probe trial 19 days after TBI or sham injury (*p £ 0.003 versus TBI + STD + vehicle, 1.0 mL/
kg; **p < 0.0001 versus TBI + STD + vehicle, 1.0 mL/kg). No other group comparisons were significant. The dotted line represents
performance at the chance level (25%; EE, environmental enrichment; STD, standard environment; TBI, traumatic brain injury).
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region ( p < 0.0001). The mean ratio of morphologically-intact
neurons in the sham group was 100.8 – 0.7, while in the TBI +
EE + buspirone, TBI + EE + vehicle, TBI + STD + buspirone, and
TBI + STD + vehicle groups, the percentages were 63.3 – 6.2,
62.8 – 4.3, 50.1 – 7.0, and 39.8 – 3.0 neurons, respectively (Fig. 5).
Post-hoc analyses on these data revealed that the TBI + EE +
buspirone and TBI + EE + vehicle groups were significantly
better than the TBI + STD + vehicle group ( p = 0.002 and 0.003,
respectively), but did not differ from each other ( p = 0.94). The
TBI + STD + buspirone group did not differ from any of the TBI
groups ( p ‡ 0.064).

Discussion

To date there is only one study reporting on the beneficial
effects of a delayed (24 h after injury) and chronic (21 days)
treatment regimen with the 5-HT1A-receptor agonist buspir-
one after CCI injury (Olsen et al., 2012). The goal of the cur-
rent, and novel, study was to determine whether the
combination of EE and buspirone would result in greater
behavioral recovery and histological protection after CCI in-
jury than that produced by either treatment individually. The
rationale for the combinational therapy paradigm is based on
the plethora of single-therapy studies showing beneficial
laboratory results with limited clinical translation. The data
showed that EE, buspirone, and their combination, facilitated
beam-balance recovery and enhanced spatial learning and
memory relative to vehicle-treated STD-housed controls after
TBI. Moreover, regardless of whether combined with bus-
pirone or vehicle, both EE groups accelerated beam-walk
performance and attenuated CA3 cell loss similarly. The only
difference between the TBI + EE + vehicle and TBI + EE +

buspirone groups is that the latter was significantly better
than the TBI + STD + buspirone group in the water maze.
Overall, while significant benefits were produced by all three
treatment conditions, our hypothesis that the combination of
EE and buspirone would be more efficacious than either
therapy alone was not supported.

A salient explanation for the lack of an additive effect is that
EE produced robust effects leading to a ceiling effect that
curtailed any opportunity for buspirone to confer additional
statistically significant improvement. As seen in the behav-
ioral figures, the EE groups reached the level of sham controls
by the last day of testing on motor function, and did not differ
from the onset in the spatial learning paradigm. With this
level of improvement, it is impossible to achieve an additive
effect by combination treatments. Similar findings have been
reported from studies in our laboratory evaluating the po-
tential efficacy of single (Kline et al., 2007) or chronic (Kline
et al., 2010) administration of the 5-HT1A-receptor agonist 8-
OH-DPAT plus EE. We have previously discussed that if the
inability to achieve statistically significant differences with
combinational therapies is limited by ceiling effects, that al-
terations in the current testing paradigms or injury severity
are warranted (Kline et al., 2010). At that time examples for
potential changes were to (1) choose more rigorous behavioral
tasks such that neither therapy (EE or pharmacotherapy)
would reach the level of uninjured controls, thus affording the
opportunity for additional recovery; (2) produce a more se-
vere TBI such that the animals are more impaired and do not
recover as efficiently; or (3) administer sub-therapeutic doses
of pharmacotherapies and/or EE, with the rationale that
neither therapy would be effective on its own, but when
combined would produce a synergistic effect.

FIG. 5. Mean ( – standard error of the mean) morphologically-intact CA3 neurons (% of contralateral hippocampus) quantified
3 weeks after TBI or sham injury. (*p £ 0.003 versus TBI + STD + vehicle, 1.0 mL/kg; **p < 0.0001 versus all TBI groups). No other
group comparisons were significant (EE, environmental enrichment; STD, standard environment; TBI, traumatic brain injury).
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Since our prior reports on combinational therapies (Kline
et al., 2007,2010), we have initiated intensive investigations
into the sub-therapeutic dosing paradigm, particularly as it
relates to EE, but also to pharmacotherapies. In a recently
published study we sought to address the disparity between
the laboratory, where enrichment (i.e., rehabilitation) is typi-
cally provided continuously, and that of the clinic, where re-
habilitation is relatively short (Blackerby, 1990; Shiel et al.,
2001; Zhu et al., 2007). To this end, we evaluated the effects of
an abbreviated enrichment paradigm consisting of 2, 4, or 6 h
(i.e., sub-therapeutic doses) of EE per day, which is more in
line with clinical rehabilitation. The data showed that the
groups receiving 2 h and 4 h of daily EE did not benefit
from the limited exposure, and were no different from non-
enriched controls, but the 6-h group did benefit. These find-
ings indicate that we have defined a sub-therapeutic dose of
EE that we can manipulate in future studies by combining
with pharmacotherapies or other therapeutic strategies. This
approach would limit the EE-induced ceiling effects and
would afford the opportunity for drug + EE synergistic effects.

Despite the lack of an additive effect with the combined
therapy paradigm, several important findings were revealed,
which lend support for continued combinational approaches
after TBI that include EE. First, co-administration of the two
therapies did not negate the benefits induced by one or both
treatments, as has been reported with other dual-treatment
strategies (Faden, 1993; Griesbach et al., 2008; Guluma et al.,
1999; Kline et al., 2002a). Second, both EE groups performed
significantly better in the water maze versus the STD-housed
groups on the first day of training (day 14 post-TBI), despite
no difference in the acute neurological assessments that are
correlated with injury severity. This finding suggests that in
addition to potential plasticity-related reparative responses,
such as the attenuation of TBI-induced choline acetyltransferase-
positive medial septal cell loss (Kline et al., 2010), or increases
in neurogenesis, dendritic growth, synaptophysin, or nerve
growth factor (Frick and Fernandez, 2003; Leggio et al., 2005;
Olson et al., 2006; Torasdotter et al., 1998; van Praag et al.,
2000), EE also conferred cognitive protection. Attributing the
benefit to EE is based on the finding that the STD-housed
buspirone-treated group did not exhibit the same initial good
start. Third, regarding the histological data, the lack of a dif-
ference between the buspirone + EE and vehicle + EE groups
suggests that EE, but not necessarily buspirone, mediated the
reduction in hippocampal cell loss. This finding is consistent
with a recent report from our laboratory showing that while
buspirone reduced lesion volume, it did not significantly affect
hippocampal cell survival (Olsen et al., 2012). When considering
these three points, the findings suggest that the two therapies
did not antagonize one another, and that further refinement of
the model, including changes in doses, timing of administra-
tion, and intensity of rehabilitation, may induce different out-
comes via additive or synergistic mechanisms. The sub-
therapeutic dosing strategy would be clinically relevant, as the
potential for pharmacological side effects may be curtailed,
while still conferring a beneficial effect on functional recovery.
Such studies are currently being conducted in our laboratory.
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