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Abstract

Numerous pharmacotherapies have been evaluated after experimental traumatic brain injury (TBI).
While amantadine (AMT) has shown potential for clinical efficacy, the few studies on its
effectiveness have been mixed. It is possible that suboptimal dosing, due to the evaluation of only
one dose, may be causing the discrepancies in outcomes. Hence, the goal of the current study was
to conduct a dose response of AMT after TBI to determine an optimal behavioral benefit.
Anesthetized adult male rats received either a cortical impact of moderate severity or sham injury
and then were randomly assigned to receive once daily intraperitoneally injections of AMT (10,
20, or 40 mg/kg) or saline vehicle (VEH, 1 mL/kg) commencing 24 hr after injury for 19 days.
Motor and cognitive function were assessed on post-operative days 1-5 and 14-19, respectively.
There were no statistical differences among the sham groups treated with AMT or VEH so the
data were pooled. AMT (20 mg/kg) facilitated beam-balance recovery and spatial learning relative
to VEH-treated controls (p < 0.05). No other doses of AMT were effective. These results indicate
that dosing should be carefully considered when assessing the effects of pharmacotherapies after
TBI, such that potential benefits are not inadvertently missed.
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1. Introduction

Traumatic brain injury (TBI) affects 10 million people worldwide each year [1], of which
2.5 million reside in the USA [2]. TBI-induced motor and cognitive dysfunctions are
prevalent, long-lasting, and costly. It is estimated that 120,000 TBI individuals suffer from
marked chronic functional impairments in the USA alone each year [3] and the economic
burden due to acute medical and chronic rehabilitative services, as well as lost productivity,
is $76.5 billion annually [4]. These sobering statistics underscore the need for effective
therapeutic strategies for TBI. To this end, numerous studies have been conducted evaluating
various pharmacotherapies in the pursuit of motor and cognitive improvement [5], but few
have translated to the clinic [6].

Although amantadine (AMT), a dopamine2 receptor agonist, has shown clinical potential
with no serious adverse side effects [7-11], the general conclusions from the few clinical
studies conducted to date have been inconsistent due to studies reporting no salient effect
relative to placebo controls [12,13]. Potential reasons for the discrepant findings may be due
to the time of administration since the insult, the outcome measures utilized, or the vast
differences in dosing. Similar methodological problems are observed in preclinical studies
where the type of TBI (controlled cortical impact [CCI] vs. fluid percussion), severity (mild
vs. moderate or severe), and dosing regimen are different [14,15].

Despite the current paucity in effective treatments for TBI, the cautious optimism for AMT
as an efficacious therapy provides the impetus for its continued evaluation to ameliorate the
symptoms of TBI. Hence, the goal of the current study was to conduct a dose response of
AMT after CCI injury to determine an optimal behavioral benefit.

2. Materials and methods

2.1. Subjects

Sixty adult (3 months old) male Sprague-Dawley rats (Envigo RMS, Inc., Indianapolis, IN)
weighing 300-325 g on the day of surgery were paired housed in ventilated polycarbonate
rat cages and maintained in a temperature (21 £ 1°C) and light (on 7:00 a.m. to 7:00 p.m.)
controlled environment with food and water available ad /ibitum. After one week of
acclimatization all rats underwent a single day of beam-walk training, which consisted of
3-5 successive approximation trials to traverse the beam in under 5 sec. Following training,
the rats were randomly assigned to TBI + VEH (1 mL/kg; n=10), TBI + AMT (10 mg/kg;
n=10), TBI + AMT (20 mg/kg; n=10), TBI + AMT (40 mg/kg; n=10), and respective sham
controls (n=5 per group). 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.
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2.2. Surgery

TBI surgery was conducted as previously described [16,17]. Briefly, following surgical
anesthesia with 4% isoflurane, a controlled cortical impact (CCI) injury of moderate severity
(2.8 mm tissue deformation at 4 m/sec) was produced. Immediately after the CClI, anesthesia
was discontinued and the incision was promptly sutured. The rats were subsequently
extubated and assessed for acute neurological outcome. Sham rats underwent similar
surgical procedures, but were not subjected to the impact.

2.3. Acute neurological evaluation

Hind limb reflexive ability was assessed immediately after the cessation of anesthesia by
gently squeezing the rats” hind paw every 5 sec and recording the time to elicit a withdrawal
response. Return of the righting reflex was determined by the time required to turn from the
supine to prone position three consecutive times.

2.4. Drug administration

AMT was purchased from Sigma-Aldrich (St. Louis, MO) and was prepared daily by
dissolving in sterile saline, which also served as the vehicle. AMT (doses in mg/kg of 10, 20,
or 40) or saline vehicle (1.0 mL/kg) was administered intraperitoneally once daily beginning
24 hrs after surgery and once daily for 19 days. The three doses of AMT and VEH were
intermingled among surgical cohorts to minimize any potential variability in testing
parameters.

2.5. Motor performance

Established 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 for a maximum of 60 sec. The beam-walk task,
modified from that originally devised by Feeney and colleagues [18], consists of training/
assessing rats using a negative-reinforcement paradigm to escape a bright light and white
noise by traversing an elevated narrow beam (2.5 x 100 cm) and entering a darkened goal
box. 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
baseline 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 a rat was
unable to traverse the beam the maximum time of 60 sec was recorded. The average daily
scores for each rat were used in the statistical analyses.

2.6. Cognitive function: acquisition of spatial learning

A well-established Morris water maze (MWM) task that is sensitive to cognitive function
after TBI was utilized [16,17,19]. Briefly, the pool (180 cm diameter; 60 cm high) was filled
with tap water (26 = 1°C) to a depth of 28 cm and was situated in a room with salient visual
cues. The platform, a clear Plexiglas stand (10 cm diameter, 26 cm high), 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 consisted of providing a block of four daily
trials (4-min inter-trial interval) for five consecutive days (14-18) to locate the submerged
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platform (i.e., invisible to the rat). On day 19 the platform was raised 2 cm above the water
surface (i.e., visible to the rat) as a control procedure to determine the contributions of non-
spatial factors 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 in a randomized
manner. Each trial lasted until the rat climbed onto the platform or until 120 s had elapsed,
whichever occurred first. Rats that failed to locate the platform within the allotted time were
manually guided to it. The rats remained on the platform for 30 s 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.

2.7. 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 retention. Briefly, the platform was removed and the rats were given
the opportunity to explore the pool for 30 sec. The percent time spent in the target quadrant
was used in the statistical analysis. The data were obtained using ANY-maze video tracking
software.

2.8. Data analyses

Statistical analyses were performed using StatView 5.0.1 (Abacus Concepts, Inc., Berkeley,
CA) by a researcher blinded to group conditions. Only after the analyses were concluded
and the code was broken did the statistician know the correct order of the groups. The motor
and cognitive data were analyzed by repeated-measures analysis of variance (ANOVA). The
acute neurological assessments, probe trial, visible platform, and swim speed were analyzed
by one-factor ANOVAs. When the ANOVA showed a significant effect, the Newman-Keuls
post-hoc test was implemented to determine specific group differences. The results are
expressed as the mean + standard error of the mean (S.E.M.) and are considered significant
when pvalues were < 0.05.

3. Results

3.1. No significant differences in any of the behavioral outcomes were revealed between the
sham control groups regardless of treatment and thus their data were pooled into one group
designated as SHAM. One rat from the TBI + AMT (40 mg/kg) was excluded due to an
inability to locate the visible platform, which may be indicative of visual deficits that may
impact spatial learning. Hence, the final analyses are based on 59 rats.

3.2. Acute neurological evaluation

No differences were observed among the TBI groups in hind limb withdrawal reflex after a
brief paw pinch [left range = 146.5 + 5.2 sec to 155.5 + 4.9 sec, p> 0.05; right range = 142.1
+ 5.2 sec to 152.0 £ 4.8 sec, p > 0.05] or for righting reflex [range 349.1 £ 16.0 sec to 371.7
+ 16.9 sec, p> 0.05] following the termination of anesthesia. The lack of significant
differences with these acute neurological indices suggests that all groups experienced an
equivalent level of injury and anesthesia. Sham rats had reflexes that were significantly
quicker than TBI rats: paw pinch [left = 20.0 £1.2 sec; right = 15.2 £1.1 sec] and righting
reflex [125.1 + 4.7 sec].
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3.3. Motor performance: beam-balance and beam-walk

No pre-surgical differences were observed among groups as all rats were capable of
balancing on the beam for the allotted 60 sec during the baseline assessments (Fig. 1). The
repeated measures ANOVA revealed significant Group [F4 54 = 12.623, p < 0.0001] and Day
[F5 270 = 74.645, p < 0.0001] differences, as well as a significant Group x Day interaction
[F20 270 = 8.045, p< 0.0001]. Following TBI, all groups were impaired relative to the
SHAM controls [p < 0.05]. Although beam-balance performance improved in all TBI groups
over the five days of testing, the post-hoc analysis revealed that only the TBI + AMT (20
mg/kg) group recovered significantly faster than the TBI + VEH group [p < 0.05].
Additionally, both the TBI + AMT (20 mg/kg) and TBI + AMT (40 mg/kg) groups
performed better than the TBI + AMT (10 mg/kg) group [£’s < 0.05]. No other comparisons
were statistically different. Regarding the beam-walk data, no significant differences were
observed among any of the groups in the time to traverse the beam prior to surgery as they
all completed the task in under 5 sec (Fig. 2). However, after surgery, the repeated-measures
ANOVA revealed significant Group [F4 54 = 120.581, p < 0.0001] and Day [Fs 270 =
184.835, p< 0.0001] differences, as well as a significant Group x Day interaction [Fyq 279 =
15.147, p< 0.0001]. Like the findings for beam-balance, the post-hoc analysis revealed that
the SHAM controls were significantly better than all TBI groups [0 < 0.05]. No differences
were revealed among the TBI groups, regardless of treatment [p> 0.05].

3.4. Cognitive function: acquisition of spatial learning and memory retention

Analysis of the spatial learning data revealed significant Group [F4 54 = 50.647, p < 0.0001]
and Day [F4 216 = 22.472, p< 0.0001] differences in locating the hidden platform. The post-
hoc analysis revealed that the SHAM group was significantly better at learning the location
of the escape platform relative to all TBI groups, regardless of treatment [p < 0.05; Fig. 3].
Among the TBI groups, the TBI + AMT (20 mg/kg) group located the escape platform
significantly quicker than all other TBI groups [p’s < 0.05]. No differences were revealed
between the TBI + AMT (10 mg/kg) and TBI + AMT (40 mg/kg) groups [p> 0.05], and
neither differed from the TBI + VEH group [p > 0.05]. Analysis of the probe (i.e., memory
retention) data revealed a significant Group effect [F4 54 = 8.276, p < 0.0001]. The post-hoc
revealed that the SHAM and TBI + AMT (20 mg/kg) groups, which did not differ from one
another [p > 0.05], spent a greater percentage of the allotted time in the target quadrant (39.7
+2.0 % and 36.4 + 1.9 %, respectively) relative to the TBI + VEH, TBI + AMT (10 mg/kg),
and TBI + AMT (40 mg/kg) groups (27.5 £ 3.4 %, 25.3 £ 2.8 %, and 21.8 + 4.1 %,
respectively) [p’s < 0.05; Fig. 4]. Lastly, no significant differences in swim speed (range =
25.6 + 2.5 cm/sec to 31.5 + 1.7 cm/sec) were observed among the TBI or SHAM groups [p
> 0.05], but there was a difference in the time to reach the visible platform, with the SHAM
group locating the platform quicker than the TBI groups, regardless of treatment [p < 0.05].

4. Discussion

The aim of this preclinical behavioral-focused study was to evaluate the efficacy of AMT, a
D, receptor agonist, on motor and cognitive outcome after controlled cortical impact (CCI)
injury in adult male rats. To determine an optimal treatment strategy, three doses of AMT
were evaluated. Although a previous study from our group, utilizing the same injury severity
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and behavioral methodology, showed that 10 mg/kg of AMT enhanced spatial learning, the
effect was modest and observed only on the last day of training [14]. Hence, for this dose
response experiment we included the low dose of 10 mg/kg to replicate previous data and
then doubled the other two doses, which essentially provided a range from 10 mg/kg to 40
mg/kg of AMT provided once daily for 19 days. The rationale for a dose response study is
that evaluating a single dose may be insufficient to detect the benefit of a potentially
efficacious pharmacotherapy. Although not explicitly stated in clinical trial reports,
inappropriate dosing regimens may certainly be one of many reasons for a treatment that has
been found to be effective in multiple preclinical injury models and independent laboratories
to be ineffective in the clinic.

The effect of AMT on motor function was modest as only beam-balance was improved and
that was with only the dose of 20 mg/kg. The group receiving 40 mg/kg of AMT performed
better than the group receiving 10 mg/kg, but neither improved performance relative to the
VEH-treated controls. This finding is not entirely surprising as our previous study evaluating
AMT also did not reveal a motor effect [14]. Moreover, using a fluid percussion brain injury
model, Wang and colleagues (2014) also did not observe a benefit in motor function, despite
providing much larger doses [15]. The surprise, however, comes from the fact that AMT is a
D, receptor agonist and the DA system is intimately involved in mediating motor function.
Furthermore, other D, receptor agonists, such as methylphenidate and bromocriptine have
been shown to provide motor benefits using the same injury and dosing paradigm [5,20-22].

In marked contrast, the acquisition of spatial learning was robustly enhanced after treatment
with 20 mg/kg of AMT, which performed better than the two other AMT groups and the
VEH-treated controls. Memory retention was also significantly improved in the 20 mg/kg
AMT-treatment group. That 20 mg/kg of AMT performed vastly better than the 10 mg/kg in
the previous study [14] and that the lower and higher doses of AMT in the current study
were ineffective underscores the need for dose response studies to determine optimal
therapeutic efficacy.

Albeit the goal of this study was to evaluate behavioral outcomes with AMT treatment after
TBI and not to determine mechanisms at this stage, several potential mechanisms exist. In
addition to the D2 receptor agonist effects alluded to earlier that may restore DA
neurotransmission, AMT may also be providing benefits by reducing inflammatory
responses [23]. It is unlikely that protecting hippocampal cells is a mechanism by which
AMT produces its benefits as we have previously shown that hippocampal CA1 and CA3
cell survival did not differ between AMT and VEH [14]. AMT also did not spare
hippocampal neurons after fluid percussion brain injury, yet there were behavioral
improvements [15].

5. Conclusion

In summary, the results suggest that AMT improves motor and cognitive performance in a
dose-dependent manner after experimental TBI in adult male rats. Specifically, that only one
dose (AMT, 20 mg/kg), in a relatively narrow dose response profile, produced benefits
highlights the need for greater vigilance in choosing optimal doses for pharmacotherapies.
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Ultimately, the only way to accomplish this is to perform dose response studies, which
require at a minimum three doses. Once the optimal dose has been ascertained, it can then be
used in combination with other therapies, such as environmental enrichment, a preclinical
model of neurorehabilitation [17,24-28], to perhaps augment the benefits and facilitate
translation to the clinic.
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Highlights
. Amantadine (AMT) improved motor and cognitive performance after TBI in a
dose-dependent manner
. That only one dose of AMT produced benefits after TBI underscores the need

to carefully consider dosing when assessing the effects of pharmacotherapies
after TBI, such that potential benefits are not missed

. AMT did not differ from SHAM controls in memory retention, indicating its
robust benefits
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AMT (10 mg/kg). # p< 0.05 vs. all TBI groups, regardless of treatments.
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Fig. 2.
Mean (+ S.E.M.) time (sec) to travers an elevated narrow beam prior to, and after, TBI or

SHAM injury. # p< 0.05 vs. all TBI groups, regardless of treatments. No differences were
revealed among the TBI groups (p > 0.05).
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—&— TBIl+ VEH (1 mL/kg)
—%— TBI+ AMT (10 mg/kg)
—&— TBI+ AMT (20 mg/kg) *
—O— TBI + AMT (40 mg/kg)
—A— sHAM ¥

x

Hidden platform Visible
T T T T T T
14 15 16 17 18 19

Time after injury (days)

Mean (+ S.E.M.) time (sec) to locate a hidden platform in the MWM. * p< 0.05 vs. TBI +
VEH, TBI + AMT (10 mg/kg), and TBI + AMT (40 mg/kg). # p < 0.05 vs. all TBI groups,
regardless of treatments. No differences were observed between the TBI + AMT (10 mg/kg)
and TBI + AMT (40 mg/kg) groups, and neither differed from the TBI + VEH control (o>
0.05). The SHAM group located the visible platform faster than all TBI groups (p < 0.05).
No other comparisons were significant (p > 0.05).
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I T8B! + VEH
TBI + AMT
B 1Bl + AMT
B2 TBI + AMT
E=S sHam *

1 mL/kg)

10 mg/kg)
20 mg/kg) *
40 mg/kg)

Time after injury (day 19)

Mean (x S.E.M.) percent time spent in the target quadrant. The bar graph shows the % time
that each group spent in the target quadrant and the horizontal dashed line at depicts chance
(25%) level of exploration of the target quadrant. *# p< 0.05 vs. TBI + VEH, TBI + AMT
(10 mg/kg), and TBI + AMT (40 mg/kg). No differences were observed between the SHAM
and TBI + AMT (20 mg/kg) groups (o> 0.05) nor among the TBI + AMT (10 mg/kg), TBI
+ AMT (40 mg/kg), and TBI + VEH groups (p > 0.05).
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