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Abstract
We have previously shown that voluntary exercise upregulates brain-derived neurotrophic factor
(BDNF) within the hippocampus and is associated with an enhancement of cognitive recovery after
a lateral fluid-percussion injury (FPI). In order to determine if BDNF is critical to this effect we used
an immunoadhesin chimera (TrkB-IgG) that inactivates free BDNF. This BDNF inhibitor was
administered to adult male rats two weeks after they had received a mild fluid percussion injury (FPI)
or sham surgery. These animals were then housed with or without access to a running wheel (RW)
from post-injury-day (PID) 14 to 20. On PID 21, rats were tested for spatial learning in a Morris
Water Maze. Results showed that exercise counteracted the cognitive deficits associated with the
injury. However this exercise-induced cognitive improvement was attenuated in the FPI-RW rats
that were treated with TrkB-IgG. Molecules important for synaptic plasticity and learning were
measured in a separate group of rats that were sacrificed immediately after exercise (PID 21). Western
blot analyses showed that exercise increased the mature form of BDNF, synapsin I and cyclic-AMP
response-element-binding protein (CREB) in the vehicle treated Sham-RW group. However, only
the mature form of BDNF and CREB were increased in the vehicle treated FPI-RW group. Blocking
BDNF (pre administration of TrkB-IgG) greatly reduced the molecular effects of exercise in that
exercise-induced increases of BDNF, synapsin I and CREB were not observed. These studies provide
evidence that BDNF has a major role in exercise's cognitive effects in traumatically injured brain.
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Introduction
Cognitive and neurological impairments are prevalent features of traumatic brain injury (TBI)
and unfortunately there are no scientifically established effective treatments (Ashman et al.,
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2006; Binder et al., 2005). Cognitive deficits are frequently related to impaired hippocampal
function (Wilde et al., 2007), and have been reproduced in animals models of TBI (Fujimoto
et al., 2004; Hamm et al., 1992; Hicks et al., 1993). Based on evidence that voluntary exercise
activates neuroplasticity mechanisms within the hippocampus and counteracts cognitive
deficits that are typically exhibited after experimental TBI (Griesbach et al., 2004b), we
hypothesize that voluntary exercise programs could be implemented to enhance recovery of
function.

Voluntary exercise has been found to increase brain derived neurotrophic factor (BDNF) within
the hippocampus (Cotman and Berchtold, 2002; Neeper et al., 1995) and this exercise-induced
increase in BDNF has been proposed as one of the main mechanisms for the effects of exercise
on cognition. However, this association between exercise-induced up-regulation of BDNF and
improvement in cognition has yet to be established after TBI.

Both human and animal studies have demonstrated the effects of exercise supporting cognitive
function (Hillman et al., 2008). Furthermore, BDNF blockade diminishes the cognitive benefits
of voluntary exercise in intact rats (Vaynman et al., 2004). The proposed effect of BDNF on
learning and memory appears to be in agreement with the role of BDNF promoting synaptic
facilitation (Tyler and Pozzo-Miller, 2001; Tyler et al., 2006) and neurotransmitter release
(Albensi, 2001; Levine et al., 1995; Levine et al., 1998; Takei et al., 1997). BDNF's effects on
improved cognition are also associated with several downstream systems to BDNF including
synapsin I and cyclic-AMP response-element-binding protein (CREB). Synapsin I facilitates
synaptic transmission by controlling the amount of synaptic vesicles and consequentially
regulating neurotransmitter release (Greengard et al., 1993). CREB, which also increases with
voluntary exercise, is a transcriptional regulator that has been linked to long-term potentiation
(LTP), a physiological correlate of learning and memory (Abel and Kandel, 1998; Silva et al.,
1998).

In spite of substantial evidence arguing for a role of BDNF on learning and memory, an action
of BDNF on enhancing recovery of cognitive function after TBI remains controversial.
Previous studies, based on intracerebral infusion of BDNF into rats that have sustained TBI,
have failed to demonstrate a reduction in cognitive impairments following TBI (Blaha et al.,
2000; Conte et al., 2008). The results of these studies using exogenous BDNF contrast with
evidence associating increasing levels of endogenous BDNF via voluntary exercise with
improved cognitive performance after TBI (Griesbach et al., 2004b). The present study was
designed to determine if in fact BDNF underlies the basic mechanism by which cognitive
enhancement occurs with voluntary exercise after TBI in rats.

We have utilized a mild lateral fluid-percussion injury (FPI) model of TBI that, in our hands,
results in cognitive impairment on the absence of significant gross morphological cell death
(Griesbach et al., 2004b; Prins et al., 1996), and has shown to be responsive to voluntary running
wheel exercise (RW). Within the current study, we blocked the function of BDNF by preventing
activation of the high affinity receptor for BDNF. This was accomplished by using a specific
immunoadhesin chimera of the tyrosine kinase B receptor (TrkB-IgG) (Esper and Loeb,
2004; Ghiani et al., 2007; Rex et al., 2007; Urfer et al., 1995; Vaynman et al., 2006). TrkB-
IgG was injected into directly the dorsal hippocampus two weeks following FPI just before
rats were exposed to voluntary exercise for one week. Following exercise, cognitive
performance was evaluated and protein levels of BDNF, synapsin I and CREB were
determined.
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Results
Subjects

Injured rats had a mean (± SEM) unconsciousness time of 92 ± 4.9 s and a mean apnea time
of 12 ± 1.5 s. This length of unconsciousness and apnea are characteristic of a mild level of
injury. Due to complications, two animals were deleted from the study after FPI given the
severity of injury was determined to be too high. No significant differences in weight gain were
observed between the injured and sham groups. Also there were no gross motor impairments
of ambulatory ability observed in any of the injured rats as well as no differences in the amount
of voluntary exercise exhibited between sham injured and FPI groups.

Cognitive Performance
Across all groups of animals there were no significant differences in swim-speed. Indicating
that at 21 days after FPI animals did not exhibit general swimming deficit. Both exercise and
injury influenced Morris Water Maze (MWM) performance during PIDs 21-25. During this
time rats had one MWM session per day, resulting in a total of 5 sessions. Each session had 2
consecutive trials.

A significant group effect was found for latency reaching the hidden platform (F4, 35 = 3.48,
p < 0.05). These group differences were particularly present on the last day of training (session
5) (F4, 35 = 5.73, p<0.005). Bonferroni corrected pairwise comparisons indicated that the non-
exercised (Sed) and vehicle (Sal) treated FPI rats needed significantly more time to reach the
platform compared to the FPI-Sed/Sal rats (p<0.05). Pairwise comparisons also indicated that
FPI-RW/TrkB-IgG rats took significantly longer to reach the hidden platform, compared to
FPI-RW/Sal (p<0.05) and Sham-RW/Sal (p<0.05). In effect, both FPI and Sham Sal treated
rats treated benefited from exercise, compared to sedentary counterparts, as indicated by a
significant contrast (F1, 35 = 5.03, p<0.05). In spite of these differences all groups showed
learning. This was supported by significant within effect indicative of a decrease in latency for
all groups across sessions (F4= 37.74, P<0.0005) (Figure 1). An injury effect indicating that
FPI-Sed/Sal rats needed significantly mote time to reach the platform on day 5 compared to
the Sham.Sed/Sal was only observed through a ttest (p<0.05).

The beneficial effect of exercise was also evident when criteria scores were analyzed. A
significant main effect for groups was found (F4, 35 = 13.9, p<0.0005). Bonferroni corrected
multiple comparisons indicated again that exercise improved performance in Sham (p<0.005)
and FPI (p<0.005) saline treated rats compared to sedentary counterparts. Further analyses
through Bonferroni corrected pairwise comparisons indicated that the Sham-RW/Sal had
significantly higher scores for all criteria except the two least demanding criteria (p<0.05),
compared to Sham-Sed/Sal. A higher score indicates that the learning criterion was reached
earlier during training. FPI-RW/Sal rats, when compared to FPI-Sed/Sal, had significantly
higher scores for each criterion (p<0.05), except the criterion that required reaching the
platform in less than 4 s. In other words, the benefits of exercise in the FPI were not observed
for the strictest criterion. A significant within effect for criteria scores was found, indicating
these were dependent on the level of difficulty of each criterion (F6 = 2.99, p<0.05) (Figure
2). Similar effects were found when data was analyzed as overall percent of subjects reaching
each of the learning criterions (F4, 35 = 48.39, p<0.0005). Again, Bonferroni corrected pairwise
comparisons indicated that exercise improved performance in Sham (p<0.0005) and FPI
(p<0.0005) saline treated rats compared to sedentary counterparts. Although pairwise
comparisons did not show significant differences between FPI-Sed/Sal and Sham-Sed/Sal, it
should be noted that the percentage of rats reaching each of the learning criterions was
consistently lower in the FPI-Sed/Sal group compared to the Sham-Sed/Sal group. An injury
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effect indicating that FPI-Sed/Sal rats reached a lower percentage of learning criterions
compared to the Sham.Sed/Sal was observed through a ttest (p<0.05) (Table 2).

Hippocampal BDNF protein
Both the precursor (proBDNF) and mature form of BDNF (mBDNF) were analyzed. Exercise
increased levels of mBDNF in sham and FPI groups. This was supported by a significant group
effect (F4,27 = 7.68, P<0.0005). Further analysis indicated a significant increase in mBDNF in
the Sham-RW/Sal compared to Sham-Sed/Sal (p < 0.05) and FPI-Sed/Sal (p < 0.005).
Likewise, mBDNF was higher in the FPI-RW/Sal group compared to FPI-Sed/Sal (p < 0.05).
Significant increases in the FPI-RW/Sal group compared to the Sham-Sed/Sal group were
evident [Fishers LSD (p < 0.05)]. BDNF blockade with TrkB-IgG appeared to prevent the
exercise–induced increases in mBDNF compared to FPI-RW/Sal (p < 0.005) and Sham-RW/
Sal groups (p < 0.0005). A group main effect for the proBDNF approached statistical
significance (p = 0.061). However, it should be noted that multiple comparisons analysis
(Fishers LSD) indicated significantly higher levels of proBDNF in the FPI-RW/TrkB-IgG
group compared to either FPI-Sed/Sal or FPI-RW/Sal (p<0.05).

Hippocampal synapsin I and CREB
Exercise was associated with increased levels of phosphorylated synapsin I in the shams.
Analysis of phosphorylated synapsin I indicated a significant group effect (F4,26 = 4.55, P <
0.05). Further analysis indicated a significant increase in synapsin I in the Sham-RW/Sal
compared to Sham-Sed/Sal (p < 0.05) or FPI-Sed/Sal (p < 0.05). Fishers LSD test revealed that
FPI animals that were given voluntary exercise and treated with TrkB-IgG (FPI-RW/TrB-IgG)
had lower levels of synapsin I compared to Sham-RW/Sal (p < 0.05).

Exercise was associated with increased levels of phosphorylated CREB in the sham (Sham-
RW/Sal) and FPI (FPI-RW/Sal) groups (Figure 5). Analysis of phosphorylated CREB indicated
a significant group effect (F4,27 = 5.49, P<0.005). Further analysis indicated lower levels of
CREB in the FPI-Sed/Sal compared to FPI-RW/Sal (p < 0.05) and Sham-RW/Sal (p < 0.005).
Fishers LSD testing revealed significant CREB increases in Sham-RW/Sal compared to Sham-
Sed/Sal (p < 0.05), FPI-Sed/Sal (p < 0.0005) and FPI-RW/TrkB-IgG (p < 0.05). Fishers LSD
testing also revealed a significant decrease in FPI-Sed/Sal compared to Sham-Sed/Sal (p <
0.05).

Discussion
Within this series of experiments, we evaluated the degree to which BDNF is responsible for
the benefits of voluntary exercise on counteracting cognitive deficits after TBI. Our results
show that blocking BDNF receptors within the left hippocampus, preventing BDNF function,
impedes exercise-induced spatial learning enhancement after a lateral (left hemisphere) FPI.
Inhibition of this exercise-induced spatial learning enhancement by blocking the BDNF
receptor also prevented the exercise-induced increase of plasticity molecules linked to BDNF.
The current study corroborates our previously published studies indicating that exercise
alleviates the spatial learning impairment after FPI in rats. In addition, results from the current
study indicate that blockade of BDNF receptors only in the left hippocampus is capable of
preventing voluntary exercise–induced increases in BDNF and the corresponding benefit in
recovery of function This suggests that the beneficial effect of post-injury exercise is dependent
on bilateral BDNF up-regulation within the hippocampus.

Effects of mild FPI on learning and BDNF levels
Many studies addressing the effects of more severe FPI (Fujimoto et al., 2004; Hicks et al.,
1993; Smith et al., 1991) report a more pronounced deficit on the Morris Water Maze, than the
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one shown here. This is most likely because the current subjects not only received a relatively
mild level of injury, but also were tested on the MWM for spatial learning on the fourth post-
injury week. This delay would allow substantial time for spontaneous recovery of function. In
spite of these factors, the FPI-Sed/Sal group did not learn the MWM task at the same degree
and rate as the Sham-Sed/Sal controls. Nevertheless, mild FPI reduced the capacity for learning
a spatial memory task even when evaluated 3 weeks after injury, as evidenced by a long latency
in the FPI-Sed/Sal group to find the platform on the fifth day (25 days after TBI) of MWM
testing. In addition, in the comparisons of different criterions, not as many of the FPI-Sed/Sal
rats were able to reach the learning criterions when compared to Sham-Sed/Sal. This further
emphases that deficits in cognitive function may still be evident in rats following mild TBI
even when tested weeks after injury.

Given that decreases in BDNF were not found at PID 21, it does not appear that low levels of
BDNF are related to the cognitive deficits revealed in similarly treated animals tested on the
MWM from 21-25 days post-injury. In contrast, we have recently reported that rats subjected
to a controlled cortical impact injury (CCI) have a pronounced spatial learning impairment, in
the MWM task, that is accompanied by a decrease in BDNF (Griesbach et al., 2009). The
reductions of BDNF that are found after CCI may be related to the hippocampal cell loss typical
of CCI (Baldwin et al., 1997; Colicos and Dash, 1996; Colicos et al., 1996; Smith et al.,
1991). In contrast to the CCI model, no gross morphological hippocampal cell death has been
observed in our model of mild FPI (Griesbach et al., 2004b; Prins et al., 1996). As in previous
studies using the FPI model, injury itself did not result in significant decreases of BDNF and
synapsin I within the dorsal hippocampus during the post acute period (Griesbach et al.,
2004b; Griesbach et al., 2007; Hicks et al., 2002). However in this study, as well as in previous
studies cited above, we have observed that synapsin's response to exercise is absent for several
post-injury weeks, including the period of behavioral testing (Griesbach et al., 2004b).
Synapsin I usually mirrors changes in BDNF regulation and is upregulated with exercise
(Griesbach et al., 2004a; Jovanovic, 2000; Vaynman et al., 2003). Given synapsin's
downstream nature to BDNF, it is possible that intracellular signaling mechanisms that lead
to synapsin I phosphorylation are not fully recovered by PID 21.

Exercise after TBI enhances cognitive function and increases BDNF
All animals receiving vehicle injections, showed improved performance in a spatial learning
and memory task when exercised for seven days, beginning at PID 14. In effect a learning
acquisition deficit, as observed through MWM testing, of the FPI rats was not seen after
exercise. TBI rats that performed exercise were able to reach stricter learning criterions, thus
indicating that their rate and degree of learning was improved compared to TBI sedentary
controls. This is in accordance with previous studies indicating that exercise can benefit TBI
rats when it is administered at the appropriate post injury time (Griesbach et al., 2004b;
Griesbach et al., 2007).

We have previously shown that voluntary exercise increases BDNF at the mRNA and protein
level in both sham and TBI rats, providing the exposure to voluntary exercise occurs at least
14 days after injury (Griesbach et al., 2004a). Here we report that mainly the mature form of
BDNF (mBDNF) is affected by exercise. The relationship between the “pro” and “mature”
form of BDNF has received extensive study and is revealed in the synthesis of BDNF.

BDNF is first synthesized as a precursor that undergoes post-translational modifications
(Meyer et al., 1996; Seidah et al., 1996) and is proteolytically cleaved to form mBDNF. It is
the mBDNF that activates pre and post-synaptic TrkB receptors and enhances synaptic efficacy
(Pang et al., 2004). In addition, evidence suggests that the mBDNF (along with associated
CREB) is critical for the late phase of LTP (Barco et al., 2005; Lu, 2003). Given the function
of mBDNF and the fact that it is found to increase with voluntary exercise after TBI, it seems
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likely that increases in mBDNF strongly contributed to the recovery that was observed in the
form of enhanced MWM performance following exercise. The relationship between BDNF
and enhanced spatial learning has also been found in intact rats. Although this study did not
test for the effects of BDNF blockade during exercise in non-TBI rats, we have previously
found similar results in non-injured animals. A unilateral intrahippocampal TrkB-IgG injection
in intact rats prevented voluntary exercise-induced increases in BDNF and abolished the MWM
learning enhancement that was observed after exercise, while showing no effects on sedentary
animals (Vaynman et al., 2004).

Molecular effects of BDNF blockade
In the current study, TrkB-IgG markedly reduced the ability of voluntary exercise to increase
mBDNF in animals subjected to FPI. As mentioned above, similar findings have been observed
in intact rats where administration of TrkB-IgG blocked exercise-induced increases of BDNF
protein (Vaynman et al., 2004). These reductions in BDNF may be related to a decrease in
CREB, which has been shown to potentiate BDNF transcription (Fang et al., 2003; Vaynman
et al., 2004). In effect, blocking the binding of BDNF to its receptor, not only inhibited exercise-
induced increases in BDNF but also prevented the increases in synapsin I and CREB that were
observed in the saline treated groups.

Contrasting with the effects on mBDNF, the levels of proBDNF were elevated in the FPI-RW
rats treated with the TrkB-IgG. This increase was not related to the RW exposure given
unchanged proBDNF levels in the exercised sham and FPI rats treated with saline. Although
it remains unclear why this increase in proBDNF was seen in the FPI-RW/TrkB-IgG group,
an increase in proBDNF may be a compensatory response to altered BDNF signaling due to
TrkB blockade and incapacity for TrkB autophosphorylation (Mowla et al., 2001). It may also
provide an increase in the storage of BDNF that could be later utilized when there is an increase
in demand.

Increases in proBDNF were not accompanied by increases in mBDNF, suggesting that the
conversion from proBDNF to mBDNF had been affected. In addition, the mechanism leading
to proBDNF increases remains to be explored. For example, TrkB blockade may increase the
synthesis of proBDNF instead of it secretion. A recent study states that it is not proBDNF, but
mainly mBDNF that is secreted from neurons (Matsumoto et al., 2008). If so the increase in
proBDNF may be indicative of an increase in its synthesis and not its secretion.

BDNF facilitates exercise-induced cognitive enhancement after TBI
Information about the molecular mechanisms involved in the effects of voluntary exercise on
cognition can be used to understand the potential application of exercise to alleviate TBI related
cognitive impairments. In particular, hippocampal-dependent learning and memory has been
associated with BDNF function through multiple presynaptic (Kang, 1996; Levine et al.,
1998; Pozzo-Miller, 1999; Tyler and Pozzo-Miller, 2001) and postsynaptic (Berninger,
1999; Lin, 1999; Suen, 1997) mechanisms. These findings provide evidence that BDNF
facilitates learning and memory after TBI.

Administration of TrkB-IgG abolished the improvement of spatial learning and memory
associated with voluntary exercise. Indeed the behavioral benefit from exercise observed in
the current FPI-RW/Sal group was not found after blocking the BDNF receptor (FPI-RW/
TrkB-IgG). Consequently, the FPI-RW/TrkB/IgG rats had longer escape latencies and were
only capable of reaching those learning criterions that were the least stringent. These findings
are consistent with other studies indicating that blockade of TrkB signaling abolishes LTP,
(Kang et al., 1997). It is of interest that following FPI the voluntary exercise–induced benefit
in MWM performance was prevented with unilateral (left) hippocampal TrkB-IgG
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administration. This would suggest that in order for voluntary exercise to have a therapeutic
effect, the dorsal hippocampus must exhibit an increase in BDNF bilaterally. That affecting
only one hippocampus is insufficient to produce a therapeutic effect.

These studies evaluated the effects of voluntary exercise and not those of forced exercise. Given
the intrinsic characteristics of forced exercise, there should be caution in the extrapolation of
these studies' findings to other forms of exercise. Although forced exercise has been shown to
offer protection from stroke (Ding et al., 2006), it is likely to produce greater levels of stress.
Stress inhibits BDNF (Schaaf et al., 1998; Smith, 1995; Ueyama, 1997) and decreases CREB
phosphorylation (Gronli et al., 2006). Forced exercise is usually administered in the form of
treadmill running or forced swimming thus being the result of an avoidance behavior. It usually
requires pre-training. In contrast, voluntary exercise requires no pre-training and has been
shown to counteract the effects of stress, in that stress-induced decreases in BDNF can be
prevented with voluntary exercise (Adlard and Cotman, 2004).

It is intriguing that BDNF administration directly into the hippocampus has shown to be
ineffective in promoting behavioral recovery after TBI (Blaha et al., 2000). In the current study
re we show that voluntary exercise improves cognitive performance after TBI and that the
mechanism behind this therapeutic effect is the action of BDNF. There are several differences
in the mechanisms of actions between exogenous BDNF and exercise-induced BDNF.
Importantly, the physiological character of exercise involves activation of an array of molecular
systems using the pharmacology that is intrinsic to the brain, i.e., activating both ligand and
receptor. On the contrary, most of the exogenous compound applications neglect the function
of systems required to complement the action of the drug. Physiological activation through
exercise is particularly advantageous given that it not only endogenously upregulates BDNF
but also influences multiple systems that are likely to support BDNF functionality such as
synapsin I and CREB. In addition, exercise circumvents many of the limitations of neurotrophin
delivery such as inadequate delivery devices, BDNF half-life, BDNF intracellular transport,
etc. Consequently, voluntary exercise is a non-invasive way to facilitate recovery after TBI
that can be implemented in the rehabilitative setting.

Experimental Procedure
Subjects

A total of 72 male Sprague-Dawley rats (mean weight: 265 g ± 6.9 g SEM) were utilized in
these experiments and randomly assigned to groups. Rats underwent surgery to induce either
Sham or FPI injury. At PID 14 rats received an injection of microbeads embedded with TrkB-
IgG or standard control. Rats were then housed with or without access to a RW until PID 20
(a total of 7 days). Following exercise (PID 21) rats were either tested in the MWM or sacrificed
for tissue analysis. All animals were monitored and cared for by veterinary care staff upon
arrival to UCLA. During the experiments, rats were housed in opaque plastic bins (50.8 × 25.4
× 25.4 cm), which were lined with bedding material. All procedures were performed in
accordance with the United States National Institute 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 was minimized without compromising the power
of the experimental design.

Lateral Fluid-Percussion Injury
Rats were initially anesthetized with isofluorane (4% for induction, 2.0% for maintenance, in
100% O2). 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 the scalp and
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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.,
Braintree, MA, USA). A midline sagittal incision was made with the aid of a microscope (Wild,
Heerburg, Switzerland). The scalp and temporal muscle were reflected and a 3 mm diameter
circular craniotomy was made over the left parietal cortex, centered at 3 mm posterior to bregma
and 6 mm lateral to the midline. The bone flap was removed and the dura left intact in all
animals to receive FPI. 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 stereotaxic 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. Time of unconsciousness was determined from the time of injury until 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. Bupivacaine (0.25 mg) was injected into
the margins of the scalp incision and triple antibiotic ointment was applied over the incision.
The rat was placed in a recovery chamber for approximately one hour before returning to its
cage.

Microbead Preparation
A microbead vehicle was utilized to allow for the inhibitory effect of TrkB-IgG to last during
the week of RW exposure as determined in previous studies (Vaynman et al., 2004).
Recombinant human TrkB-IgG chimera (R & D System, Inc., Minneapolis, M.N, USA)
comprises the intracellular domain of human Trk-B and the Fc domain of IgG. This chimeric
protein was expressed in mouse myeloma cell line, NSO. TrkB-IgG was infused into
fluorescent latex microbeads (Lumaflour, Naples, FL, USA) by methods previously described
that have demonstrated effective delivery of neurotrophins and other bio-agents (Lom, 1999;
Quattrochi, 1989; Riddle et al., 1997). Briefly, microbeads were incubated overnight at 4°C
with a 1:5 ratio of microbeads to TrkB-IgG (5 ug/uL in PBS with BSA), or saline as control
vehicle. Microbeads were then centrifuged at 14,000 g for 30 min and resuspended in sterile
water at 10% concentration.

Microbead Injection
Rats received a unilateral injection to the left dorsal hippocampus. Injections were administered
during the morning, thus allowing rats to recover prior to being housed with access to the
running-wheels. Due to the numerous connecting fibers (Amaral and Witter, 1989), a unilateral
injection has been shown to suffice for effective BDNF inhibition within the hippocampus
(Vaynman et al., 2004). Rats were anesthetized and monitored as described above. After loss
of corneal and pedal reflexes 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. A
midline sagittal incision was made and the sight for injection was measured. A 1.0 ul Hamilton
syringe (Hamilton, Reno, NV, USA) was utilized to slowly infuse 2 ul of TrkB-IgG or Sal
coated microbeads into the left hippocampus (3.8 mm posterior to Bregma, 1 mm from the
midline and 3.7 mm vertically). The location of the microbead was verified by histological
evaluation of selected brains as previously described (Quattrochi, 1989; Riddle et al., 1997;
Vaynman et al., 2004). Microbead injections were also verified by fluorescence microscopy
using an Olympus BX51 microscope.
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Voluntary Wheel Exercise
Rats were individually caged with or without access to a RW from PID 14-20. The time length
for exercise was based on previous studies indicating increases in BDNF and synapsin I after
7 days of voluntary exercise (Griesbach et al., 2004a; Griesbach et al., 2004b; Griesbach et al.,
2008). Rats had ad-lib access to food and water and were maintained on a 12 hr light/dark
cycle. Animals, provided the opportunity for spontaneous exercise, were placed in 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 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.

Behavioral Testing
Spatial navigation learning and memory were tested using a MWM task, beginning on PID 21.
There were 8 animals in each group and the investigators were blinded to the experimental
conditions. The water maze consisted of a 1.5-m-diameter, 0.6-m-height circular tank made
opaque with white organic paint (Stechler, Albuquerque, NM, USA). The water level was kept
at 2 cm above an escape platform (15 × 15 cm) and maintained at 20°C. The platform was
fixed in position in the north-west quadrant of the tank. Rats received 1 session consisting of
2 training trials per day for 5 sequential days, with an inter-trial interval of 10 s. On each trial
animals were released from one of 4 predetermined points around the water maze in random
order and were given 60 s to locate the platform. It was insured that each session included one
long (south or east release point) and one short (north or west release point) trial swim. Once
they reached the platform, they remained there for 10 s before the second trial was initiated. If
they failed to locate the platform, they were manually guided to it. Swimming latency was
recorded with the SMART tracking system (San Diego Instruments, San Diego, CA, USA).
Experimenters were blind to treatment conditions.

Western Blotting
Additional rats (included within the 72 subjects described above) were utilized for the
molecular studies because animals exposed to the MWM would not allow us to distinguish
between changes due to the behavior experience and those due to exercise. These rats were
sacrificed by decapitation at PID 21 after exercise or sedentary housing. Hippocampal tissue
within the injured hemisphere was dissected and homogenized in lysis buffer (137 mM NaCl,
20 mM Tris-HCl pH 8.0, 1% NP40, 10% glycerol, 1 mM PMSF, 10 ug/ml aprotinin, 0.1 mM
benzothonium, 0.5 mM sodium vanadate). After centrifuging at 12,500 g for 15 min,
supernatants were collected and immediately processed for total protein concentration
determination according to the Micro BCA procedure (Pierce, Rockford, IL, USA), using
bovine serum albumin as standard. All chemicals were obtained from Sigma (St. Louis, MO,
USA) unless otherwise noted.

BDNF, synapsin I and CREB protein samples were analyzed by Western blot. Phosphorylated
forms were measured. Separate gels, each including samples from one experimental group and
control rats (Sham-Sed/Sal), 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 electrotransfered to a nitrocellulose
membrane. Non-specific binding sites were blocked in TBS with 2% BSA and 0.1% Tween-20
for 1 h at room temperature. Membranes were rinsed in buffer (0.1% Tween-20 in TBS) and
incubated at 4°C overnight, with anti-BDNF (1:1,000, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), followed by anti-Rabbit IgG horseradish peroxidase conjugate (1:100,000, Pierce
Biotechnology, Rockford, IL, USA). Blots were processed using the SuperSignal West Femto
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Maximum Sensitivity Substrate kit (Pierce Biotechnology, Rockford, IL, USA) according to
manufacturer's instructions. Anti-actin (1:1000, Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) was followed by anti-goat IgG horseradish peroxidase-conjugate (1:100,000 Santa
Cruz Biotechnology Inc., CA, USA). Anti-phosphorylated-synapsin I (1:1000, Cell Signaling,
Beverly, MA, USA) or anti-phosphorylated-CREB (1:500, Upstate Biotechnology, Lake
Placid, NY, USA) was followed by anti-Rabbit IgG horseradish peroxidase-conjugate
(1:100,000 Santa Cruz Biotechnology Inc., CA, USA). After rinsing in buffer four times for
10 min, immunocomplexes were analyzed by chemiluminescence using the ECL Plus kit
(Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA), according to manufacturer's
instructions.

Optical densities for Sham-Sed/Sal blots were normalized across all gels for BDNF, synapsin
I and CREB, and blots for each experimental group were normalized to Sham-Sed/Sal values
within the same gel. The final data was expressed as the percent change from the mean Sham-
Sed/Sal values.

Statistical Analysis
Group latencies to reach the hidden platform were analyzed with a repeated measures analysis
of variance (ANOVA) with the average daily latencies as the dependent variables. Effects were
further analyzed by performing Bonferroni corrected pairwise comparisons and means
comparisons with desired contrast weights. Data were also analyzed by acquisition of
criterions. Whereas swim latencies indicate performance across days of training, a high final
MWM criterion score indicates that a rat is able to efficiently learn the task, by reaching a strict
criterion, during the first days of training. Criterions were defined as the ability to locate the
platform in determined amounts of time for both trials within a session. Similar measures have
previously been utilized to measure behavioral outcome after TBI (Fineman et al., 2000; Giza
et al., 2005; Griesbach et al., 2009; Gurkoff et al., 2006). Criterion times ranged from 4 s or
less to 10 s or less to reach the platform. Different levels of criteria were utilized rather than
arbitrarily choosing a single criterion score, which allowed us to assess the rate of MWM
acquisition. Each criterion received a score, ranging from 1 to 10 s by determining the session
in which that criterion was reached. A score of 10 was given if criterion was reached on the
first session of training, a score of 9 if criterion was reached on the second session of training
and so on. If a criterion was not reached a score of 1 would be given (Table 1). Criterion scores
were analyzed with repeated measures ANOVA with criteria scores as the dependent variables.
Effects were further analyzed by performing Bonferroni corrected corrected pairwise
comparisons. Protein levels were analyzed through univariate ANOVA. Multiple comparisons
are Bonferroni corrected unless indicated.
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ANOVA  

analysis of variance brain derived

BDNF  
neurotrophic factor

CCI  
controlled cortical impact
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CREB  
cyclic-AMP response-element-binding protein

FPI  
fluid-percussion injury

TrkB-IgG  
immunoadhesin chimera of the tyrosine kinase B receptor

LTD  
long-term depression

LTP  
long-term potentiation

mBDNF  
mature form of BDNF

MWM  
Morris Water Maze

Sed  
Non-exercised

PID  
post-injury-day

proBDNF  
precursor form of BDNF

RW  
running wheel

TBI  
traumatic brain injury

Sal  
vehicle treated

UCLA  
University of California at Los Angeles
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Fig. 1. Swimming latency in the Morris Water Maze task
Rats were tested for one session daily beginning on post-injury day 21. Time between sessions
was 24 hours. A significant decrease in latency across sessions was observed in fluid-
percussion injury (FPI) and sham groups (*p<0.05). The latency to reach the hidden platform,
across all days, was significantly longer in the vehicle treated (Sal) sedentary (Sed) groups
compared to the exercised (RW) groups. FPI rats that received TrkB-IgG did not benefit from
exercise. Each value in line plot represents the mean and upper SEM. Insert illustrates the
latency to reach the hidden platform on the last session. Each value within the insert represents
the mean ± SEM.
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Fig. 2. Effects of exercise on the rate of acquisition on the Morris Water Maze task
A high Criterion Score indicates that the rat was able to learn the task during the first days of
training according to a strict learning criterion. Criterion scores were significantly higher in
the saline treated (Sal) exercised (RW) groups compared to the sedentary (Sed) groups. Fluid-
percussion injured (FPI) rats that received TrkB-IgG did not benefit from exercise. Each value
represents the mean ± SEM,

Griesbach et al. Page 17

Brain Res. Author manuscript; available in PMC 2010 September 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Effects of exercise on hippocampal brain derived neurotrophic factor (BDNF)
(A) Levels of precursor (proBDNF) and mature (mBDNF) forms of BDNF. The levels of
mBDNF were significantly increased in the saline treated (Sal) exercised (RW) groups
compared to the sedentary (Sed) groups. Fluid-percussion injured (FPI) rats that received TrkB-
IgG did not benefit from exercise. * P<0.05 according to Bonferroni correction; # P<0.05
according to Fishers LSD test. Each value represents the mean ± S.E.M. (B) Representative
blots measuring proBDNF are shown for each experimental group compared to Sham-S-Sed/
Sal controls (left side blots). (C) Representative blots measuring mBDNF are shown for each
experimental group compared to Sham-S-Sed/Sal controls (left side blots).
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Fig. 4. Effects of exercise on hippocampal synapsin I
(A) Levels of phosphorylated synapsin I. The levels of synapsin I were significantly increased
in the saline treated (Sal) exercised (RW) sham group compared to the sedentary (Sed) shams.
The exercise-induced increase in synapsin was not observed after a fluid percussion injury
(FPI). * P<0.05 according to Bonferroni correction; # P<0.05 according to Fishers LSD test.
Each value represents the mean ± S.E.M. (B) Representative blots measuring syanpsin I are
shown for each experimental group compared to Sham-S-Sed/Sal controls (left side blots).

Griesbach et al. Page 19

Brain Res. Author manuscript; available in PMC 2010 September 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Effects of exercise on hippocampal CREB
(A) Levels of phosphorylated CREB. The levels of CREB were significantly increased in the
saline treated (Sal) exercised (RW) groups compared to the sedentary (Sed) groups. Fluid-
percussion injured (FPI) rats that received TrkB-IgG did not benefit from exercise. * P<0.05
according to Bonferroni correction; # P<0.05 according to Fishers LSD test. Each value
represents the mean ± S.E.M. (B) Representative blots measuring CREB I are shown for each
experimental group compared to Sham-S-Sed/Sal controls (left side blots).
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