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Abstract

Prior work has shown that d-amphetamine (AMPH) treatment or voluntary exercise improves
cognitive functions after traumatic brain injury (TBI). In addition, voluntary exercise increases levels
of brain-derived neurotrophic factor (BDNF). The current study was conducted to determine how
AMPH and exercise treatments, either alone or in combination, affect molecular events that may
underlie recovery following controlled cortical impact (CCI) injury in rats. We also determined if
these treatments reduced injury-induced oxidative stress. Following a CCI or sham injury, rats
received AMPH (1 mg/kg/day) or saline treatment via an ALZET® pump and were housed with or
without access to a running wheel for 7 days. CCl rats ran significantly less than sham controls, but
exercise level was not altered by drug treatment. On day 7 the hippocampus ipsilateral to injury was
harvested and BDNF, synapsin | and phosphorylated (P) -synapsin I proteins were quantified.
Exercise or AMPH alone significantly increased BDNF protein in sham and CCI rats, but this effect
was lost with the combined treatment. In sham-injured rats synapsin | increased significantly after
AMPH or exercise, but did not increase after combined treatment. Synapsin levels, including the P-
synapsin/total synapsin ratio, were reduced from sham controls in the saline-treated CCI groups, with
or without exercise. AMPH treatment significantly increased the P-synapsin/total synapsin ratio after
CCl, an effect that was attenuated by combining AMPH with exercise. Exercise or AMPH treatment
alone significantly decreased hippocampal carbonyl groups on oxidized proteins in the CCl rats,
compared with saline-treated sedentary counterparts, but this reduction in a marker of oxidative stress
was not found with the combination of exercise and AMPH treatment. These results indicate that,
whereas exercise or AMPH treatment alone may induce plasticity and reduce oxidative stress after
TBI, combining these treatments may cancel each other’s therapeutic effects.
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Traumatic brain injury (TBI) continues to be one of the leading causes of mortality and
morbidity, with approximately 5.3 million Americans suffering from enduring disabilities
resulting from TBI (Binder et al., 2005). Despite many experimental and clinical efforts using
numerous therapeutic approaches, there are currently no proven treatments to alleviate the
sequelae of TBI or to enhance recovery of function.

Our laboratories have been investigating treatment strategies that may facilitate endogenous
repair mechanisms and enhance functional recovery after experimental TBI in the rat. One
approach has been to use spontaneous or voluntary exercise, obtained via running wheel (RW)
exposure. Exercise is known to increase key molecules involved in neuroplasticity, such as
brain-derived neurotrophic factor (BDNF) and synapsin | (Neeper et al., 1995; van Praag et
al., 1999; Cotman and Berchtold, 2002), as well as reduce markers of oxidative stress (Navarro
etal., 2004; Wu et al., 2004; Pan et al., 2007). While experimental TBI can acutely decrease
expression of BDNF mRNA within the hippocampus (Hellmich et al., 2005), most studies have
reported hippocampal increases in BDNF mRNA within the first 24 h following TBI (Oyesiku
et al., 1999; Truettner et al., 1999; Morrison et al., 2000). At later post-injury times, neither
hippocampal BDNF mRNA (Hicks et al., 2002) nor BDNF protein differs from that of controls
(Griesbach et al., 2004b, 2007; Chen et al., 2005). However, spontaneous exercise in rats with
TBI can increase the expression and/or levels of BDNF and synapsin | within the hippocampus
(Hicks et al., 1998; Griesbach et al., 2004b, 2007), and this effect is associated with an
improvement in cognitive performance (Griesbach et al., 2004b). The timing of this post-injury
exercise has been shown to play an important role after experimental fluid percussion injury
(FPI) to the brain. We previously reported that voluntary exercise during the first week after
sham injury increased hippocampal BDNF and synapsin | protein, but exercise did not increase
these molecules after a FPI (Griesbach et al., 2004a, 2007).

The mechanisms underlying the inability of acute exercise to up-regulate BDNF after TBI are
not known, but may be related to alterations in neurotransmitter systems during this acute
period following injury. Transmitter depletion studies have shown that norepinephrine (NE)
is necessary for voluntary wheel-running to up-regulate BDNF mRNA in the hippocampus
(Garcia et al., 2003). Anti-depressant drugs, which increase synaptic levels of NE and 5-HT,
have been reported to increase levels of hippocampal BDNF mRNA (Nibuya et al., 1995) and
protein (Peng et al., 2008; Kozisek et al., 2008). In addition, anti-depressant drugs strengthen
BDNF mRNA up-regulation when given in combination with exercise (Russo-Neustadt et al.,
1999, 2000). Repeated treatments with d-amphetamine (AMPH) have also been reported to
increase BDNF levels in multiple brain regions (Meredith et al., 2002). Brain injury induced
by experimental stroke or cortical ablation reduces brain levels and/or turnover rates of NE,
dopamine (DA) and/or 5-HT for days or weeks after injury (Feeney and Sutton, 1987).
Experimental TBI in the rat produces early and widespread reductions in brain NE levels and
turnover (Dunn-Meynell et al., 1994; Krobert et al., 1994; Levin et al., 1995). Hence, although
exercise in non-injured rats is known to increase NE release (Dunn et al., 1996; Dishman et
al., 2000; Garcia et al., 2003), a TBI-induced reduction of NE could conceivably prevent
exercise-dependent increases in NE and BDNF during the acute period after injury.

Another approach for the treatment of TBI has been to administer treatments that increase
central levels of monoamines. Single or multiple treatments with AMPH have been frequently
reported to accelerate functional recovery in various brain injury models (Feeney and Sutton,
1988; Sutton and Feeney, 1994), including cortical contusion (Sutton et al., 1987) or FPI
(Prasad et al., 1994; Hovda, 1996). While AMPH increases levels of all the mono-amines
(Fleckenstein et al., 2007), the beneficial effects of post-injury AMPH treatment appear to be
mediated by NE release since intraventricular NE, but not DA (Boyeson and Feeney, 1990) or
5-HT (Boyeson et al., 1994), mimics the AMPH induced recovery of function in ablation
models. In addition, drugs causing central NE release induce recovery similar to AMPH (Sutton
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and Feeney, 1992; Goldstein, 1993), and drugs that interfere with NE release or synaptic
transmission can retard recovery or reinstate deficits in recovered animals (Feeney and
Westerberg, 1990; Goldstein and Davis, 1990; Dunn-Meynell et al., 1997). In addition to
AMPH, multiple treatments with methylphenidate (Kline et al., 2000), a D2 receptor agonist
(Kline etal., 2002) or a 5- HT(1A) receptor agonist (Kline et al., 2004) are reported to improve
outcome after experimental TBI. More recently, chronic intermittent vagus nerve stimulation,
which increases NE release (Roosevelt et al., 2006) and BDNF mRNA levels (Follesa et al.,
2007) in cortex and hippocampus, has been shown to improve outcome after experimental TBI
(Smith et al., 2005, 2006; Clough et al., 2007). Given these preceding reports on the effects of
TBI and the apparent links between AMPH, NE, exercise and BDNF, the current study was
designed to determine if AMPH administration during the acute period after TBI would enable
or facilitate spontaneous exercise-induced increases of hippocampal BDNF and synapsin I.
Because oxidative stress plays an important role in neuronal injury after TBI (Shohami et al.,
1997; Sullivan et al., 1998; Hall et al., 2004), we also determined if these treatments would
alter oxidative stress after TBI. We employed the controlled cortical impact (CCI) model of
TBI for this study, as this injury model is known to produce molecular changes and cellular
damage in the hippocampus (Dash et al., 1995; Colicos et al., 1996; Oyesiku et al., 1999;
McCullers et al., 2002; Saatman et al., 2006), induce hippocampal-dependent learning deficits
(Hamm et al., 1992; Lindner et al., 1998; Dixon et al., 1999), and to reduce brain NE levels
and turnover (Dunn-Meynell et al., 1994; Levin et al., 1995). While increased expression or
production of hippocampal BDNF and synapsin | has been reported to occur after exercise in
both intact rats and in rats with FPI (Timmusk et al., 1993; Neeper et al., 1996; Molteni et al.,
2002; Griesbach et al., 2004b, 2007), exercise-induced effects of these markers of plasticity
have not yet been evaluated in the CCI model. Based on prior studies we hypothesized that: 1)
acute exercise after CCI would have detrimental or neutral effects on outcome measures, 2)
low-dose AMPH treatment would improve these outcome measures, and 3) AMPH treatment
combined with RW exposure would enable acute exercise to up-regulate BDNF and synapsin
| and reduce oxidative stress.

EXPERIMENTAL PROCEDURES

Subjects

CClinjury

A total of 48 male Sprague—Dawley rats (mean weight: 285 g) were utilized in these
experiments. Rats underwent surgery to induce either sham injury (Sham) or CClI injury
followed by AMPH or saline (S) treatment. Rats were single-housed with a RW or under
sedentary (Sed) conditions for 7 days, thus resulting in the following groups (n=6 rats per
group): Sham-S-Sed, Sham-AMPH-Sed, Sham-S-RW, Sham-AMPH-RW, CCI-S-Sed, CCI-
AMPH-Sed, CCI-S-RW, CCI-AMPH-RW. All animals were monitored and cared for by
veterinary care staff upon arrival to University of California at Los Angeles (UCLA). During
the experiments, rats were housed in opaque plastic bins (50.8x25.4x25.4 cm), which were
lined with bedding material. All procedures were performed in accordance with the United
States National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23) revised 1996. Procedures were approved by the UCLA Chancellor’s
Animal Research Committee and can be provided upon request. The suffering and number of
animals used were minimized.

The previously characterized CCl injury device (Sutton et al., 1993; Lindner et al., 1998; Kelly
et al., 2000) was used to generate a cortical contusion to the left hemisphere. Each animal was
placed under inhalation anesthesia with isoflurane (4% for induction, 2.0% for maintenance,
in 100% O, at 1.5 I/min). The level of anesthesia was monitored by level of respiration,
muscular relaxation and the corneal and pedal reflexes. After loss of corneal and pedal reflexes
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the scalp and scapular regions were shaved, the animal was secured in a stereotaxic head frame,
and the scalp was cleansed with ethanol and Betadine. Rectal temperature was monitored and
maintained between 36.5-38.0 °C with a thermostatically controlled heating pad (Braintree
Scientific Inc., Brain-tree, MA, USA). A midline sagittal incision was made, the scalp and
temporal muscle were reflected and a 6-mm-diameter circular craniotomy was made over the
left parietal cortex, centered at 3 mm posterior and 3.5 mm lateral to bregma. The bone flap
was removed and the dura left intact in all animals to receive CCI. An electronically controlled
pneumatic piston cylinder (Hydraulics Control Inc., Emeryville, CA, USA) mounted onto a
stereotaxic micromanipulator (Kopf Instruments, Tujunga, CA, USA) was used to allow for
precise localization and control of the impact (Sutton et al., 1993). The piston cylinder was
angled 19° away from vertical to allow the flat (5 mm diameter) impactor tip to make contact
perpendicular to the brain’s surface. A moderate CCI was induced using a 2 mm compression
of tissue under the exposed dura (250 ms, 1.9 m/s velocity). After controlling for any mild
bleeding following the injury, the scalp incision was sutured closed. Bupivacaine (0.25 mg)
was injected into the margins of the scalp incision and triple antibiotic ointment was applied
over the incision. Sham-injured animals underwent all surgical procedures, except for the
craniotomies and CCI delivery.

Drug administration

Immediately after scalp closure the skin over the scapular region and nape of the neck were
cleansed with Betadine and 70% ethanol. After making a small (0.5 cm) incision an s.c. pocket
was created over the scapular region, a pre-filled osmotic minipump (ALZET® Model 2001;
DURECT Corporation, Cupertino, CA, USA) was placed under the skin, and the incision was
sutured closed. After injection of bupivacaine (0.25 mg) and application of triple antibiotic
ointment to this incision, anesthesia was discontinued and animals were placed into a heated
recovery cage until ambulatory. The osmotic pumps were filled with sterile S (0.9%) or freshly
prepared AMPH sulfate (Sigma, St. Louis, MO, USA) dissolved in S (12 mg/ml, filtered via
a 0.2 um syringe filter) prior to each surgery session. Pumps and drug concentration were
chosen to infuse (to rats weighing on average 285 g) 1 mg/kg/day of AMPH or 1.0 ul/h of the
vehicle (S) over 7 days. This drug administration method was chosen since our prior studies
of RW exposure after TBI have left animals undisturbed for the 1 week exercise period
(Vaynman etal., 2003; Grieshach et al., 2004b, 2007). The dose was chosen based on the recent
report that 1 mg/kg/day of AMPH combined with rehabilitation training facilitates recovery
after ischemic brain injury (Adkins and Jones, 2005).

Voluntary wheel exercise

Rats were individually caged with or without access to a RW from post-surgery day 0-6 (a
total of 7 days). The time length for exercise was based on previous studies indicating increases
in BDNF and synapsin | after 7 days of voluntary exercise (Vaynman et al., 2003; Griesbach
et al., 2004b, 2007). Rats had ad libitum access to food and water and were maintained on a
12-h light/dark cycle. Animals provided the opportunity for spontaneous exercise were placed
in standard cages equipped with a RW (diameter=31.8 cm, width=10 cm; Nalge Nunc
International, Rochester, NY, USA) that rotated against a resistance of 100 g. Non-exercised
(Sed) animals were left undisturbed in their home-cages. Exercise was quantified by recording
the number of wheel revolutions per hour using VitalView Data Acquisition System software
(Mini Mitter Company Inc., Sunriver, OR, USA). The mean number of revolutions was
calculated for each night (7 PM to 7 AM), given that this was the most active period.

Protein immunoassay and Western blot analysis

Rats were killed by decapitation at post-injury day 7 for molecular studies. Hippocampal tissue
within the injured hemisphere was dissected and homogenized in homogenization buffer (137
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mM NaCl, 20 mM Tris—HCI pH 8.0, 1% NP40, 10% glycerol, 1 mM PMSF, 10 xg/ml aprotinin,
0.1 mM benzethonium, 0.5 mM sodium vanadate). After centrifuging at 12,500xg for 15 min,
supernatants were collected and immediately processed for total protein concentration
determination according to the Micro BCA procedure (Pierce, Rockford, 1L, USA), using
bovine serum albumin as standard. All chemicals were obtained from Sigma unless otherwise
noted.

BDNF protein was quantified using an enzyme-linked immunosorbent assay (ELISA) and
standard protocols (BDNF Emax ImmunoAssay System kit; Promega Inc., Madison, WI,
USA). Briefly, 96 wells plates were coated with 0.1 ml of a monoclonal antibody against BDNF
in a buffer containing 0.025 M sodium bicarbonate and 0.025 M sodium carbonate (pH 9.7)
for 16 h at 4 °C. After washing in TBST [20 mM Tris—HCI (pH 7.6), 150 mM NaCl, 0.05%
Tween 20], wells were incubated with 0.2 ml of a blocking buffer at room temperature for 1 h
and then washed in TBST again. Samples, six serial dilutions of a BDNF standard (500 pg/
ml), and a blank (no BDNF) were added in triplicate into separate wells. Plates were incubated
for 2 h at room temperature and washed five times in TBST. A polyclonal antibody against
BDNF (1:500 dilution) was added into each well and plates were incubated for 2 h at room
temperature. After five washes in TBST, 0.1 ml of a secondary anti-lgY antibody with a
horseradish peroxidase conjugate was added to each well, and plates were incubated for 1 h at
room temperature. Wells were washed five times with TBST. A hydrogen peroxidase solution
with a peroxidase substrate was added and incubated for 10 min at room temperature. Reactions
were stopped with 1 M phosphoric acid, and absorbance at 450 nm was measured using an
automated microplate reader (HTS7000 Plus Bioassay Reader, Perkin EImer, Waltham, MA,
USA). Standard curves were plotted for each plate. Triplicate measures were averaged and
values were corrected for total amount of protein in the sample to derive the pg of BDNF
protein/mg of total protein. For each plate, the final BDNF data were expressed as the percent
change from the mean Sham-S-Sed value.

Total synapsin and phosphorylated (P) -synapsin was analyzed by Western blot. Separate gels,
each including samples from one experimental group and control rats (Sham-S-Sed), were
processed. Actin was utilized as an internal control, and each blot was standardized to its
corresponding actin value. Protein samples were separated by electrophoresis on a 10%
polyacrylamide gel and electrotransferred to a polyvinylidene fluoride membrane (Millipore,
Bedford, MA, USA). Non-specific binding sites were blocked in TBS with 5% nonfat milk
and with 0.1% Tween-20 for 1 h at room temperature. Membranes were incubated at 4 °C
overnight, with anti-actin, anti-synapsin (1:1000, Santa Cruz Bio-technology Inc., Santa Cruz,
CA, USA), or anti-P-synapsin (1: 2000, Cell Signaling, Beverly, MA, USA). After rinsing in
buffer four times for 10 min, membranes were incubated with anti-goat IgG horseradish
peroxidase-conjugate (1:10,000 Santa Cruz Bio-technology Inc.). Immunocomplexes were
analyzed by chemiluminescence using the ECL Plus kit (Amersham Pharmacia Bio-tech Inc.,
Piscataway, NJ, USA), according to manufacturer’s instructions. Optical densities for Sham-
S-Sed blots were normalized across all gels for total synapsin and P-synapsin, and blots for
each experimental group were normalized to Sham-S-Sed values within the same gel. The final
total synapsin and P-synapsin data were expressed as the percent change from the mean Sham-
S-Sed values. To aid in the interpretation of the synapsin data, ratios of P-synapsin to total
synapsin for each rat were obtained and group means were calculated for this measure of
synapsin activation.

Measurement of oxidized proteins

Because an elevation of oxidative stress, which could be caused by neuronal activation (either
drug or exercise-induced), leads to neuronal damage after CCl injury (Sullivan et al., 1998;
Hall etal., 2004), we measured oxidized proteins as an outcome measure of exercise and AMPH
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treatments after CCI. The oxidized proteins containing carbonyl groups, as a marker of cellular
protein oxidation, were measured using an OxyBlot kit (Intergen, Purchase, NY, USA).
Separate gels, each including samples from a CCI group and control rats (Sham-S-Sed), were
processed. Briefly, carbonyl groups in the protein side chains are derivatized to 2,4-
dinitrophenylhydrazone (DNPH). Protein samples were reacted with 1XDNPH for 15 min,
followed by neutralization with a solution containing glycerol and f-mercaptoethanol. Samples
were then electrophoresed on an 8% polyacrylamide gel and electrotransferred to a
nitrocellulose membrane. After blocking and overnight incubation with a rabbit DNPH
antibody (1:150) at 4 °C, membranes were incubated in goat anti-rabbit (1:300) for 1 h at room
temperature and rinsed with buffer. Immunocomplexes were visualized by chemiluminescence
using the ECL kit (Amersham Pharmacia Biotech Inc.), according to the manufacturer’s
instructions. Optical densities for the oxidized protein bands in each CCI group were
normalized to Sham-S-Sed values within the same gel, and the final oxidized protein data were
expressed as the percent change from the mean Sham-S-Sed values.

Statistical analysis

RESULTS

All data are expressed as the meanzstandard error of the mean (S.E.M.). The amount of exercise
was analyzed through a two-way repeated measures analysis of variance (ANOVA) [(injury:
Sham vs. CCl) and (drug treatment: S vs. AMPH)], with the number of nightly wheel
revolutions being the dependent variables. Hippocampal BDNF, total synapsin I, P-synapsin
I, and the P-synapsin/total synapsin ratio data were analyzed using a three-way ANOVA
[(injury: Shamvs. CCl), (drug treatment: S vs. AMPH) and (exercise: Sed vs. RW)]. Interaction
effects were further analyzed by performing means comparisons, and desired contrast weights
were specified. Analysis of correlation (linear regression) was performed between the amount
of exercise (mean nightly wheel revolutions) and BDNF protein levels for each exercised rat.
Oxidized protein data were analyzed using a one-way ANOVA. Post hoc analyses were
conducted using Bonferroni comparisons. For all analyses, P<0.05 was considered significant
in this study.

Amount of exercise

Although gross motor impairments of ambulatory ability in home cages were not observed in
any of the injured rats, the CCI groups exercised significantly less across all days compared
with the Sham groups [F1 20=26.44, P<0.0005]. Drug treatment did not significantly affect
RW performance in Sham or CClI rats. The number of nightly revolutions increased over time
during the RW caging conditions [Fg 120=26.75, P<0.0005] (Fig. 1).

Hippocampal BDNF protein

A three-way ANOVA indicated no significant main effects, but revealed a significant drug
treatment by exercise interaction [F1 40=10.14, P<0.005] for hippocampal BDNF levels. As
can be seen in Fig. 2, voluntary exercise alone increased levels of BDNF in Sham and CCI
groups. Means comparisons analysis indicated that exercise significantly increased BDNF
levels in Sham-S-RW and CCI-S-RW rats compared with the Sham-S-Sed and CCI-S-Sed
groups (F=5.76, P<0.05).

AMPH treatment alone also increased levels of BDNF in Sham and CCI groups (Fig. 2).
Hippocampal BDNF levels in both Sham-AMPH-Sed and CCI-AMPH-Sed significantly
increased compared with the Sham-S-Sed and CCI-S-Sed groups (F=8.51, P<0.05).

Increases in BDNF were not observed in Sham or CCl rats when exercise and AMPH were
combined (Fig. 2). Although not decreased below Sham-S-Sed levels, BDNF levels in Sham-
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AMPH-RW and CCI-AMPH-RW were decreased compared with the Sham-AMPH-Sed and
CCI-AMPH-Sed groups (F=4.42, P<0.05).

Exercise-induced increases in hippocampal BDNF protein have been reported to be
proportional to the amount of exercise in sham-injured and FPI rats (Griesbach et al., 2004b).
This relationship was again observed in the ShamS-RW animals, where there was a positive
correlation (r=0.74) between the amount of exercise (total nightly revolutions over 7 days) and
the hippocampal BDNF levels. However the correlation was not as high when sham rats were
treated with AMPH (Sham-AMPH-RW: r=0.47) (Fig. 3A). A positive correlation between the
amount of exercise and BDNF was not found for CCI groups, in either the S or AMPH treatment
conditions (Fig. 3B).

Hippocampal synapsin |

Tissue samples for one Sham-S-RW animal were lost subsequent to BDNF assays, thus
reducing the sample size for synapsin I assays to five rats in this group. A three-way ANOVA
on total synapsin | data (Fig. 4A) indicated significant effects for injury [F1 39=57.92,
P<0.001], the injuryxdrug treatment interaction [F1 39=10.04, P<0.005] and the three-way
interaction [F, 39=8.18, P<0.005]. The exercise-induced increase (28%) in total synapsin in
Sham-S-RW rats was not significant, whereas the increase in Sham-AMPH-Sed rats was
significant (P<0.001), compared with levels in Sham-S-Sed controls as well as in the combined
treatment (Sham-AMPH-RW) group. The CCI-induced decrease (39%) in total synapsin | in
the CCI-S-Sed group was not significant compared with Sham-S-Sed controls (Fig. 4A).
AMPH treatment or RW exposure after CCI further decreased total synapsin, and levels in the
CCI-AMPH-Sed group were significantly decreased compared with Sham-S-Sed (P<0.001)
or CCI-S-Sed (P<0.05) conditions.

The three-way ANOV A on the P-synapsin data (Fig. 4 B) indicated significant effects for injury
[F1,39=53.97,P<0.001], drug treatment [F1 39=12.69, P<0.005] and the injuryxdrug
treatmentxexercise interaction [F 39=11.62, P<0.001]. Compared with the Sham-S-Sed
controls, P-synapsin | was increased significantly with exercise in the Sham-S-RW group
(P<0.05) as well as by AMPH in the Sham-AMPH-Sed group (P<0.005). The smaller increase
(40%) in P-synapsin after combined treatment (Sham-AMPH-RW) was not significant
compared with Shams-S-Sed (Fig. 4B). Although CCI-S-Sed treatment did not significantly
decrease P-synapsin I, the P-synapsin | levels were significantly decreased in the CCI-S-RW
(P<0.05) and CCI-AMPH-RW (P<0.05) groups compared with Sham-S-Sed (Fig. 4B). AMPH
treatment alone increased levels of P-synapsin | in the CCI-AMPH-Sed group, and the P-
synapsin in this group did not differ from Sham-S-Sed controls and was also significantly
increased above levels in the CCI-S-Sed group (P<0.05).

The three-way ANOVA on P to total synapsin levels (Fig. 5) indicated significant effects for
injury [F1 35=23.65, P<0.005], drug treatment [F1 35=31.46, P<0.005], injuryxdrug treatment
interaction [Fq 35=32.52, P<0.001], injuryxexercise interaction [F1 35=14.85, P<0.005] and

the drug treatmentxexercise interaction [F1 35=39.06, P<0.005]. Compared with the Sham-S-
Sed controls, synapsin activation was increased significantly with exercise in the Sham-S-RW
group (P<0.0005) as well as by AMPH in the Sham-AMPH-Sed group (P<0.005). There was
no increase in activation of synapsin after combined treatment (Sham-AMPH-RW) compared
with Sham-S-Sed. Synapsin activation was significantly decreased in CCI-S-Sed and CCI-S-
RW compared with Sham-S-Sed (P<0.005). Increases in synapsin activation were observed in
the CCI-AMPH-Sed (P<0.0005) and CCI-AMPH-RW (P<0.05) compared with CCI-S-Sed

group.
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Hippocampal oxidized proteins

One-way ANOVA indicated significant differences between the five groups included in the
oxidized protein analysis [F4 25=9.97, P<0.001]. As illustrated in Fig. 6, the slight increase
(17%) in protein carbonyl levels for CCI-S-Sed rats was not significant compared with Sham-
S-Sed levels. CClI rats allowed to exercise (CCI-S-RW) had significant reductions in protein
carbonyl levels compared with either Sham-S-Sed controls (P<0.001) or CCI-S-Sed rats
(P<0.001). CCI-AMPH-Sed treatments significantly reduced oxidized proteins compared with
CCI-S-Sed conditions (P<0.005), although these CClI rats with AMPH treatment did not differ
from Sham-S-Sed controls and they had significantly greater protein oxidation than the CClI-
S-RW group (P < 0.05). No significant effects of combined treatment (CCI-AMPH-RW) were
found compared with Sham-S-Sed or CCI-S-Sed (P=0.052) conditions, but this combined
treatment group had increased protein oxidation compared with the CCI-S-RW group (P<0.01)

(Fig. 6).

DISCUSSION

These studies tested several hypotheses based on previous findings. First, we hypothesized that
acute exercise would not increase BDNF and synapsin | following CCI injury. Second, we
hypothesized that AMPH treatment would increase BDNF and synapsin I. Finally, and
foremost, we hypothesized that AMPH treatment would enable acute exercise to increase
BDNF and synapsin | in the injured hippocampus. The results showed that AMPH treatment
alone increased BDNF and P-synapsin | protein levels after CCl injury. To our surprise, acute
exercise alone also increased BDNF levels after CCI, but the combination of exercise and
AMPH did not. The current results also indicate that exercise or AMPH treatment, but not the
combined treatments, reduces oxidative stress after CCI.

Effects of voluntary exercise

The current study found that voluntary exercise increased levels of BDNF protein in the
hippocampus of Sham-S-Sed rats, with increases being proportional to the amount of exercise,
as has been previously reported (Griesbach et al., 2004b). In addition, exercise in these S-
treated sham injury controls produced a significant increase in P-synapsin | protein.

A fact worthy of noting was that the CCl rats did show an increase in BDNF, accompanied by
a decrease in protein carbonyl contents, when exposed to the RW during the first post-injury
week. These findings led us to reject our initial hypothesis that “acute exercise after CCI would
have detrimental or neutral effects on outcome measures.” Previous work from this laboratory
had indicated that exercise dependent increases in BDNF are not found when rats with mild or
moderate FPI are exposed to exercise during post-injury days 0-6, but occur at later post-injury
time periods (Griesbach et al., 2004b, 2007). Thus, it appears that the effects that TBI has on
voluntary running activity affect the BDNF outcome. These differential effects may be related
to the RW activity in FPI compared with CCI animals. Rats receiving a FPI exercised as much
as sham rats during the first week post-injury (Griesbach et al., 2004b). However, CCl rats
engaged in very little spontaneous exercise over the first 3 days post-injury, and continued to
exercise less than sham animals throughout the 7 day RW exposure. Thus, due to CCl rats
engaging in most of their spontaneous exercise from days 4-7 compared with days 1-3 post-
injury, the non-responsive period to exercise induced up-regulation of BDNF previously
observed after FPI may have passed. These findings also highlight the importance in
determining appropriate exercise regimens after TBI. An exercise regimen that is too intensive
may be counterproductive during the early post-injury time period.

Although BDNF increased with exercise after CCI, molecules downstream to BDNF were still
non-responsive to exercise. A reduction in synapsin activation, in the hippocampus ipsilateral
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to CClI, was not alleviated by acute exercise. This inability of exercise to up-regulate synapsin
| after CCl is similar to our previous findings where an exercise-induced increase in synapsin
I mRNA or protein was absent after FPI (Griesbach et al., 2004a,b).

Effects of amphetamine

Although multiple injections of high-dose AMPH (5 mg/kg) have been reported to increase
BDNF expression and production in multiple brain regions (Meredith et al., 2002), to our
knowledge this is the first report that low-dose AMPH treatment increases levels of BDNF
protein. A 1-week infusion of AMPH (1 mg/kg/day) significantly increased hippocampal
BDNF levels in non-exercising sham and CCI groups. This may be due to AMPH increasing
levels of NE, by indirectly promoting its release as well as blocking NE reuptake (Florin et al.,
1994). In turn, NE can produce elevations of BDNF mRNA in astrocytes (Zafra et al., 1992)
and, more recently, NE has been found to lead to BDNF expression in hippocampal neurons
in a cyclic pathway (Chen et al., 2007). However, BDNF elevations with AMPH treatment
could also be related to drug-induced increases of 5-HT and DA. Monoaminergic activity,
which is elevated with AMPH, has been found to enhance the expression of BDNF (Fumagalli
et al., 2003; Mattson et al., 2004; Miklic et al., 2004; Juric et al., 2006; Luellen et al., 2007).
A third putative mechanism for AMPH to increase BDNF is through the cocaine- and
amphetamine-regulated transcript (CART). CART is abundantly expressed in the
hippocampus and has been proposed for therapeutic use, in part due to its ability to up-regulate
BDNF (Douglass and Daoud, 1996; Wu et al., 2006; Pae et al., 2007).

In contrast to exercise alone, AMPH treatment significantly increased synapsin activation, in
the hippocampus of non-exercising sham operates. Synapsin | responses to AMPH treatment
in the non-exercised CCI rats differed from patterns seen in sham injury conditions. Total
synapsin was significantly decreased from Sham-S-Sed and CCI-S-Sed controls only in the
non-exercised CCI group treated with AMPH. However, AMPH treatment prevented the
reduction in P-synapsin observed in the CCI-S-Sed rats, and raised hippocampal levels of P-
synapsin | back to at least Sham-S-Sed control levels. Thus, AMPH treatment after CCl
significantly increased synapsin activation.

The current results also indicate that AMPH treatment alone can decrease protein oxidation
after CCI. While levels of carbonyl proteins were significantly higher in hippocampal tissue
from CCI-AMPH-Sed compared with CCI-S-RW rats, oxidized proteins in this AMPH-treated
group were significantly reduced compared with CCI-S-Sed controls.

Effects of combined treatment of voluntary exercise and amphetamine

Interestingly, although exercise or AMPH treatment alone elevated levels of BDNF, this effect
was lost when treatments were combined in either sham operates of CCI rats. However, CCI-
induced decreases in BDNF and synapsin activation were not observed when AMPH and
exercise were combined. This pattern of molecular changes is consistent with synapsin’s
downstream nature to BDNF. The ability of exercise or AMPH treatment to individually reduce
levels of protein oxidation after CCI was also attenuated in the combined treatment group.
Given that combined treatment effects were encountered in both CCI and sham rats, it is
unlikely they are due to brain injury.

The current findings appear to contrast with prior reports that some antidepressants not only
rapidly increase levels of BDNF mRNA, but also potentiate an exercise-induced increase of
BDNF mRNA within the adult rat hippocampus (Russo-Neustadt et al., 2000, 2001, 2004).
However, these studies did not assess protein levels, and chronic treatment with antidepressant
drugs is required to up-regulate BDNF protein in adult mice or rats (Kozisek et al., 2008; Peng
etal., 2008). Itis possible that AMPH plus exercise increased mRNA for BDNF, but translation
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to the BDNF protein did not occur with the combined treatment. On the other hand, it is also
possible that sensitization properties of AMPH prevent it from acting synergistically with
exercise in the same manner as antidepressants. AMPH treatment can lead to dissociation in
the mutual regulation of noradrenergic and serotonergic neurons, whereas antidepressants
which block NE and 5-HT re-uptake do not produce this sensitization (Lanteri et al., 2007;
Salomon et al., 2006). Activation of autoregulatory responses with combined treatments may
have altered monoamine release, which could affect BDNF levels since BDNF-catecholamine
regulation is bidirectional. For example, NE increases the levels of BDNF, as indicated above,
and in turn BDNF regulates noradrenergic neuron plasticity (Akbarian etal., 2002). In addition,
exercise alone increases levels of NE in brain and spinal cord (Dunn et al., 1996; Dishman et
al., 2000), as does AMPH. A “dose-response” effect with the combination of exercise and
AMPH treatments may have resulted in an enhanced autoregulatory response (feedback
inhibition) for NE release. AMPH was administered continuously in the current study, and it
is possible that single or intermittent AMPH treatment(s), where autoregulatory responses and
tolerance mechanisms are not as strong, would act synergistically with exercise to enhance
markers of plasticity. In such a scenario, AMPH might potentiate an exercise-induced BDNF
increase, such as those mentioned above for anti-depressants paired with exercise. Further
studies will be needed to determine if AMPH increases BDNF mRNA, or if antidepressants
increase BDNF protein, when these drug treatments and exercise are paired. In particular,
further studies exploring the effects that TBI has on BDNF translation will aid in interpreting
these findings.

The current results did not support our original hypothesis that AMPH treatment would
augment an exercise-induced increase in BDNF. Consequently, this result has specific
implications for future proposals to treat TBI using a combination of treatments. This
complication of combining treatments is not novel. There have been similar findings where
two potentially therapeutic TBI treatments cancel each other out when combined or are even
counterproductive (Guluma et al., 1999; Kline et al., 2004). Particularly relevant is a recent
study combining a behavioral manipulation with a pharmacological agent. Exposure to an
enriched environment and treatment with a 5-HT receptor agonist improved recovery after a
CClI when given individually, but had a neutral effect when combined (Kline et al., 2007). The
current findings that combined exercise and AMPH treatments did not lead to elevated BDNF
or synapsin suggest these two therapies should not be combined, at least in the acute post-injury
phase. The CCl animals with combined therapy had levels of BDNF, P-synapsin/total synapsin
ratios and oxidized proteins that were similar to Sed, S-treated, sham-injured and CCI controls,
which does not indicate any deleterious effect of the combined treatments. However, the P-
synapsin results in the CCI-AMPH-RW group may indicate effects of combined treatments
that could impact negatively on neuronal recovery and functional outcomes after CCI.

The current results for molecular effects of combined treatments within the hippocampus are
somewhat difficult to reconcile with prior studies on combined treatment effects on improved
motor functions after brain injury. For example, it has been frequently noted that the pairing
of AMPH treatment with task-relevant experience or rehabilitation can enhance neuronal
plasticity and recovery of motor functions after brain injury (Feeney and Sutton, 1988;
Stroemer et al., 1998; Butefisch et al., 2002; Adkins and Jones, 2005; Ramic et al., 2006). Thus,
it is possible that spontaneous exercise in combination with AMPH may enhance molecular
changes underlying neuroplasticity within motor pathways after TBI. Conversely, combining
AMPH treatment with cognitive therapies or task demands, rather than with a RW task, might
facilitate molecular changes underlying neuroplasticity within the hippocampus. Further
studies will be needed to evaluate these hypotheses.
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Potential neuroprotective effects

In spite of the negative findings of the combined treatment, this work indicates that either
exercise or AMPH may be beneficial for the treatment of TBI. In addition to increasing
neuroplasticity through BDNF-mediated pathways, these treatments appear to offer protection
from oxidative damage. Oxidative stress is one of the key factors in neuronal degeneration
after TBI (Shohami et al., 1997; Sullivan et al., 1998), where an increase in free radicals leads
to protein oxidation, lipid peroxidation and DNA damage. Both exercise and AMPH-treated
CCI groups showed decreases in protein carbonyl contents, indicating that these individual
treatments reduced the metal-catalyzed oxidation reactions on hippocampal proteins.
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Fig. 1.

Exercise levels assessed using nightly RW activity in the week following surgery. Rats with
CCl injury exercised significantly less than rats with a Sham injury. Drug treatment (AMPH
vs. S) did not affect RW activity. Group means+S.E.M.
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Fig. 2.

Effects of AMPH treatment and RW exposure on BDNF protein. Exercise or AMPH treatment
alone significantly increased levels of BDNF in Sham and CCI rats. This increase was not
found when AMPH and exercise were combined. Group means=S.E.M. * P<0.05 comparing
Sham-S-RW and CCI-S-RW against Sham-S-Sed and CCI-S-Sed respectively; # P<0.05
comparing Sham-AMPH-Sed and CCI-AMPH-Sed against Sham-S-Sed and CCI-S-Sed
respectively; 8 P<0.05 comparing Sham-AMPH-Sed and CCI-AMPH-Sed against Sham-
AMPH-RW and CCI-AMPH-RW.
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Exercise-dependent increases in hippocampal BDNF. (A) A positive relationship between the
amount of exercise (mean nightly RW revolutions) and BDNF was observed in Sham-S-RW
rats (r=0.74). A smaller positive correlation was seen in the Sham-AMPH-RW group (r=0.47).
(B) A positive correlation between the amount of exercise and BDNF was not observed after
CCl injury.
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Fig. 4.
Effects of AMPH treatment and RW exposure on total and P-synapsi

n |. Panels contain data

for all group meansS.E.M. (A) Total synapsin | increased in Sham-AMPH-Sed rats compared
with Sham-S-Sed controls. Total synapsin | levels were decreased after CCI injury, with the

greatest reductions occurring after AMPH or RW treatments. ** P<0

.005 compared with

Sham-S-Sed; # P<0.05 compared with CCI-AMPH-Sed. (B) P-synapsin | increased after RW

or AMPH treatment alone in Shams compared with Sham-S-Sed. P-s

ynapsin | levels were

decreased in CCI-S-RW and CCI-AMPH-RW groups compared with Sham-S-Sed. The CCl-

AMPH-Sed treatments increased P-synapsin compared with CCI-S-Se

d counterparts. * P<0.05

compared with Sham-S-Sed; ** P<0.005 compared with Sham-S-Sed; # P<0.05 compared
with CCI-AMPH-Sed. Representative blots are shown for each experimental group compared

with Sham-S-Sed controls (left side blots).
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Fig. 5.

Ratio of P to total synapsin levels. Increases in activation were observed after AMPH or RW
treatment alone in the Shams. The CCI-S-Sed and CCI-S-RW groups had a decrease in
activation. The CCl-induced decrease was not observed after AMPH treatment alone or when
combined with exercise. Data show group means=S.E.M. ** P<0.005 compared with Sham-
S-Sed; *** P<0.0005 compared with Sham-S-Sed; # P<0.05 compared with CCI-S-Sed; #
P<0.005 compared with CCI-S-Sed.
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Fig. 6.

Effects of AMPH treatment or RW exposure on oxidized protein levels after CCI injury.
Representative blots for the Sham controls and two CCI groups are shown next to the graph
containing data for all group means+S.E.M. Protein carbonyl contents were significantly
decreased after exercise or AMPH treatment alone, but not the combined treatment. ** P<0.001
compared with Sham-S-Sed, CCI-S-Sed or CCI-AMPH-RW; # P<0.005 compared with CCI-
S-Sed; 8 P<0.05 compared with CCI-S-RW.
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