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Abstract—Voluntary exercise leads to an upregulation of
brain-derived neurotrophic factor (BDNF) and associated
proteins involved in synaptic function. Activity-induced en-
hancement of neuroplasticity may be considered for the
treatment of traumatic brain injury (TBI). Given that during
the first postinjury week the brain is undergoing dynamic
restorative processes and energetic changes that may influ-
ence the outcome of exercise, we evaluated the effects of
acute and delayed exercise following experimental TBI. Male
Sprague—Dawley rats underwent either sham or lateral fluid-
percussion injury (FPI) and were housed with or without
access to a running wheel (RW) from postinjury days 0—-6
(acute) or 14-20 (delayed). FPI alone resulted in significantly
elevated levels of hippocampal phosphorylated synapsin |
and phosphorylated cyclic AMP response element-binding-
protein (CREB) at postinjury day 7, of which phosphorylated
CREB remained elevated at postinjury day 21. Sham and
delayed FPI-RW rats showed increased levels of BDNF, fol-
lowing exercise. Exercise also increased phosphorylated
synapsin | and CREB in sham rats. In contrast to shams, the
acutely exercised FPI rats failed to show activity-dependent
BDNF upregulation and had significant decreases of phos-
phorylated synapsin | and total CREB. Additional rats were
cognitively assessed (learning acquisition and memory) by
utilizing the Morris water maze after acute or delayed RW
exposure. Shams and delayed FPI-RW animals benefited
from exercise, as indicated by a significant decrease in the
number of trials to criterion (ability to locate the platform in 7
s or less for four consecutive trials), compared with the
delayed FPl-sedentary rats. In contrast, cognitive perfor-
mance in the acute FPI-RW rats was significantly impaired
compared with all the other groups. These results suggest
that voluntary exercise can endogenously upregulate BDNF
and enhance recovery when it is delayed after TBI. However,
when exercise is administered to soon after TBI, the molec-
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ular response to exercise is disrupted and recovery may be
delayed. © 2004 IBRO. Published by Elsevier Ltd. All rights
reserved.
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Exercise has been shown to be beneficial to overall health
and has been linked with a decrease in cognitive decay
(Friedland et al., 2001; Laurin et al., 2001). Animal studies
have found that exercise leads to protection against isch-
emia (Stummer et al., 1994), enhanced hippocampal neu-
rogenesis (van Praag et al., 1999) and improved learning
capabilities (Fordyce and Wehner, 1993; Samorajski et al.,
1985). Given this, exercise has been considered as a
therapeutic tool for traumatic brain injury (TBI; Booth et al.,
2002; Grealy et al., 1999; Vitale et al., 1996). Currently,
there is no accepted treatment to ameliorate neurological
disabilities in victims surviving in over two million head
injuries occurring annually in the United States.

It is likely that the beneficial effects of exercise on the
brain are mediated by select neurotrophins, such as brain-
derived neurotrophic factor (BDNF). BDNF has well-
defined effects on neuronal survival, growth and synaptic
plasticity (Barde, 1989). It has also been associated with
improving cognitive and neurological deficits due to isch-
emia (Almli et al., 2000; Schabitz et al., 1997; Yamashita et
al., 1997). Exercise leads to an increase of BDNF and its
downstream effectors on synaptic transmission in select
brain regions (Molteni et al., 2002; Neeper et al., 1995).
For example, exercise in rats activates hippocampal cyclic
AMP response element binding protein (CREB) and the
mitogen-activated protein kinase (MAP-K) pathway (Shen
et al., 2001). The MAP-K cascade facilitates the phosphor-
ylation of CREB (Finkbeiner et al., 1997) and synapsin |
(Gottschalk et al., 1999; Hicks et al., 1997; Jovanovic et al.,
2000). Synapsin | is involved in synaptic vesicle clustering
and release (Greengard et al., 1993; Li et al., 1995; Llinas
et al., 1991; Melloni et al., 1994; Pieribone et al., 1995).
CREB plays a role in long-term plasticity (Abel and Kandel,
1998) and memory (Silva et al., 1998), and its phosphor-
ylation is involved in the activation of its target genes,
including BDNF (Finkbeiner, 2000).

Despite of the therapeutic potential of BDNF, TBI has
been nonresponsive to exogenous BDNF administration
(Blaha et al., 2000). Assuring the delivery of BDNF to
critical regions of the injured brain has been problematic.
We propose that endogenous upregulation of BDNF and
associated molecular systems through exercise can lead
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to a better TBI outcome. However, the therapeutic effect of
exercise is likely to be influenced by dynamic changes
occurring after TBI. Following TBI, surviving cells are in a
state of energy crisis and vulnerable to secondary activa-
tion (Lee et al., 1999; Signoretti et al., 2001; Zanier et al.,
2003). Therefore, it is the possible that premature exercise
after TBI may reduce the capacity for plasticity of the brain.
We set out to determine the post-traumatic time window
during which exercise can increase BDNF and associated
proteins in the brain. In addition, the effects of voluntary
exercise on spatial learning and memory were evaluated.
Here we report that whereas exercise can lead to an
increase in plasticity-related proteins following injury, it
resulted in a behavioral and molecular dysfunction when
administered prematurely.

EXPERIMENTAL PROCEDURES
Subjects

A total of 161 male Sprague—-Dawley adult rats (mean weight:
312 g) were utilized in these experiments. Rats underwent lateral
fluid-percussion injury (FPI; n=89) or sham (n=72) injury and
were housed with or without access to a running wheel (RW) at
different postinjury times. In order to control for motor impairments
that may have an effect on RW activity, rats were tested for motor
skills before and after injury. All animals were continually moni-
tored and cared for by an Institutional Association Animal Care
and Use Committee-approved veterinary care staff upon arrival at
UCLA. During the experiments, rats were single housed in opaque
plastic bins (20x10Xx10 inches), which were lined with bedding
material. Each animal was weighed upon inclusion into the study
and checked for weight loss. All procedures were performed in
accordance with the National Institute of Health Guide for the Care
and Use of Laboratory Animals and approved by the UCLA Animal
Research Committee. The suffering and the number of animals
were minimized in all experimental conditions.

Lateral fluid percussion injury

Rats were initially anesthetized with 4% isoflurane (in 100% O,)
and then maintained to 1.5—2% isoflurane (in 100% O,). The head
was secured in a stereotactic frame, shaved and prepped with
betadine and ethanol. Body temperature was monitored and main-
tained at 37 °C with a heating pad (Braintree Scientific Inc.,
Braintree, MA, USA). A midline sagittal incision was made with the
aid of a microscope (Wild, Heerburg, Switzerland) and a 3-mm
diameter craniotomy was made with a high-speed drill (Dremel,
Racine, WI, USA) 3-mm posterior to bregma and 6-mm lateral to
the midline, on the left side. A plastic injury cap was placed over
the craniotomy with silicone adhesive, cyanoacrylate and dental
cement. When the dental cement hardened, the cap was filled with
0.9% saline solution. Anesthesia was discontinued and the animal
was removed from the stereotaxis device. The injury cap was
attached to the fluid percussion device. At the first sign of hind-
limb withdrawal to a paw pinch, a mild fluid percussion pulse (1.5
atm) was administered. Apnea times were determined as the time
from injury to the return of spontaneous breathing. Respiratory
support was provided after 30 s of apnea. Time of unconscious-
ness was determined by the return of the hind-limb withdrawal
reflex. Sham animals underwent an identical preparation with the
exception of the FPI. Immediately upon responding to a paw
pinch, anesthesia was restored, the injury cap removed, and the
scalp was sutured. Neomycin was applied on the suture and the
rat was placed in a heated recovery chamber for approximately
1 h before returning to its cage.

Voluntary wheel exercise

Rats were individually caged with or without access to a RW from
postinjury days 0—6 (acute) or 14-20 (delayed). Rats had ad
libitum access to food and water and were maintained on a 12-h
light/dark cycle. Exercising animals were placed in standard cages
equipped with RWs (diameter=31.8 cm, width=10 cm) that rotate
against a resistance of 100 g. Sedentary (Sed) animals were left
undisturbed in their home cages. The number of wheel revolutions
per hour was recorded by a computer using VitalViewer Data
Acquisition System software (Mini Mitter company, Inc., Sunriver,
OR, USA). The mean number of revolutions was calculated for
each night, given that this was the most active period.

Water-maze training

On post-injury day 7 or 21, animals were behaviorally tested after
random assignment to the following acute (FPI-RW, n=10; FPI-
Sed, n=10; ASham-RW, n=9; ASham-Sed, n=9) or delayed
housing conditions (delayed fluid-percussion injury [DFPI]-RW,
n=8; DFPI-Sed, n=38; delayed sham [DSham]-RW, n=6; DSham-
Sed, n=7). The water maze consisted of a 1.5-m-diameter, 0.6-
m-height tank filled with white opaque organic paint (Stechler,
Albuquerque, NM, USA). The water level was kept at 2 cm above
an escape platform and maintained at 20 °C. The platform dimen-
sions were 15X 15 cm. Rats received two training blocks per day
for 5 days, with of an interblock interval ranging from 25 to 30 min.
Each block consisted of four consecutive trials. Animals were
released from four predetermined points around the water maze in
random order and were given 45 s to locate the platform. Once
they reached the platform, they remained on it for 1 min before
proceeding to the next trial. If they failed to locate the platform,
they were guided toward it. A 1 min probe trial was performed a
week after training. In the probe trial, the platform was removed
and the rat was released from the tank center. Behavior variables
(latency, speed, trials to reach criterion and time spent in target
areas) were recorded with the SMART tracking system (San
Diego Instruments).

Protein immunoassay and Western data

We measured hippocampal protein levels given that we were
primarily interested in the influence that these could have on the
behavioral outcome. In addition, the hippocampus a strong
activity-induced increase in BDNF has been observed in this
region (Neeper et al., 1995). Protein levels were analyzed for Sed
and exercised rats following acute (FPI, n=21; sham, n=16) or
delayed housing conditions (DFPI, n=18; sham, n=17). All rats in
the acute group were killed at post-injury day 7, whereas rats in
the delayed groups were killed at post-injury day 21. After being
killed by decapitation, left and right hippocampal tissue was dis-
sected and homogenized in homogenization buffer (137 mM
NaCl, 20 mM Tris—HCI pH 8.0, 1% NP40, 10% glycerol, 1 mM
PMSF, 10 wg/ml aprotinin, 0.1 mM benzethonium, 0.5 mM sodium
vanadate). Supernatants were collected and protein concentration
was determined according to the Micro BCA procedure (Pierce,
Rockford, IL, USA) using bovine serum albumin as standard.
Mean values for BDNF protein were expressed as picograms per
milligram of total protein.

BDNF protein was quantified using an enzyme-linked immu-
nosorbent assay (ELISA) and standard protocols (BDNF Emax
ImmunoAssay System kit; Promega Inc., Madison, WI, USA).
Each hippocampal side was processed in a different plate with
appropriate controls. Briefly, Nunc MaxiSorp 96 well 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 so-
dium 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
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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 hydro-
gen 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. Standard
curves were plotted for each plate. Triplicates were averaged and
values were corrected for total amount of protein in the sample.

Synapsin and phospho-synapsin were analyzed by Western
blot and normalized for actin levels. Separate blots, including FPI-
and sham-injured rats, were performed for each region and side.
Protein samples were separated by electrophoresis on an 8%
polyacrylamide gel and electrotransferred to a nitrocellulose mem-
brane. Non-specific binding sites were blocked in TBS overnight at
4 °C with 2% BSA and 0.1% Tween-20. Membranes were rinsed
for 10 min in buffer (0.1% Tween-20 in TBS) and then incubated
for 1 h at room temperature with anti-actin and either anti-synapsin
or anti-phospho-synapsin (1:2000; Santa Cruz Biotechnology),
anti-CREB and anti-phospho CREB (1:1000; New England Bio-
labs Inc., Beverly, MA, USA). After rinsing in buffer three times for
10 min, membranes were incubated with anti-goat IgG horserad-
ish peroxidase-conjugate for actin and synapsin | or phospho-
synapsin | (1:2000; Santa Cruz Biotechnology Inc.). Inmunocom-
plexes were analyzed by chemiluminescence using the ECL kit
(Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA) ac-
cording to manufacturer instructions.

Immunohistochemistry

Animals were injected with a lethal dose of sodium pentobarbital
(200 mg/kg i.p.) and transcardially perfused with heparinized PBS
followed by 4% paraformaldehyde solution in 0.1 M phosphate
buffer. Serial coronal sections (25 wm) were cut using a cryostat,
mounted on gelatin-coated slides and processed for immunohis-
tochemistry as previously described (Gomez-Pinilla et al., 2001).
A 1:1000 dilution was used for the rabbit polyclonal anti-BDNF
(Chemicon International Inc., Temecula, CA, USA).

Fluro-Jade B staining

Additional FPI-RW (n=4), FPI-Sed (n=4) and Sham-Sed rats
(n=4) were perfused at postinjury day 7 and tested for neuronal
degeneration with Fluoro-Jade staining. Briefly, 25 wm coronal
sections were cut in a cryostat and incubated in alcohol, water,
and potassium permanganate (0.6%). After rinsing, sections were
then incubated in the dark with 0.001% Fluoro-Jade solution,
made with 0.01% acetic acid, for 30 min. Slides were then rinsed
in three changes of water, air-dried, cleared in xylene, and cov-
erslipped. The number of Fluoro-Jade positive cells was counted
on sections spanning the hippocampus under a fluorescence
microscope with a FITC filter. Alternate sections were stained with
Cresyl Violet for qualitative assessment of tissue integrity.

Statistical analysis

Analysis of variance (ANOVA) was conducted and a P value of
<0.05 was considered statistically significant. Acute and DSham
data were combined, given that no significant differences were
found between these groups.

Hippocampal BDNF protein was quantified at postinjury days
7 and 21 following exercise or Sed conditions. Absolute values

were obtained through an ELISA. The ratio of BDNF concentra-
tion/total protein concentration was analyzed. Mean values for
BDNF protein levels were computed for each group and compared
using a three-way ANOVA [injury: (FPI vs Sham), time: (acute vs
delayed) and exercise: (RW vs Sed). Interaction effects were
further analyzed by performing means comparisons in where de-
sired contrast weights were specified. Separate ANOVAs were
performed for each hippocampal side. Analysis of correlation (lin-
ear regression) was performed between the amount of exercise
and BDNF protein levels for each exercised rat.

Western blots were corrected by actin. It has been reported
that actin levels change following TBI; however, it is mostly re-
stricted to the first 24 h after brain injury (Bareyre et al., 2001).
Each gel included the Sham-Sed group, thus allowing the normal-
ization of groups in different gels. The percent change from the
corresponding Sham-Sed mean value was obtained for each blot.
Data were then analyzed through a three-way ANOVA [injury: (FPI
vs Sham), time: (acute vs delayed) and exercise: (RW vs Sed)].
Interaction effects were further analyzed by performing means
comparisons in where desired contrast weights were specified.
Separate ANOVAs were performed for each hippocampal side.
Mean values for behavior were analyzed through a repeated
three-way ANOVA [injury: (FPI vs Sham), time: (acute vs delayed)
and exercise: (RW vs Sed)]. Interaction effects were further ana-
lyzed by performing means comparisons in where desired con-
trast weights were specified. Data were also analyzed by acqui-
sition of criterion. This criterion was defined as the ability to locate
the platform in 7 s or less for four consecutive trials. The probe test
was analyzed by determining the percentage of time swimming
near the platform area for the first 30 s. Platform area consisted of
8% of the tank area. Morris water maze (MWM) criterion and
probe test values were compared among groups with a three-way
ANOVA.

RESULTS

Animals sustaining injury exhibited a period of uncon-
sciousness ranging from 15 to 180 s (mean: 82 s; standard
deviation: 54 s) and apnea time ranging from 5 to 50 s
(mean: 14 s; standard deviation: 11 s). All animals dis-
played normal behavior after recovery from anesthesia.
Motor impairments were not observed in the injured rats.
Injured rats that were exposed to exercise acutely tended
to exercise less than the sham animals during the first
night, thus this did not reach statistical significance. Exer-
cise levels became normal at the second night of RW
exposure. No Fluoro-Jade-stained hippocampal neurons
were detected in the sham and FPI rats. Fluoro-Jade B is
an anionic tribasic fluorochrome that has been extensively
used to detect neurodegeneration in response to insults
(Schmued and Hopkins, 2000). In addition, no gross cell
loss was detected in Cresyl Violet-stained sections.

Effects of exercise on hippocampal BDNF
upregulation

Ipsilateral hippocampus. An exercise-induced in-
crease in BDNF was not found in all the exercised groups
in the side ipsilateral to the injury. This was indicated by a
significant  “ExerciseXInjuryXTime” interaction [F(1,
64)=4.00, P<0.05]. Means comparison analysis demon-
strated that exercise significantly increased BDNF levels in
the Sham-RW rats compared with the Sham-Sed rats
[F(1)=3.712, P<0.05]. Acute and DShams were pooled for
this comparison given that no significant differences in
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Fig. 1. Effects of exercise following FPI on BDNF protein. Sham and FPI rats were housed with or without access to a RW from postinjury days 0—6
(acute) or 14—20 (delayed). BDNF protein levels within the hippocampus were measured by ELISA. Mean values were analyzed through a repeated
three-way ANOVA [injury: (FPI vs. Sham), time: (acute vs. delayed) and exercise: (RW vs. Sed)]. Interaction effects were further analyzed by
performing means comparisons in where desired contrast weights were specified. Graph demonstrates BDNF levels, ipsilateral and contralateral to
the injury. Each value represents the mean=S.E.M. Significant comparisons between groups are indicated by brackets (* P<0.05; ** P<0.005). (A)

Side ipsilateral to the injury. (B) Side contralateral to the injury.

BDNF levels were observed between these groups. In
addition, significant increases in ipsilateral hippocampal
BDNF were found in the DFPI-RW rats compared with the
D-FPI-Sed group [F(1)=4.98, P<0.05] and in the
Sham-RW rats compared with the FPI-RW rats
[F(1)=4.84, P<0.05; Fig. 1A ]. All this was supported by a
main effect for exercise [F(1, 64)=4.42, P<0.05].

Contralateral hippocampus. Analysis of BDNF levels,
in the hippocampal side contralateral to the injury, revealed a
significant “Exercise X Injury X Time” interaction [F(1, 64)=6.3,
P<0.05]. Means comparisons indicated that BDNF levels
were elevated in the Sham-RW compared with the Sham-
Sed [F(1)=8.42, P<0.005] and in DFPI-RW compared with
DFPI-Sed [F(1)=6.45, P<0.05]. No significant differences
were observed between acute and DSham rats. In addition
means comparisons indicated that contralateral hippocampal
BDNF levels decreased in the FPI-RW compared with the
FPI-Sed rats [F(1)=8.2, P<0.05]. A significant BDNF in-
crease in Sham-RW compared with FPI-RW was also found
in the contralateral hippocampus [F(1)=17.75, P<0.0005].
All these effects were supported by a significant main effect
for in the contralateral hippocampus [F(1, 64)=3.96, P<0.05;
Fig. 1B].

Exercise was quantified by recording the mean number
of nightly wheel revolutions. Acute and DSham-RW rats were
pooled given that no significant differences in the amount of

exercise and BDNF was found between these groups. Anal-
ysis of correlation (linear regression) between the amount of
exercise and BDNF protein levels indicated that the increase
in hippocampal BDNF levels was proportional to the amount
of exercise in the sham animals (y=0.08x+107.11, R%: 0.76,
P<0.0005; Fig. 2A). This correlation was not found in rats
that were exercised immediately following FPI [(ipsilateral;
y=0.003x+165.58, R*  3.19E™%), (contralateral:
y=0.014x+131.32, R?: 0.02; Fig. 2B].

However, there was a positive correlation between
exercise and BDNF  upregulation [(ipsilateral;
y=0.036+102.325, R?: 0.308), (contralateral:
y=0.073x+129.827, R?: 0.386; Fig. 2B] for DFPI-RW rats
(Fig. 2C). The DFPI-RW rats had a qualitative increase in
BDNF immunostaining of the CA3 and dentate gyrus com-
pared with DFPI-Sed and the CA3 compared with Sham-
Sed (Fig. 3).

Effects of exercise on hippocampal synapsin |

Acute and DSham groups were pooled for means compar-
isons given that no significant differences in total and
phosphorylated synapsin | were observed. No significant
effects were found for total synapsin | in the ipsilateral and
contralateral hippocampus.

Ipsilateral hippocampus.
synapsin | levels,

Analysis of phosphorylated
revealed a significant
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Fig. 2. Correlation between exercise and BDNF. Rats were exercised from postinjury days 0—6 or 14—20. Data points in plots indicate the amount of
hippocampal BDNF protein and the mean number of nightly revolutions per rat. (A) Acute and DSham-RW data were pooled given that no significant
differences were found between these two groups. A significant positive correlation between the amount of exercise and BDNF levels was found (P<0.0005,
R2: 0.76). Right and left sides were combined due to no side differences. (B) Exercise-dependent BDNF upregulation was not observed in FPI-RW
rats exercised from postinjury days 0—6 (Ipsilateral: R?: 3.19E ~*; Contralateral: R?: 0.01). (C) DFPI-RW rats, that were exercised from postinjury days
14-20, showed a positive correlation between the amount of exercise and BDNF levels (Ipsilateral: R?: 0.308; Contralateral: R?: 0.386).

“ExerciseXInjuryXTime” interaction [F(1, 30)=6.59,
P<0.05]. No significant differences were observed be-
tween acute and DSham rats. Means comparisons indi-
cated that synapsin | levels were significantly elevated in
the Sham-RW [F(1)=12.88, P<<0.005] and in the FPI-Sed
[F(1)=17.2, P<0.0005] groups compared with Sham-Sed.
Means comparisons also revealed a significant decrease
of phosphorylated synapsin | in the FPI-RW rats compared
with the FPI-Sed rats [F(1)=23.65, P<0.0005; Fig. 4A].
These effects were also, supported by a significant
“Injury X Exercise” interaction [F(1, 30)=25.06, P<<0.0005].
No significant comparisons were observed for DFPI-Sed
and DFPI-RW groups.

Contralateral hippocampus. A significant
“ExerciseXInjury” interaction [F(1, 30)=5.15, P<0.05] was

found in the contralateral hippocampus for phosphorylated
synapsin |. No significant differences were observed be-
tween acute and DSham rats. Means comparisons indi-
cated that synapsin | levels were significantly elevated in
Sham-RW compared with Sham-Sed [F(1)=4.87, P<0.05;
Fig. 4B].

Effects of exercise on hippocampal CREB

Acute and DSham groups were pooled for means compar-
isons given that no significant differences in total and
phosphorylated CREB were observed.

Ipsilateral hippocampus. Analysis of total CREB lev-
els revealed a significant “ExerciseXInjury” interaction
[F(1, 27)=35.56, P<0.0005]. No significant differences
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Fig. 3. Immunostaining for BDNF at postinjury day 21. (A) DFPI-Sed, (B) DFPI-RW, (C) Sham-Sed. BDNF labeling was predominantly distributed in
the dentate gyrus and CA3 region of the hippocampus. Exercise resulted in a qualitative increase of BDNF. Scale bar=250 pum.

were observed between acute and DSham rats. Means
comparisons indicated that total CREB levels were signif-
icantly elevated in Sham-RW compared with Sham-Sed
[F(1)=14.9, P<0.0005]. Means comparisons also re-
vealed a significant decrease of total CREB in FPI-RW
compared with FPI-Sed [F(1)=17.21, P<0.0005] and in
DFPI-RW compared with DFPI-Sed [F(1)=6.53, P<0.05;
Fig. 4C].

A significant “ExerciseXInjury” interaction [F(1,
30)=5.15, P<0.05] was found for phosphorylated CREB.
No significant differences were observed between acute
and DSham rats. Means comparisons indicated that phos-
phorylated CREB levels were significantly elevated in
Sham-RW compared with Sham-Sed [F(1)=7.49,
P<0.05]. Significant increases of phosphorylated CREB
were also found in DFPI-Sed [F(1)=6.26, P<0.05] and
DFPI-RW [F(1)=11.15, P<0.005] compared with Sham-
Sed (Fig. 4E).

Contralateral hippocampus. A significant
“ExerciseXInjury” interaction [F(1, 27)=13.97, P<0.005]
was found for total CREB. No significant differences were
observed between acute and DSham rats. Means compar-
isons indicated that total CREB levels were significantly
elevated in Sham-RW compared with Sham-Sed

[F(1)=9.99, P<0.005]. In addition, significant decreases of
total CREB were found in FPI-Sed [F(1)=9.78, P<0.005],
FPI-RW [F(1)=17.59, P<0.0005] and DFPI-RW
[F(1)=15.21, P<0.0005] compared with Sham-RW (Fig.
4D). These effects were supported by a significant main
effect for “Injury” [F(1, 27)=9.24, P<0.05].

A significant “Exercise X Injury” interaction [F(1, 29)=9.1,
P<0.05] was found for phosphorylated CREB. No significant
differences were observed between acute and DSham rats.
Means comparisons indicated that phosphorylated CREB
levels were significantly elevated in Sham-RW compared
with Sham-Sed [F(1)=8.56, P<<0.05]. In addition, significant
increases of phosphorylated CREB were found in FPI-Sed
[F(1)=17.98, P<0.0005], DFPI-Sed [F(1)=7.05, P<0.05]
and DFPI-RW [F(1)=12.7, P<0.005] compared with Sham-
Sed (Fig. 4F). These effects were supported by a significant
main effect for “Injury” [F(1, 29)=8.87, P<0.05].

Behavior

Rats were cognitively assessed in the MWM from postinjury
days 7—11 or 21-25. A significant “Exercise XInjury X Time”
interaction [F(1, 60)=5.04, P<0.05] indicated that FPI
post-injury time had an effect on latency to find the hidden
platform. Means comparison analysis demonstrated that
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Fig. 4. Effects of exercise following FPI on synapsin | and CREB. Sham and FPI rats were housed with or without access to a RW from postinjury
days 0—-6 (acute) or 14-20 (delayed). Protein was obtained from the hippocampus on postinjury day 7 or 21. Each value represents the percent
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latency to reach the platform was significantly increased in
the FPI-RW rats compared with the FPI-Sed [F(1)=6.42,
P<0.05]. No significant differences were detected be-
tween the DFPI-Sed and DFPI-RW groups, as well as
between acute and DShams. In addition, means compar-
ison indicated that the latency to reach the platform was
significantly increased in the FPI-RW rats compared with
the other groups combined [F(1)=13.78, P<0.0005; Fig.
5A]. These findings were supported by a significant main
effect for injury [F(1,60)=8.45, P<0.005]. No significant
differences in swimming speed were observed.

A significant “Exercise XInjury” interaction
[F(1,60)=3.79, P<0.05] was found in the analysis of the
number of trials to reach criterion. Means comparison anal-

ysis demonstrated Sham-RW rats needed significantly
less ftrials to reach criterion compared with the other
groups combined [F(1)=18.63, P<0.0005]. Means com-
parisons also demonstrated that DFPI-RW needed less
trials to criterion compared with DFPI-Sed [F(1)=4.95,
P<0.05] and FPI-RW [F(1)=7.77, P<0.05] groups. These
effects were also supported by significant main effects for
exercise  [F(1,60)=10.93, P<0.005] and injury
[F(1,60)=6.44, P<0.05; Fig. 5B].

A week after MWM training, a probe trial was per-
formed to test for long-term memory deficits. A significant
main effect for injury [F(1, 46)=7.4, P<<0.01] was present
in the first half of the probe trial. Means comparison dem-
onstrated that Sham-RW rats spent significantly more time
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Fig. 5. Effects of exercise immediately following FPI on MWM performance. Sham and FPI rats were housed with or without access to a RW from
postinjury days 0—6 (acute) or 14—20 (delayed) and trained in the MWM on postinjury day 7 or 21. Mean values were analyzed through a repeated
three-way ANOVA [injury: (FPI vs. Sham), time: (acute vs. delayed) and exercise: (RW vs. Sed)]. Interaction effects were further analyzed by
performing means comparisons in where desired contrast weights were specified. (A) Bracket indicates that FPI-RW rats spent significantly more time
to reach the platform compared with all the other groups combined. Each value represents the mean latency+S.E.M. (B) Mean number of trials to
reach criterion. Criterion was defined as the ability to locate the platform in 7 s or less for four consecutive trials. Each value represents the

mean*=S.E.M. (* P<0.05, *** P<0.0005.)

swimming in the platform area than all the other groups
combined [F(1)=8.5, P<0.005; Fig. 6A]. A significant ef-
fect for injury was also found in the second half of the
probe trial [F(1,46)=6.28, P<<0.05; Fig. 6B]. No significant
means comparisons were found.

DISCUSSION

The beneficial effects of exercise on the healthy brain are
well recognized; however, the action of voluntary exercise
on the injured brain remains largely unexplored. The suit-
ability of exercise to help the injured brain is complex due
to dynamic neurochemical and metabolic alterations elic-
ited by TBI that may interfere with the effects of exercise.
The present results indicate that in order for exercise to
prove beneficial, it must be administered at the appropriate
post-injury time window. Indeed these findings demon-
strated that premature physical activity, after a mild FPI,
was associated with impairments in the acquisition of a
cognitive task, and a disruption of the molecular response
to exercise. However, exercise when applied with a delay
after TBI resulted in the endogenous upregulation of BDNF
and enhanced performance in the MWM task.

Voluntary exercise at the appropriate post-injury
time window seems beneficial for brain plasticity

Voluntary exercise results in an increase of BDNF and its
downstream effectors on synaptic plasticity, CREB and syn-

apsin |, in the hippocampus of intact rats (Molteni et al., 2002;
Neeper et al., 1995). Our current findings indicate the inca-
pacity of exercise to increase the same molecular systems
when applied immediately after a mild FPI. Whereas, hip-
pocampal BDNF in the sham animals increased proportion-
ally to the amount of exercise, the acutely exercised FPI rats
failed to show BDNF upregulation. Exercise also decreased
levels of CREB and phosphorylated synapsin | when pro-
vided immediately after FPI.

It is likely that the incapacity of exercise to promote
neuroplasticity-associated molecular changes in the acute
phase of TBI is related to the metabolic alterations that
take place during this post-injury period. Moreover, recent
findings indicate that cortical stimulation to the brain fol-
lowing lateral FPI elicits a metabolic response and may
also act as a secondary injury by increasing cortical de-
generation (Ip et al., 2003). During the first postinjury
week, the brain is undergoing metabolic changes that may
strongly influence the outcome of therapies based on the
use of activity (Fineman et al., 1993; Ginsberg et al., 1997;
Hovda, 1996; Moore et al., 2000). Studies suggest that
following TBI there is a lower concentration of the primary
source of cellular energy, ATP (Lee at al. 1999; Signoretti
et al., 2001), as well as structural alterations of the mito-
chondria (Lifshitz et al., 2003). Untimely exercise may
accelerate ATP loss or divert it from needed functions such
as producing synaptic plasticity molecules, by introducing
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an increase in metabolic demand at a time when the brain
is energetically compromised. Indeed, exercise increases
energy demands primarily in the hippocampus, motor cor-
tex and striatum (Vissing et al., 1996). In addition exercise
increases regional cerebral blood flow (Gross et al., 1980;
Orgogozo and Larsen, 1979), extracellular lactate (De
Bruin et al., 1990) and hippocampal discharge rates
(Czurko et al., 1999).

Neurochemical and metabolic disruptions that extend
over a period of days after the initial insult normalize after
approximately 10 days (Bergsneider et al., 1997; Kawamata
et al., 1995; Yoshino et al., 1991). In a similar manner, the
lack of an exercise-induced increase in BDNF following FPI
was transient. Levels of BDNF were elevated when FPI rats
were exposed to exercise from post-injury days 14-20. It is
conceivable that the increase in BDNF may be related to the
restoration of a normal energetic response following TBI.

Changes in BDNF and synaptic plasticity resulting
from TBI and exercise may affect cognitive
performance

The acute FPI-RW group performed worse than all the
other groups in the MWM, a hippocampal dependent mem-
ory task. In comparison, MWM acquisition was enhanced
in the sham and FPI rats that underwent delayed RW
exposure. These rats also had elevated levels of BDNF
and phosphorylated CREB. Given the involvement of
BDNF in hippocampal-dependent learning (Mizuno et al.,

2003; Tyler et al., 2002), it is likely that it had an influence
on the MWM performance of the exercised sham and
delayed FPI-RW rats. Functional recovery following brain
injury has been correlated with synaptic changes that en-
hance connectivity (Kolb, 1999). Thus it seems that in
order for exercise to have a beneficial effect following TBI,
the brain must be capable of increasing BDNF and asso-
ciated proteins in response to activation.

While the exact mechanism underlying the acquisition
impairment found in the acutely exercised injured rats is
unknown, it is possible that the lack of an activity-induced
increase of BDNF, synapsin | and CREB is reflective of
alterations in select molecular systems that have an influ-
ence on cognitive performance. Alterations of synapsin |
and CREB may indicate a disruption of ongoing restorative
processes, such as changes in connectivity reported fol-
lowing brain injury. Indeed, phosphorylated synapsin | was
increased in the hippocampus of FPI-Sed rats, and acute
exercise resulted in its decrease. Similarly acute exercise
decreased levels of CREB. The injury-induced increase of
synapsin | supports the idea that synaptic modification
occurs after TBI (Albensi, 2001; lvanco and Greenough,
2000; Kolb, 1999). In addition elevated levels of BDNF
were found in the contralateral hippocampus following FPI
alone. Contralateral changes that have an impact on neu-
ral plasticity have been observed after unilateral somato-
sensory cortex injury in humans (Chu et al., 2000) and
animal injury models (Griesbach et al., 2002; Ip et al,,
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2002; Jansen and Low, 1996; Kozlowski and Schallert,
1998).

It must be noted that a long-term deficit was found in
the probe test for all brain injury groups, including those
exposed to the RW at immediate and delayed post-injury
time windows. This was a more cognitively demanding
task, being that it tapped into long-term memory. It remains
unknown if exercise at a later post-injury window will prove
to be beneficial in this long-term memory task. Although
phosphorylated synapsin | and CREB levels did not de-
crease as a result of delayed exercise in the FPI rats, these
proteins had not returned to control levels at postinjury day
21 as compared with the levels in shams. Given that the
delayed exercise led to an increase of BDNF, it is possible
that an even later post-injury time-window for exercise
might result in more robust increases of CREB and syn-
apsin |, which may have an influence on the probe test
performance. In addition, the present study has focused on
exercise provided for 1 week, and it is possible that exer-
cise provided for a longer period could have a more ben-
eficial effect.

Implications

Exercise-induced upregulation of endogenous BDNF has
a strong therapeutic potential considering the difficulties
that have been observed with exogenous neurotrophin
delivery. Its high molecular size, basic nature and wide-
spread expression of its receptor, trkB, limit the diffusion of
BDNF in the brain. However, the possibility that exercise
(even voluntary) provided at the wrong time may have
detrimental effects to the recovery process requires careful
planning of the use of rehabilitative environmental stimu-
lation during the acute phase of TBI. The fact that exercise
was associated with an increase of BDNF levels and an
enhanced performance in the MWM task provides impor-
tant leads for the design of therapeutic applications. Ex-
perimental studies, in non-TBI models of brain injury, sug-
gest that there is a period of vulnerability to secondary
injury due to premature activation. For example, forced
exercise following a unilateral sensorimotor cortex injury
leads to anatomical and behavioral dysfunction (Humm et
al., 1999; Kozlowski et al., 1996). The information provided
by these studies emphasizes the importance of the timing
for resumption of activity after brain injury and, hopefully,
can nurture more studies to determine the exact conditions
required for the optimization of the use of exercise to help
the injured brain.
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