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OLUNTARY EXERCISE FOLLOWING TRAUMATIC BRAIN INJURY:
RAIN-DERIVED NEUROTROPHIC FACTOR UPREGULATION AND

ECOVERY OF FUNCTION
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bstract—Voluntary exercise leads to an upregulation of
rain-derived neurotrophic factor (BDNF) and associated
roteins involved in synaptic function. Activity-induced en-
ancement of neuroplasticity may be considered for the
reatment of traumatic brain injury (TBI). Given that during
he first postinjury week the brain is undergoing dynamic
estorative processes and energetic changes that may influ-
nce the outcome of exercise, we evaluated the effects of
cute and delayed exercise following experimental TBI. Male
prague–Dawley rats underwent either sham or lateral fluid-
ercussion injury (FPI) and were housed with or without
ccess to a running wheel (RW) from postinjury days 0–6
acute) or 14–20 (delayed). FPI alone resulted in significantly
levated levels of hippocampal phosphorylated synapsin I
nd phosphorylated cyclic AMP response element-binding-
rotein (CREB) at postinjury day 7, of which phosphorylated
REB remained elevated at postinjury day 21. Sham and
elayed FPI-RW rats showed increased levels of BDNF, fol-

owing exercise. Exercise also increased phosphorylated
ynapsin I and CREB in sham rats. In contrast to shams, the
cutely exercised FPI rats failed to show activity-dependent
DNF upregulation and had significant decreases of phos-
horylated synapsin I and total CREB. Additional rats were
ognitively assessed (learning acquisition and memory) by
tilizing the Morris water maze after acute or delayed RW
xposure. Shams and delayed FPI-RW animals benefited
rom exercise, as indicated by a significant decrease in the
umber of trials to criterion (ability to locate the platform in 7
or less for four consecutive trials), compared with the

elayed FPI-sedentary rats. In contrast, cognitive perfor-
ance in the acute FPI-RW rats was significantly impaired

ompared with all the other groups. These results suggest
hat voluntary exercise can endogenously upregulate BDNF
nd enhance recovery when it is delayed after TBI. However,
hen exercise is administered to soon after TBI, the molec-
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bbreviations: ANOVA, analysis of variance; BDNF, brain-derived
eurotrophic factor; CREB, cyclic AMP response element binding
rotein; DFPI, delayed fluid-percussion injury; DSham, delayed sham;
LISA, enzyme-linked immunosorbent assay; FPI, fluid-percussion

njury; MAP-K, mitogen-activated protein kinase; MWM, Morris water
aze; RW, running-wheel; Sed, sedentary; TBI, traumatic brain injury;
aBST, 20 mM Tris–HCl (pH 7.6), 150 mM NaCl, 0.05% Tween 20.
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lar response to exercise is disrupted and recovery may be
elayed. © 2004 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: fluid-percussion injury, synapsin I, CREB,
lasticity, rehabilitation, vulnerability.

xercise has been shown to be beneficial to overall health
nd has been linked with a decrease in cognitive decay
Friedland et al., 2001; Laurin et al., 2001). Animal studies
ave found that exercise leads to protection against isch-
mia (Stummer et al., 1994), enhanced hippocampal neu-
ogenesis (van Praag et al., 1999) and improved learning
apabilities (Fordyce and Wehner, 1993; Samorajski et al.,
985). Given this, exercise has been considered as a
herapeutic tool for traumatic brain injury (TBI; Booth et al.,
002; Grealy et al., 1999; Vitale et al., 1996). Currently,
here is no accepted treatment to ameliorate neurological
isabilities in victims surviving in over two million head

njuries occurring annually in the United States.
It is likely that the beneficial effects of exercise on the

rain are mediated by select neurotrophins, such as brain-
erived neurotrophic factor (BDNF). BDNF has well-
efined effects on neuronal survival, growth and synaptic
lasticity (Barde, 1989). It has also been associated with

mproving cognitive and neurological deficits due to isch-
mia (Almli et al., 2000; Schabitz et al., 1997; Yamashita et
l., 1997). Exercise leads to an increase of BDNF and its
ownstream effectors on synaptic transmission in select
rain regions (Molteni et al., 2002; Neeper et al., 1995).
or example, exercise in rats activates hippocampal cyclic
MP response element binding protein (CREB) and the
itogen-activated protein kinase (MAP-K) pathway (Shen
t al., 2001). The MAP-K cascade facilitates the phosphor-
lation of CREB (Finkbeiner et al., 1997) and synapsin I
Gottschalk et al., 1999; Hicks et al., 1997; Jovanovic et al.,
000). Synapsin I is involved in synaptic vesicle clustering
nd release (Greengard et al., 1993; Li et al., 1995; Llinas
t al., 1991; Melloni et al., 1994; Pieribone et al., 1995).
REB plays a role in long-term plasticity (Abel and Kandel,
998) and memory (Silva et al., 1998), and its phosphor-
lation is involved in the activation of its target genes,

ncluding BDNF (Finkbeiner, 2000).
Despite of the therapeutic potential of BDNF, TBI has

een nonresponsive to exogenous BDNF administration
Blaha et al., 2000). Assuring the delivery of BDNF to
ritical regions of the injured brain has been problematic.
e propose that endogenous upregulation of BDNF and
ssociated molecular systems through exercise can lead
ved.
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o a better TBI outcome. However, the therapeutic effect of
xercise is likely to be influenced by dynamic changes
ccurring after TBI. Following TBI, surviving cells are in a
tate of energy crisis and vulnerable to secondary activa-
ion (Lee et al., 1999; Signoretti et al., 2001; Zanier et al.,
003). Therefore, it is the possible that premature exercise
fter TBI may reduce the capacity for plasticity of the brain.
e set out to determine the post-traumatic time window

uring which exercise can increase BDNF and associated
roteins in the brain. In addition, the effects of voluntary
xercise on spatial learning and memory were evaluated.
ere we report that whereas exercise can lead to an

ncrease in plasticity-related proteins following injury, it
esulted in a behavioral and molecular dysfunction when
dministered prematurely.

EXPERIMENTAL PROCEDURES

ubjects

total of 161 male Sprague–Dawley adult rats (mean weight:
12 g) were utilized in these experiments. Rats underwent lateral
uid-percussion injury (FPI; n�89) or sham (n�72) injury and
ere housed with or without access to a running wheel (RW) at
ifferent postinjury times. In order to control for motor impairments
hat may have an effect on RW activity, rats were tested for motor
kills before and after injury. All animals were continually moni-
ored and cared for by an Institutional Association Animal Care
nd Use Committee-approved veterinary care staff upon arrival at
CLA. During the experiments, rats were single housed in opaque
lastic bins (20�10�10 inches), which were lined with bedding
aterial. Each animal was weighed upon inclusion into the study
nd checked for weight loss. All procedures were performed in
ccordance with the National Institute of Health Guide for the Care
nd Use of Laboratory Animals and approved by the UCLA Animal
esearch Committee. The suffering and the number of animals
ere minimized in all experimental conditions.

ateral fluid percussion injury

ats were initially anesthetized with 4% isoflurane (in 100% O2)
nd then maintained to 1.5–2% isoflurane (in 100% O2). The head
as secured in a stereotactic frame, shaved and prepped with
etadine and ethanol. Body temperature was monitored and main-
ained at 37 °C with a heating pad (Braintree Scientific Inc.,
raintree, MA, USA). A midline sagittal incision was made with the
id of a microscope (Wild, Heerburg, Switzerland) and a 3-mm
iameter craniotomy was made with a high-speed drill (Dremel,
acine, WI, USA) 3-mm posterior to bregma and 6-mm lateral to

he midline, on the left side. A plastic injury cap was placed over
he craniotomy with silicone adhesive, cyanoacrylate and dental
ement. When the dental cement hardened, the cap was filled with
.9% saline solution. Anesthesia was discontinued and the animal
as removed from the stereotaxis device. The injury cap was
ttached to the fluid percussion device. At the first sign of hind-

imb withdrawal to a paw pinch, a mild fluid percussion pulse (1.5
tm) was administered. Apnea times were determined as the time
rom injury to the return of spontaneous breathing. Respiratory
upport was provided after 30 s of apnea. Time of unconscious-
ess was determined by the return of the hind-limb withdrawal
eflex. Sham animals underwent an identical preparation with the
xception of the FPI. Immediately upon responding to a paw
inch, anesthesia was restored, the injury cap removed, and the
calp was sutured. Neomycin was applied on the suture and the
at was placed in a heated recovery chamber for approximately

h before returning to its cage. w
oluntary wheel exercise

ats were individually caged with or without access to a RW from
ostinjury days 0–6 (acute) or 14–20 (delayed). Rats had ad

ibitum access to food and water and were maintained on a 12-h
ight/dark cycle. Exercising animals were placed in standard cages
quipped with RWs (diameter�31.8 cm, width�10 cm) that rotate
gainst a resistance of 100 g. Sedentary (Sed) animals were left
ndisturbed in their home cages. The number of wheel revolutions
er hour was recorded by a computer using VitalViewer Data
cquisition System software (Mini Mitter company, Inc., Sunriver,
R, USA). The mean number of revolutions was calculated for
ach night, given that this was the most active period.

ater-maze training

n post-injury day 7 or 21, animals were behaviorally tested after
andom assignment to the following acute (FPI-RW, n�10; FPI-
ed, n�10; ASham-RW, n�9; ASham-Sed, n�9) or delayed
ousing conditions (delayed fluid-percussion injury [DFPI]-RW,
�8; DFPI-Sed, n�8; delayed sham [DSham]-RW, n�6; DSham-
ed, n�7). The water maze consisted of a 1.5-m-diameter, 0.6-
-height tank filled with white opaque organic paint (Stechler,
lbuquerque, NM, USA). The water level was kept at 2 cm above
n escape platform and maintained at 20 °C. The platform dimen-
ions were 15�15 cm. Rats received two training blocks per day
or 5 days, with of an interblock interval ranging from 25 to 30 min.
ach block consisted of four consecutive trials. Animals were

eleased from four predetermined points around the water maze in
andom order and were given 45 s to locate the platform. Once
hey reached the platform, they remained on it for 1 min before
roceeding to the next trial. If they failed to locate the platform,
hey were guided toward it. A 1 min probe trial was performed a
eek after training. In the probe trial, the platform was removed
nd the rat was released from the tank center. Behavior variables
latency, speed, trials to reach criterion and time spent in target
reas) were recorded with the SMART tracking system (San
iego Instruments).

rotein immunoassay and Western data

e measured hippocampal protein levels given that we were
rimarily interested in the influence that these could have on the
ehavioral outcome. In addition, the hippocampus a strong
ctivity-induced increase in BDNF has been observed in this
egion (Neeper et al., 1995). Protein levels were analyzed for Sed
nd exercised rats following acute (FPI, n�21; sham, n�16) or
elayed housing conditions (DFPI, n�18; sham, n�17). All rats in
he acute group were killed at post-injury day 7, whereas rats in
he delayed groups were killed at post-injury day 21. After being
illed by decapitation, left and right hippocampal tissue was dis-
ected and homogenized in homogenization buffer (137 mM
aCl, 20 mM Tris–HCl pH 8.0, 1% NP40, 10% glycerol, 1 mM
MSF, 10 �g/ml aprotinin, 0.1 mM benzethonium, 0.5 mM sodium
anadate). Supernatants were collected and protein concentration
as determined according to the Micro BCA procedure (Pierce,
ockford, IL, USA) using bovine serum albumin as standard.
ean values for BDNF protein were expressed as picograms per
illigram of total protein.

BDNF protein was quantified using an enzyme-linked immu-
osorbent assay (ELISA) and standard protocols (BDNF Emax
mmunoAssay System kit; Promega Inc., Madison, WI, USA).
ach hippocampal side was processed in a different plate with
ppropriate controls. Briefly, Nunc MaxiSorp 96 well plates were
oated with 0.1 ml of a monoclonal antibody against BDNF in a
uffer containing 0.025 M sodium bicarbonate and 0.025 M so-
ium carbonate (pH 9.7) for 16 h at 4 °C. After washing in TBST
(20 mM Tris–HCl (pH 7.6), 150 mM NaCl, 0.05% Tween 20)],

ells were incubated with 0.2 ml of a blocking buffer at room
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emperature for 1 h and then washed in TBST again. Samples, six
erial dilutions of a BDNF standard (500 pg/ml), and a blank (no
DNF) were added in triplicate into separate wells. Plates were

ncubated for 2 h at room temperature and washed five times in
BST. A polyclonal antibody against BDNF (1:500 dilution) was
dded into each well and plates were incubated for 2 h at room
emperature. After five washes in TBST, 0.1 ml of a secondary
nti-IgY antibody with a horseradish peroxidase conjugate was
dded to each well and plates were incubated for 1 h at room
emperature. Wells were washed five times with TBST. A hydro-
en peroxidase solution with a peroxidase substrate was added
nd incubated for 10 min at room temperature. Reactions were
topped with 1 M phosphoric acid and absorbance at 450 nm was
easured using an automated microplate reader. Standard

urves were plotted for each plate. Triplicates were averaged and
alues were corrected for total amount of protein in the sample.

Synapsin and phospho-synapsin were analyzed by Western
lot and normalized for actin levels. Separate blots, including FPI-
nd sham-injured rats, were performed for each region and side.
rotein samples were separated by electrophoresis on an 8%
olyacrylamide gel and electrotransferred to a nitrocellulose mem-
rane. Non-specific binding sites were blocked in TBS overnight at
°C with 2% BSA and 0.1% Tween-20. Membranes were rinsed

or 10 min in buffer (0.1% Tween-20 in TBS) and then incubated
or 1 h at room temperature with anti-actin and either anti-synapsin
r anti-phospho-synapsin (1:2000; Santa Cruz Biotechnology),
nti-CREB and anti-phospho CREB (1:1000; New England Bio-

abs Inc., Beverly, MA, USA). After rinsing in buffer three times for
0 min, membranes were incubated with anti-goat IgG horserad-

sh peroxidase-conjugate for actin and synapsin I or phospho-
ynapsin I (1:2000; Santa Cruz Biotechnology Inc.). Immunocom-
lexes were analyzed by chemiluminescence using the ECL kit
Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA) ac-
ording to manufacturer instructions.

mmunohistochemistry

nimals were injected with a lethal dose of sodium pentobarbital
200 mg/kg i.p.) and transcardially perfused with heparinized PBS
ollowed by 4% paraformaldehyde solution in 0.1 M phosphate
uffer. Serial coronal sections (25 �m) were cut using a cryostat,
ounted on gelatin-coated slides and processed for immunohis-

ochemistry as previously described (Gomez-Pinilla et al., 2001).
1:1000 dilution was used for the rabbit polyclonal anti-BDNF

Chemicon International Inc., Temecula, CA, USA).

luro-Jade B staining

dditional FPI-RW (n�4), FPI-Sed (n�4) and Sham-Sed rats
n�4) were perfused at postinjury day 7 and tested for neuronal
egeneration with Fluoro-Jade staining. Briefly, 25 �m coronal
ections were cut in a cryostat and incubated in alcohol, water,
nd potassium permanganate (0.6%). After rinsing, sections were
hen incubated in the dark with 0.001% Fluoro-Jade solution,
ade with 0.01% acetic acid, for 30 min. Slides were then rinsed

n three changes of water, air-dried, cleared in xylene, and cov-
rslipped. The number of Fluoro-Jade positive cells was counted
n sections spanning the hippocampus under a fluorescence
icroscope with a FITC filter. Alternate sections were stained with
resyl Violet for qualitative assessment of tissue integrity.

tatistical analysis

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

Hippocampal BDNF protein was quantified at postinjury days

and 21 following exercise or Sed conditions. Absolute values t
ere obtained through an ELISA. The ratio of BDNF concentra-
ion/total protein concentration was analyzed. Mean values for
DNF protein levels were computed for each group and compared
sing a three-way ANOVA [injury: (FPI vs Sham), time: (acute vs
elayed) and exercise: (RW vs Sed). Interaction effects were
urther analyzed by performing means comparisons in where de-
ired contrast weights were specified. Separate ANOVAs were
erformed for each hippocampal side. Analysis of correlation (lin-
ar regression) was performed between the amount of exercise
nd BDNF protein levels for each exercised rat.

Western blots were corrected by actin. It has been reported
hat actin levels change following TBI; however, it is mostly re-
tricted to the first 24 h after brain injury (Bareyre et al., 2001).
ach gel included the Sham-Sed group, thus allowing the normal-

zation of groups in different gels. The percent change from the
orresponding Sham-Sed mean value was obtained for each blot.
ata were then analyzed through a three-way ANOVA [injury: (FPI
s Sham), time: (acute vs delayed) and exercise: (RW vs Sed)].
nteraction effects were further analyzed by performing means
omparisons in where desired contrast weights were specified.
eparate ANOVAs were performed for each hippocampal side.
ean values for behavior were analyzed through a repeated

hree-way ANOVA [injury: (FPI vs Sham), time: (acute vs delayed)
nd exercise: (RW vs Sed)]. Interaction effects were further ana-

yzed by performing means comparisons in where desired con-
rast weights were specified. Data were also analyzed by acqui-
ition of criterion. This criterion was defined as the ability to locate
he platform in 7 s or less for four consecutive trials. The probe test
as analyzed by determining the percentage of time swimming
ear the platform area for the first 30 s. Platform area consisted of
% of the tank area. Morris water maze (MWM) criterion and
robe test values were compared among groups with a three-way
NOVA.

RESULTS

nimals sustaining injury exhibited a period of uncon-
ciousness ranging from 15 to 180 s (mean: 82 s; standard
eviation: 54 s) and apnea time ranging from 5 to 50 s
mean: 14 s; standard deviation: 11 s). All animals dis-
layed normal behavior after recovery from anesthesia.
otor impairments were not observed in the injured rats.

njured rats that were exposed to exercise acutely tended
o exercise less than the sham animals during the first
ight, thus this did not reach statistical significance. Exer-
ise levels became normal at the second night of RW
xposure. No Fluoro-Jade-stained hippocampal neurons
ere detected in the sham and FPI rats. Fluoro-Jade B is
n anionic tribasic fluorochrome that has been extensively
sed to detect neurodegeneration in response to insults
Schmued and Hopkins, 2000). In addition, no gross cell
oss was detected in Cresyl Violet-stained sections.

ffects of exercise on hippocampal BDNF
pregulation

Ipsilateral hippocampus. An exercise-induced in-
rease in BDNF was not found in all the exercised groups

n the side ipsilateral to the injury. This was indicated by a
ignificant “Exercise�Injury�Time” interaction [F(1,
4)�4.00, P�0.05]. Means comparison analysis demon-
trated that exercise significantly increased BDNF levels in
he Sham-RW rats compared with the Sham-Sed rats
F(1)�3.712, P�0.05]. Acute and DShams were pooled for

his comparison given that no significant differences in
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DNF levels were observed between these groups. In
ddition, significant increases in ipsilateral hippocampal
DNF were found in the DFPI-RW rats compared with the
-FPI-Sed group [F(1)�4.98, P�0.05] and in the
ham-RW rats compared with the FPI-RW rats

F(1)�4.84, P�0.05; Fig. 1A ]. All this was supported by a
ain effect for exercise [F(1, 64)�4.42, P�0.05].

Contralateral hippocampus. Analysis of BDNF levels,
n the hippocampal side contralateral to the injury, revealed a
ignificant “Exercise�Injury�Time” interaction [F(1, 64)�6.3,
�0.05]. Means comparisons indicated that BDNF levels
ere elevated in the Sham-RW compared with the Sham-
ed [F(1)�8.42, P�0.005] and in DFPI-RW compared with
FPI-Sed [F(1)�6.45, P�0.05]. No significant differences
ere observed between acute and DSham rats. In addition
eans comparisons indicated that contralateral hippocampal
DNF levels decreased in the FPI-RW compared with the
PI-Sed rats [F(1)�8.2, P�0.05]. A significant BDNF in-
rease in Sham-RW compared with FPI-RW was also found
n the contralateral hippocampus [F(1)�17.75, P�0.0005].
ll these effects were supported by a significant main effect

or in the contralateral hippocampus [F(1, 64)�3.96, P�0.05;
ig. 1B].

Exercise was quantified by recording the mean number
f nightly wheel revolutions. Acute and DSham-RW rats were
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ig. 1. Effects of exercise following FPI on BDNF protein. Sham and F
acute) or 14–20 (delayed). BDNF protein levels within the hippocamp
hree-way ANOVA [injury: (FPI vs. Sham), time: (acute vs. delayed
erforming means comparisons in where desired contrast weights we

he injury. Each value represents the mean�S.E.M. Significant compa
ide ipsilateral to the injury. (B) Side contralateral to the injury.
ooled given that no significant differences in the amount of s
xercise and BDNF was found between these groups. Anal-
sis of correlation (linear regression) between the amount of
xercise and BDNF protein levels indicated that the increase

n hippocampal BDNF levels was proportional to the amount
f exercise in the sham animals (y�0.08x�107.11, R2: 0.76,
�0.0005; Fig. 2A). This correlation was not found in rats

hat were exercised immediately following FPI [(ipsilateral;
�0.003x�165.58, R2: 3.19E�4), (contralateral:
�0.014x�131.32, R2: 0.02; Fig. 2B].

However, there was a positive correlation between
xercise and BDNF upregulation [(ipsilateral;
�0.036�102.325, R2: 0.308), (contralateral:
�0.073x�129.827, R2: 0.386; Fig. 2B] for DFPI-RW rats
Fig. 2C). The DFPI-RW rats had a qualitative increase in
DNF immunostaining of the CA3 and dentate gyrus com-
ared with DFPI-Sed and the CA3 compared with Sham-
ed (Fig. 3).

ffects of exercise on hippocampal synapsin I

cute and DSham groups were pooled for means compar-
sons given that no significant differences in total and
hosphorylated synapsin I were observed. No significant
ffects were found for total synapsin I in the ipsilateral and
ontralateral hippocampus.

Ipsilateral hippocampus. Analysis of phosphorylated

**
**

Contralateral

B.

ere housed with or without access to a RW from postinjury days 0–6
measured by ELISA. Mean values were analyzed through a repeated
ercise: (RW vs. Sed)]. Interaction effects were further analyzed by
ed. Graph demonstrates BDNF levels, ipsilateral and contralateral to
tween groups are indicated by brackets (* P�0.05; ** P�0.005). (A)
PI-RW
FPI-Sed
FPI-RW

*

PI rats w
us were
) and ex
re specifi
risons be
ynapsin I levels, revealed a significant
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Exercise�Injury�Time” interaction [F(1, 30)�6.59,
�0.05]. No significant differences were observed be-

ween acute and DSham rats. Means comparisons indi-
ated that synapsin I levels were significantly elevated in
he 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.
eans comparisons also revealed a significant decrease
f phosphorylated synapsin I in the FPI-RW rats compared
ith the FPI-Sed rats [F(1)�23.65, P�0.0005; Fig. 4A].
hese effects were also, supported by a significant
Injury�Exercise” interaction [F(1, 30)�25.06, P�0.0005].
o significant comparisons were observed for DFPI-Sed
nd DFPI-RW groups.

Contralateral hippocampus. A significant
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ig. 2. Correlation between exercise and BDNF. Rats were exercised
ippocampal BDNF protein and the mean number of nightly revolutions
ifferences were found between these two groups. A significant positive co
2: 0.76). Right and left sides were combined due to no side differenc

ats exercised from postinjury days 0–6 (Ipsilateral: R2: 3.19E�4; Cont
4–20, showed a positive correlation between the amount of exercise
Exercise�Injury” interaction [F(1, 30)�5.15, P�0.05] was [
ound in the contralateral hippocampus for phosphorylated
ynapsin I. No significant differences were observed be-
ween acute and DSham rats. Means comparisons indi-
ated that synapsin I levels were significantly elevated in
ham-RW compared with Sham-Sed [F(1)�4.87, P�0.05;
ig. 4B].

ffects of exercise on hippocampal CREB

cute and DSham groups were pooled for means compar-
sons given that no significant differences in total and
hosphorylated CREB were observed.

Ipsilateral hippocampus. Analysis of total CREB lev-
ls revealed a significant “Exercise�Injury” interaction
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and BD
F(1, 27)�35.56, P�0.0005]. No significant differences
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ere observed between acute and DSham rats. Means
omparisons indicated that total CREB levels were signif-
cantly elevated in Sham-RW compared with Sham-Sed
F(1)�14.9, P�0.0005]. Means comparisons also re-
ealed a significant decrease of total CREB in FPI-RW
ompared with FPI-Sed [F(1)�17.21, P�0.0005] and in
FPI-RW compared with DFPI-Sed [F(1)�6.53, P�0.05;
ig. 4C].

A significant “Exercise�Injury” interaction [F(1,
0)�5.15, P�0.05] was found for phosphorylated CREB.
o significant differences were observed between acute
nd DSham rats. Means comparisons indicated that phos-
horylated CREB levels were significantly elevated in
ham-RW compared with Sham-Sed [F(1)�7.49,
�0.05]. Significant increases of phosphorylated CREB
ere also found in DFPI-Sed [F(1)�6.26, P�0.05] and
FPI-RW [F(1)�11.15, P�0.005] compared with Sham-
ed (Fig. 4E).

Contralateral hippocampus. A significant
Exercise�Injury” interaction [F(1, 27)�13.97, P�0.005]
as found for total CREB. No significant differences were
bserved between acute and DSham rats. Means compar-

sons indicated that total CREB levels were significantly

A

B

C

ig. 3. Immunostaining for BDNF at postinjury day 21. (A) DFPI-Sed,
he dentate gyrus and CA3 region of the hippocampus. Exercise resu
levated in Sham-RW compared with Sham-Sed p
F(1)�9.99, P�0.005]. In addition, significant decreases of
otal CREB were found in FPI-Sed [F(1)�9.78, P�0.005],
PI-RW [F(1)�17.59, P�0.0005] and DFPI-RW

F(1)�15.21, P�0.0005] compared with Sham-RW (Fig.
D). These effects were supported by a significant main
ffect for “Injury” [F(1, 27)�9.24, P�0.05].

A significant “Exercise�Injury” interaction [F(1, 29)�9.1,
�0.05] was found for phosphorylated CREB. No significant
ifferences were observed between acute and DSham rats.
eans comparisons indicated that phosphorylated CREB

evels were significantly elevated in Sham-RW compared
ith Sham-Sed [F(1)�8.56, P�0.05]. In addition, significant

ncreases of phosphorylated CREB were found in FPI-Sed
F(1)�17.98, P�0.0005], DFPI-Sed [F(1)�7.05, P�0.05]
nd DFPI-RW [F(1)�12.7, P�0.005] compared with Sham-
ed (Fig. 4F). These effects were supported by a significant
ain effect for “Injury” [F(1, 29)�8.87, P�0.05].

ehavior

ats were cognitively assessed in the MWM from postinjury
ays 7–11 or 21–25. A significant “Exercise�Injury�Time”

nteraction [F(1, 60)�5.04, P�0.05] indicated that FPI
ost-injury time had an effect on latency to find the hidden

-RW, (C) Sham-Sed. BDNF labeling was predominantly distributed in
qualitative increase of BDNF. Scale bar�250 �m.
(B) DFPI
lted in a
latform. Means comparison analysis demonstrated that
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atency to reach the platform was significantly increased in
he FPI-RW rats compared with the FPI-Sed [F(1)�6.42,
�0.05]. No significant differences were detected be-

ween the DFPI-Sed and DFPI-RW groups, as well as
etween acute and DShams. In addition, means compar-

son indicated that the latency to reach the platform was
ignificantly increased in the FPI-RW rats compared with
he other groups combined [F(1)�13.78, P�0.0005; Fig.
A]. These findings were supported by a significant main
ffect for injury [F(1,60)�8.45, P�0.005]. No significant
ifferences in swimming speed were observed.

A significant “Exercise�Injury” interaction
F(1,60)�3.79, P�0.05] was found in the analysis of the
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ig. 4. Effects of exercise following FPI on synapsin I and CREB. Sh
ays 0–6 (acute) or 14–20 (delayed). Protein was obtained from the
hange from the Sham-Sed mean value�S.E.M. Mean values were a
acute vs. delayed) and exercise: (RW vs. Sed)]. Interaction effects wer
eights were specified. Acute and DSham data were pooled given tha
omparisons are against Sham-Sed unless otherwise indicated (* P�
psilateral to the injury. (B) Phosphorylated synapsin I on the side con
otal CREB on the side contralateral to the injury. (E) Phosphorylated C
ontralateral to the injury. Representative immunoblots are shown for
tandard for Western blots.
umber of trials to reach criterion. Means comparison anal- o
sis demonstrated Sham-RW rats needed significantly
ess trials to reach criterion compared with the other
roups combined [F(1)�18.63, P�0.0005]. Means com-
arisons also demonstrated that DFPI-RW needed less
rials to criterion compared with DFPI-Sed [F(1)�4.95,
�0.05] and FPI-RW [F(1)�7.77, P�0.05] groups. These
ffects were also supported by significant main effects for
xercise [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-
ormed to test for long-term memory deficits. A significant
ain effect for injury [F(1, 46)�7.4, P�0.01] was present

n the first half of the probe trial. Means comparison dem-
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wimming in the platform area than all the other groups
ombined [F(1)�8.5, P�0.005; Fig. 6A]. A significant ef-
ect for injury was also found in the second half of the
robe trial [F(1,46)�6.28, P�0.05; Fig. 6B]. No significant
eans comparisons were found.

DISCUSSION

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

oluntary exercise at the appropriate post-injury
ime window seems beneficial for brain plasticity

oluntary exercise results in an increase of BDNF and its

0

5

10

15

20

25

30

Sham-Sed

Sham-RW

FPI-Sed

FPI-RW

DFPI-Sed

DFPI-RW

Day 1 Day 2 Day 3 Day 4 Day 5

L
at

en
cy

 (
M

ea
n 

Se
co

nd
s 

to
 R

ea
ch

 P
la

tf
or

m
) ***

A.

ig. 5. Effects of exercise immediately following FPI on MWM perform
ostinjury days 0–6 (acute) or 14–20 (delayed) and trained in the MW
hree-way ANOVA [injury: (FPI vs. Sham), time: (acute vs. delayed
erforming means comparisons in where desired contrast weights were
o reach the platform compared with all the other groups combined. E
each criterion. Criterion was defined as the ability to locate the pl
ean�S.E.M. (* P�0.05, *** P�0.0005.)
ownstream effectors on synaptic plasticity, CREB and syn- a
psin I, in the hippocampus of intact rats (Molteni et al., 2002;
eeper et al., 1995). Our current findings indicate the inca-
acity of exercise to increase the same molecular systems
hen applied immediately after a mild FPI. Whereas, hip-
ocampal BDNF in the sham animals increased proportion-
lly to the amount of exercise, the acutely exercised FPI rats

ailed to show BDNF upregulation. Exercise also decreased
evels of CREB and phosphorylated synapsin I when pro-
ided immediately after FPI.

It is likely that the incapacity of exercise to promote
europlasticity-associated molecular changes in the acute
hase of TBI is related to the metabolic alterations that
ake place during this post-injury period. Moreover, recent
ndings indicate that cortical stimulation to the brain fol-

owing lateral FPI elicits a metabolic response and may
lso act as a secondary injury by increasing cortical de-
eneration (Ip et al., 2003). During the first postinjury
eek, the brain is undergoing metabolic changes that may
trongly influence the outcome of therapies based on the
se of activity (Fineman et al., 1993; Ginsberg et al., 1997;
ovda, 1996; Moore et al., 2000). Studies suggest that

ollowing TBI there is a lower concentration of the primary
ource of cellular energy, ATP (Lee at al. 1999; Signoretti
t al., 2001), as well as structural alterations of the mito-
hondria (Lifshitz et al., 2003). Untimely exercise may
ccelerate ATP loss or divert it from needed functions such
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n increase in metabolic demand at a time when the brain
s energetically compromised. Indeed, exercise increases
nergy demands primarily in the hippocampus, motor cor-
ex and striatum (Vissing et al., 1996). In addition exercise
ncreases regional cerebral blood flow (Gross et al., 1980;
rgogozo and Larsen, 1979), extracellular lactate (De
ruin et al., 1990) and hippocampal discharge rates

Czurko et al., 1999).
Neurochemical and metabolic disruptions that extend

ver a period of days after the initial insult normalize after
pproximately 10 days (Bergsneider et al., 1997; Kawamata
t al., 1995; Yoshino et al., 1991). In a similar manner, the

ack of an exercise-induced increase in BDNF following FPI
as transient. Levels of BDNF were elevated when FPI rats
ere exposed to exercise from post-injury days 14–20. It is
onceivable that the increase in BDNF may be related to the
estoration of a normal energetic response following TBI.

hanges in BDNF and synaptic plasticity resulting
rom TBI and exercise may affect cognitive
erformance

he acute FPI-RW group performed worse than all the
ther groups in the MWM, a hippocampal dependent mem-
ry task. In comparison, MWM acquisition was enhanced

n the sham and FPI rats that underwent delayed RW
xposure. These rats also had elevated levels of BDNF
nd phosphorylated CREB. Given the involvement of
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ig. 6. Effects of postinjury exercise on delayed probe test. One week
erformed to test for long-term memory deficits. Mean values of time s
NOVA [injury: (FPI vs. Sham), time: (acute vs. delayed) and exercise
omparisons in where desired contrast weights were specified. Target a
* P�0.05, ** P�0.005.)
DNF in hippocampal-dependent learning (Mizuno et al., a
003; Tyler et al., 2002), it is likely that it had an influence
n the MWM performance of the exercised sham and
elayed FPI-RW rats. Functional recovery following brain

njury has been correlated with synaptic changes that en-
ance connectivity (Kolb, 1999). Thus it seems that in
rder for exercise to have a beneficial effect following TBI,
he brain must be capable of increasing BDNF and asso-
iated proteins in response to activation.

While the exact mechanism underlying the acquisition
mpairment found in the acutely exercised injured rats is
nknown, it is possible that the lack of an activity-induced

ncrease of BDNF, synapsin I and CREB is reflective of
lterations in select molecular systems that have an influ-
nce on cognitive performance. Alterations of synapsin I
nd CREB may indicate a disruption of ongoing restorative
rocesses, such as changes in connectivity reported fol-

owing brain injury. Indeed, phosphorylated synapsin I was
ncreased in the hippocampus of FPI-Sed rats, and acute
xercise resulted in its decrease. Similarly acute exercise
ecreased levels of CREB. The injury-induced increase of
ynapsin I supports the idea that synaptic modification
ccurs after TBI (Albensi, 2001; Ivanco and Greenough,
000; Kolb, 1999). In addition elevated levels of BDNF
ere found in the contralateral hippocampus following FPI
lone. Contralateral changes that have an impact on neu-
al plasticity have been observed after unilateral somato-
ensory cortex injury in humans (Chu et al., 2000) and

DFPI-Sed
DFPI-RW

*
Sham vs FPI

2nd 30s

ning in the MWM the platform was removed and a 60 s probe test was
ming in the target area were analyzed through a repeated three-way
Sed)]. Interaction effects were further analyzed by performing means
isted of 8% of the tank area. Each value represents the mean�S.E.M.
Sed
RW

after trai
pent swim
: (RW vs.
rea cons
nimal injury models (Griesbach et al., 2002; Ip et al.,
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002; Jansen and Low, 1996; Kozlowski and Schallert,
998).

It must be noted that a long-term deficit was found in
he probe test for all brain injury groups, including those
xposed to the RW at immediate and delayed post-injury

ime windows. This was a more cognitively demanding
ask, being that it tapped into long-term memory. It remains
nknown if exercise at a later post-injury window will prove

o be beneficial in this long-term memory task. Although
hosphorylated synapsin I and CREB levels did not de-
rease as a result of delayed exercise in the FPI rats, these
roteins had not returned to control levels at postinjury day
1 as compared with the levels in shams. Given that the
elayed exercise led to an increase of BDNF, it is possible

hat an even later post-injury time-window for exercise
ight result in more robust increases of CREB and syn-
psin I, which may have an influence on the probe test
erformance. In addition, the present study has focused on
xercise provided for 1 week, and it is possible that exer-
ise provided for a longer period could have a more ben-
ficial effect.

mplications

xercise-induced upregulation of endogenous BDNF has
strong therapeutic potential considering the difficulties

hat have been observed with exogenous neurotrophin
elivery. Its high molecular size, basic nature and wide-
pread expression of its receptor, trkB, limit the diffusion of
DNF in the brain. However, the possibility that exercise

even voluntary) provided at the wrong time may have
etrimental effects to the recovery process requires careful
lanning of the use of rehabilitative environmental stimu-

ation during the acute phase of TBI. The fact that exercise
as associated with an increase of BDNF levels and an
nhanced performance in the MWM task provides impor-

ant leads for the design of therapeutic applications. Ex-
erimental studies, in non-TBI models of brain injury, sug-
est that there is a period of vulnerability to secondary

njury due to premature activation. For example, forced
xercise following a unilateral sensorimotor cortex injury

eads to anatomical and behavioral dysfunction (Humm et
l., 1999; Kozlowski et al., 1996). The information provided
y these studies emphasizes the importance of the timing
or resumption of activity after brain injury and, hopefully,
an nurture more studies to determine the exact conditions
equired for the optimization of the use of exercise to help
he injured brain.
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