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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disorder that is characterized by progressive

memory loss. In contrast, accumulating evidence suggests a neuroprotective role of regular

exercise in aging associated memory impairment. In this study, we investigated the ability of

regular exercise to prevent impairments of short-term memory (STM) and early long-term

potentiation (E-LTP) in area CA1 of the hippocampus in a rat model of AD ( i.c.v. infusion of 250

pmol/day Aβ1–42 peptides). We utilized behavioral assessment, in vivo electrophysiological

recording, and immunoblotting in 4 groups of adult Wistar rats: control, treadmill exercise (Ex), β-

amyloid-infused (Aβ), and amyloid-infused/treadmill exercised (Ex/Aβ). Our findings indicated

that Aβ rats made significantly more errors in the radial arm water maze (RAWM) compared to all

other groups and exhibited suppressed E-LTP in area CA1, which correlated with deleterious

alterations in the levels of memory and E-LTP-related signaling molecules including calcineurin

(PP2B), brain derived-neurotrophic factor (BDNF) and phosphorylated CaMKII (p-CaMKII).

Compared to controls, Ex and Ex/Aβ rats showed a similar behavioral performance and a normal

E-LTP with no detrimental changes in the levels of PP2B, BDNF, and p-CaMKII. We conclude

that treadmill exercise maybe able to prevent cognitive impairment associated with AD pathology.
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Introduction

Currently, the amyloid hypothesis holds strong support based on the fact that the prime

neuropathological hallmarks of AD are extracellular deposits of amyloid plaques and

intracellular formation of neurofibrillary tangles. Even though full-blown characteristics of

AD have not yet been reproduced, various animal models of AD have shown important

symptoms similar to the disease manifestation in humans. AD animals exhibit a marked
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impairment of learning and memory function as shown in various behavioral tasks such as

Morris water maze (MWM), radial arm maze (RAM), and radial arm water maze (RAWM)

[1–5]. In addition to cognitive deficits, aged transgenic AD mice also displayed non-

cognitive disturbances (e.g. irritability) compared to their wild type counterparts [6].

Learning and memory impairment in AD animals correlates, at the cellular level, with an

enhanced long-term depression (LTD) and a suppressed long-term potentiation (LTP) [1, 7].

The expression of LTP and LTD requires the entry of calcium into the postsynaptic cell. A

high level of intracellular calcium induces LTP but only a modest rise in calcium can induce

LTD. While the expression of LTP involves the action of kinases, phophastases are

responsible for the expression of LTD. Two major phases of LTP have been identified; an

early phase (E-) LTP, lasting up to 3 hours and the more durable late phase (L-) LTP, lasting

more than 3 hours and even days. At the synapses, E-LTP and L-LTP are considered to be

cellular analogues of short-term and long-term memory respectively. A single train of high

frequency stimulation (HFS) induces E-LTP, a protein-independent process. The released

glutamate activates post-synaptic glutamate receptors and with the post-synaptic membrane

sufficiently depolarized, the Mg2+ blockage of the N-methyl-D-aspartate (NMDA) receptors

is removed allowing the entry of Ca2+ into the cell. Calcium ion influx dissociates

calmodulin from neurogranin and activates Ca2+/calmodulin-dependent protein kinase II

(CaMKII), which autophosphorylates once activated. CaMKII serves as a critical molecule

whose activation duration determines transiency or persistency of LTP [8].

Regular exercise is a non-pharmacological approach that ameliorates memory impairment

secondary to brain injury, enhances cognitive function, and prevents memory decline in the

aged brain [9, 10]. In addition to animal studies, epidemiological analysis in humans

suggests that regular exercise can act as a preventive treatment against cognitive disorders

(e.g. amnesia, dementia) with minimal cost and adverse effects [11]. The neuroprotective

effects of exercise are thought to be mediated by various molecular mechanisms including

upregulation of neurotrophins (e.g. BDNF) and other molecules associated with learning and

memory function including CaMKII and calcineurin, which in turn enhance brain plasticity

(LTP) and improve performance in memory tasks. Exercised animals performed better in the

spatial memory tasks (e.g. MWM or RAWM) compared to sedentary animals as indicated

by shorter swim paths or fewer errors to find the target platform [10, 12–14]. Similarly,

exercise can also modify non-spatial memory as tested in the passive avoidance paradigm

and object recognition tasks [9, 10, 12, 15–18]. Additionally, treadmill exercise is reported

to restore memory impairment in rats treated with alcohol [19], streptozocin [20], reserpine

[21], or sleep deprivation [22].

In this study, we investigated the effect of treadmill exercise on learning and short-term

memory, E-LTP in area CA1 and related signaling molecules levels in a rat model of AD

achieved by exogenous administration of amyloid peptides.
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Materials and methods

Animals

Adult male Wistar rats (Charles River Laboratories, Wilmington, MA) weighed 176–200g at

the beginning of all experiments. Upon arrival, rats were housed in a Plexiglas cage (4–6

rats/cage) in a climate-controlled room (25°C) on a 12hr/12hr light/dark cycle. Rats were

provided with a regular rat chow diet and water ad libitum and allowed to acclimate in the

new environment for a week. All experiments were conducted following the instructions

from National Research Council’s Guide of The Care and Use of Laboratory Animals and

with the approval of University of Houston Institutional Animal Care and Use Committee.

Exercise protocol

Rats ran on a leveled motorized treadmill (Columbus Instruments, Columbus, OH) on week

days between 9:00 am and 4:00 pm for 4 weeks with a customized regimen as previously

described by us [22]. Rats were familiarized with the treadmill environment before the

exercise training commenced. Rats ran 2 sessions (15 minutes each) at a speed of 10 m/min

(week 1 and week 2) followed by a gradual increase in exercise duration and intensity (3

sessions for week 3 and 4 sessions for week 4, 15 m/min). A 5 minute break was given

between the sessions to reduce the risk of muscle fatigue. To encourage the rats to continue

running, a mild foot shock (0.5mA) that caused a tingling sensation was delivered. The rats

eventually learn to avoid this shock, which did not appear to be stressful.

Osmotic pump implantation

After two weeks of exercise, the rats underwent either a sham operation (control and

exercise groups) or pump implantation (Aβ and Ex/Aβ groups). Rats in the Aβ and Ex/Aβ
groups were implanted with mini-osmotic pumps (Alzet, Cupertino, CA) as previously

described by us [1, 2, 23]. Amyloid peptide (Aβ1–42; AnaSpec Inc., San Jose, CA) solution

was prepared following our previous protocols [23]. Briefly, the peptide was dissolved in a

solution containing 64.9% distilled water, 35% acetonitrile, and 0.1% trifluoroacetate (TFA)

to prevent peptide aggregation in the pump. One day before the implantation, the 14-day

pumps were assembled, filled with Aβ1–42 solution (designed to deliver 250 pmol/day), and

primed in isotonic (0.9%) saline at 37°C overnight. Rats were anesthetized with an i.p.

injection of a cocktail mixture containing ketamine (75 mg/kg) and xylazine (2.5 mg/kg)

(Webster Veterinary, Devens, MA). The implantation site was shaved and disinfected with

isopropyl alcohol. Once positioned in the stereotaxic frame, the rat’s skull was exposed by a

2.5 cm midline sagittal incision starting behind the eyes. The infusion cannula was

implanted into the right cerebral lateral ventricle (AP: −0.3, L: 1.2, V: 4) according to the

atlas of Paxinos and Watson (1986). The cannula was initially held by drops of cyanoacrylic

glue, connected to the pump and steadily fixed with dental cement. The pump was placed in

a subdermal pocket in the back of the rat. The wound was then closed with wound clips, and

tincture of iodine, diluted chlorohexidine, and triple antibiotic ointment were applied to

prevent bacterial infections. Rats were monitored until full recovery.
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Radial arm water maze (RAWM)

The RAWM is a hybrid of the Morris water maze and radial arm maze. It is a circular black

water pool that consists of six swimming arms with an open central area. The experiments

were done in a dimly lit room with visual cues placed on the surrounding walls. Each rat

was randomly assigned a goal arm, with a hidden platform placed near its end. The

behavioral testing protocol consisted of 12 learning trials followed by a short-term memory

test (STM), which were administered 30 minutes after the 12th learning trial as previously

described [22].

Electrophysiological experiment

Seventeen days after implantation surgery, in vivo electrophysiological recordings from area

Cornu Ammonis 1 (CA1) of the hippocampus was accomplished as described [24, 25].

Briefly, rats were urethane-anesthetized (1.2 g/kg, i.p., Sigma Aldrich, USA) and two holes

were stereotaxically drilled for placing the stimulating and recording electrodes. On the left

side of the brain, a hole was drilled for placing the concentric bipolar stimulating electrode

in area CA3 of the left hippocampus, which was positioned at 5° angle toward the midline

(AP: −3, L: 3.5, V: 2.8). Similarly, a capillary glass (1–5 MΩ) recording electrode, filled

with 2M NaCl solution, was inserted through the hole into area CA1 of the right

hippocampus (AP: −3, L: 2, V: 2). Once the maximal response was attained, a 30 minute

stabilization period was allowed without further stimulation. The test stimulus was adjusted

to 30% of the maximal response. A baseline was established with test stimuli (1pulse/30s) to

evoke population spikes (pspike) for 20 minutes. The magnitude of E-LTP, evoked by one

train of HFS (8 pulses of 400 Hz every 10 seconds, repeated 8 times), is quantified by

changes in the field excitatory post-synaptic potential (fEPSP) slope and pspike amplitude

recorded for 1 hour following HFS. The fEPSP slope and pspike amplitude represent

synaptic strength and the number of neurons reaching firing threshold respectively [24, 25].

Western blotting

The procedures were conducted as described [1, 22, 23]. At the end of the

electrophysiological experiments, the brains were immediately removed and the CA1 area of

the hippocampus was dissected out and cut into the septal (ventral) and temporal (dorsal)

portions and stored at −80° C for later processing. Unstimulated samples were prepared

from control rats that did not receive high frequency stimulation (HFS) while stimulated (S)

samples were prepared from rats that received a single train of HFS to evoke E-LTP of the

Schaffer collaterals pathway. As the septal side of the CA1 area received most of the

stimulation, its value is expressed as ratio to that of the temporal side after normalization to

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a loading control [22, 26]. The

homogenates were prepared as described and proteins loaded (15 µg/well) on a high

throughput E-PAGE 48 system. The proteins were transferred to a PVDF membrane on a

dry blot system (Invitrogen Corp., Grand Island, NY). Detection of proteins was done using

specific primary antibodies and subsequent conjugation with secondary horse-radish

peroxidase antibodies. The protein bands were visualized using chemiluminescence reagents

(Santa Cruz Biotechnology, Santa Cruz, CA) and quantified by densitometry using

AlphaEase software.
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The following antibodies were used: mouse monoclonal anti-p-CaMKII (1:500); rabbit

polyclonal anti- t-CaMKII (1:1000); rabbit polyclonal anti-BDNF (1:500); rabbit polyclonal

anti-PP2B (1:1000); rabbit polyclonal anti-GAPDH (1:1000); secondary anti-mouse/rabbit

antibodies (1:5000). All antibodies were purchased from Santa Cruz Technology except

GAPDH antibody, which was purchased from Cell Signaling Inc., Boston, MA.

Statistical analysis

Unpaired t-test was used to compare two groups while one-way analysis of variance

(ANOVA) followed by Tukey post-hoc test was used to compare all groups. All statistical

analyses were done with GraphPad Prism software. P<0.05 was considered statistically

significant. Data were expressed as mean ± S.E.M.

Results

Exercise prevents AD-induced learning and short-term memory impairment

In the RAWM task, the number of errors made by rats in each learning trial or memory test

was used as a quantitative measurement of learning and memory function. During the first

six learning trials, rats in all groups made similar number of errors. However, during the

second set of learning trials, the Aβ rats made significantly more errors than other groups

(p= 0.01–0.05) (Figure 1A). In contrast, Ex/Aβ rats showed a learning ability similar to that

of the control and exercised rats. These results suggest that amyloid infusion impairs the

learning ability in rats whereas regular treadmill exercise prevents this impairment.

In the STM test, administered 30 minutes after the last learning trial, the Aβ rats made

significantly higher number of errors than all other groups (p= 0.01) (control: 0.5 ± 0.224,

Ex: 0.917 ± 0.26, Aβ: 2.545 ± 0.529, Ex/Aβ: 0.917 ± 0.358) (Figure 1B). Four weeks of

treadmill exercise reduced the number of errors that Aβ rats made, which was not different

from those of control and exercise rats. It is noteworthy that our exercise regimen in normal

rats did not enhance performance as both the sedentary control and exercised rats performed

similarly in this behavioral paradigm. Hence, at the behavioral level, regular exercise

prevented the learning and memory deficits in this AD model.

AD-induced suppression of E-LTP in area CA1 is prevented by regular exercise

Long-term potentiation (LTP) measurement in our AD rat model was used to assess changes

at the synapses. Compared to baseline, the fEPSP slope from the Aβ rat group was

significantly lower than that of the other groups (p= 0.001–0.05) (control: 141.29% ± 8.24,

Aβ: 106.93% ± 2.99, Ex: 138.36% ± 3.5, Ex/Aβ: 140.7% ± 7.36) but not significantly

different from the baseline (Figure 2A). This result indicates impaired synaptic plasticity in

this AD rat model. Interestingly, one hour after HFS, the fEPSP slope of Aβ rats was back to

the baseline value. In contrast, the fEPSP slope of Ex/Aβ rats was similar to that of control

rats throughout the recording period of one hour. Thus, treadmill exercise prevented AD-

induced synaptic inhibition in Aβ rats. Additionally, 1 hour after HFS the pspike amplitude

of Aβ rats (92.81% ± 7.99) was markedly lower than those of the other groups (p= 0.001–

0.05) (control: 184.94% ± 8.79, Ex: 168.79% ± 10.35, Ex/Aβ: 132.98 ± 7.03) (Figure 2B).
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Together, these results indicate that 4 weeks of treadmill exercise prevents the AD-induced

E-LTP suppression.

Levesl of p-CaMKII during E-LTP

Calcium-calmodulin dependent protein kinase II (CaMKII) is considered to be an “inducible

molecular switch” for the expression of LTP [27]. Various studies have demonstrated that

CaMKII plays a critical role in the hippocampus dependent short-term memory and E-LTP

[28–30]. Inhibition of CaMKII results in impaired spatial learning and memory

accompanied by failed LTP induction [31–33]. In contrast, increased CaMKII activity leads

to better hippocampus dependent memory performance, which correlates with an enhanced

LTP [34–36].

The levels of phosphorylated (p)-CaMKII in unstimulated control (1.0 ± 0.152) were

statistically different compared to those of stimulated (S-) Control, S-Ex, and S-Ex/Aβ
groups (S-Control: 1.575 ± 0.152, S-Ex: 1.889 ± 0.153, S-Ex/Aβ: 1.825 ± 0.18, p= 0.01–

0.05) but were not significantly different from those of S-Aβ rats (0.578 ± 0.122) (Figure

3A). Total (t)-CaMKII levels were similar across all stimulated groups but markedly higher

than those of unstimulated control (unstimulated control: 0.956 ± 0.028, S-Control: 1.404 ±

0.096, S-Aβ: 1.301 ± 0.138, S-Ex: 1.648 ± 0.175, S-Ex/Aβ: 1.453 ± 0.137, p= 0.05 (Figure

3B). This result indicates that CaMKII phosphorylation is inhibited in Aβ rats, which is

prevented by treadmill exercise. Furthermore, this conclusion is supported by the finding

that the ratio of p-CaMKII:t-CaMKII was markedly lower in S-Aβ rats compared to all other

stimulated groups and even the unstimulated control (p=0.05–0.001, Figure 3C). These data

suggest that although the total pool of CaMKII is unaltered, phosphorylation of this protein

is negatively affected and that this effect is prevented by 4 weeks of treadmill exercise.

Upregulation of calcineurin during E-LTP is inhibited by exercise

Calcineurin (PP2B) is a protein phosphatase that is important for dephosphorylation of

CaMKII. One hour after HFS application, the level of calcineurin in stimulated (S)-Control

(1.404 ± 0.107) and S-Aβ (1.51 ± 0.117) rats increased significantly compared to

unstimulated control (0.913 ±0.098) (p= 0.05). In contrast, the levels of calcineurin after

HFS in S-Ex (0.995 ± 0.08) and S-Ex/Aβ (0.974 ±0.113) rats were similar to those in

unstimulated controls suggesting that exercise prevents upregulation of PP2B (Figure 4).

Levels of BDNF in exercised rats during E-TLP

Brain-derived neurotrophic factor (BDNF) is a neurotrophic factor critical for neurogenesis,

cognition, and synaptic plasticity [37–41]. BDNF can exist in both monomeric and

homodimeric forms in cells [42]. The present protocol of high frequency stimulation of the

Schaffer collateral synapses did not appreciably increase the levels of BDNF in S-Control

(monomer level: 1.084 ± 0.103, dimer level: 1.087 ± 0.098) and S-Aβ rats (monomer level:

1.093 ± 0.116, dimer level: 1.149 ± 0.134). However, treadmill exercise significantly

increased both BDNF monomer (Figure 5A) and dimer protein (Figure 5B) levels in

exercised animals including S-Ex (monomer level: 1.679 ± 0.179, dimer level: 1.854 ±

0.195) and S-Ex/Aβ rats (monomer level: 1.696 ± 0.193, dimer level: 2.012 ± 0.398)

compared to unstimulated control rats (monomer level: 1.005 ± 0.049, dimer level: 1.149 ±
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0.134) (p= 0.05–0.01). Thus, in our rat model of AD, treadmill exercise markedly up-

regulated both forms of BDNF, even in the presence of Aβ (Figure 5).

Discussion

This study investigated the effect of 4 weeks of treadmill exercise on learning and memory

and synaptic plasticity in a rat model of AD. Our findings consistently indicated a

neuroprotective effect of exercise in this AD model. The Aβ rats exhibited severely

impaired learning and short-term memory, suppressed E-LTP in area CA1, and curtailed

CaMKII phosphorylation. In contrast, the moderate treadmill exercise regimen used in our

AD-model proved to be beneficial in AD-like pathology by preventing learning and memory

impairment and suppression of E-LTP of area CA1 pyramidal cells, which correlated with a

reduction in calcineurin increase and exercise-induced elevation in BDNF and p-CaMKII

levels.

Important cognitive impairment and neuropathological changes associated with AD have

been recapitulated in different animal models ranging from the fruit fly to non-human

primates. Among these, rodent transgenic and non-transgenic models have provided useful

insights into the understanding of the pathogenesis as well as the therapeutic approaches for

AD. In this study, we used a rat model of AD generated by i.c.v. infusion of Aβ1–42 peptides

for 2 weeks as a model of sporadic AD that accounts for the majority of AD cases.

It is thought that cleavage of amyloid precursor protein (APP) by a family of secretases

leads to the production of Aβ1–40, Aβ1–42, and other peptide fragments. Even though Aβ1–40

is considered to be the most abundant among APP cleavage products, Aβ1–42 is thought to

trigger the amyloidogenic cascade that leads to AD [43]. Under physiological conditions,

extracellular amyloid proteins can be taken up by microglia or degraded by neprilysin

shortly after their production [44]. Failure of adequate Aβ clearance consequently favors

amyloid accumulation and extracellular plaque deposition [45, 46]. The exact mechanism by

which amyloid plaque formation leads to AD is unclear. However, it is known that amyloid

aggregation lead to neurotoxicity often associated with oxidative stress, calcium

dysregulation via amyloid channel formation and glutamate receptors, metabolic off-

balance, and deleterious alterations in intracellular transduction pathways [47, 48]. In

addition, Aβ aggregates facilitate hyperphosphorylation of tau via modulation of kinases

that phosphorylate this protein [49, 50]34].

In agreement with previous findings, our data showed that in the RAWM, the performance

of Aβ rats is severely impaired [1, 2]. During behavioral assessment, we also observed that

the Aβ rats spent significantly more time in the central area of the pool and appeared

disoriented. At the end of each learning trial, these rats simply sat on the platform without

showing any interest in exploring the surroundings, which was not observed in rats of the

other groups. In contrast, the performance of Ex/Aβ rats in the RAWM was similar to that of

the control and exercise rats.

In experimental setting, LTP is believed to be the closest cellular correlate of learning and

memory and thus used as a valuable tool for evaluating therapeutic treatments for disorders
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of the central nervous system (CNS). Amyloid oligomers can inhibit LTP both in vitro and

in vivo in various hippocampal areas involved in the learning and memory processes [1, 2, 7,

51–54]. Previous findings from this lab have shown that amyloid infusion can impair

synaptic plasticity both in the hippocampus and the sympathetic ganglia [1, 7, 55]. In the

present study, E-LTP in area CA1 of Aβ rats was markedly suppressed as shown by

impaired fEPSP slope and pspike amplitude. The mechanism of AD-induced LTP

suppression remains unknown. However, it has been postulated that cellular ionic

dysregulation may contribute to AD pathology by embedding amyloid oligomers into the

membrane to form amyloid channels [48, 56, 57], which in turn directly or indirectly alter

membrane ion channel expression and activity [58–62]. Regular exercise is known to

produce a positive effect on cognition and synaptic plasticity. For example, treadmill

exercise increases LTP expression measured as increases in fEPSP slope and pspike

amplitude in the dentate gyrus (DG) both in vivo and in vitro [63, 64]. The ability of exercise

to enhance synaptic plasticity is thought to be mediated by lowering LTP threshold for

induction [64]. Additionally, treadmill exercise can also prevent learning and memory

impairment in rats that are acutely sleep-deprived, diabetic, or alcohol intoxicated [20, 22,

65].

How does muscle movement initiate these protective effects in the CNS? This is an

intriguing question that has, as yet, no definitive answer, even though evidence for “cross-

talk” between the skeletal muscles and CNS exists. For example, as running velocity

increases, the discharge frequency of hippocampal CA1 pyramidal cells and interneurons

increases [66]. Studies proposed that muscle can secrete numerous humoral factors that exert

a protective effect on the brain [43]. Even though the exact molecular mechanism

responsible for the cross-talk between the skeletal muscles and CNS remains to be

elucidated, experimental data support two possible mechanisms. First, events associated

with energy balance play an important role in CNS function. For example, exercise up-

regulates hippocampal expression of the mitochondrial molecule, uncoupling protein 2

(UCP2), which in turn protects neuronal mitochondria from oxidative stress, enhances ATP

production, and regulates normal calcium level [67]. In addition, UCP2 can also modulate

BDNF signaling and its downstream mediators such as CREB and CaMKII [68]. Second,

interleukin-6 (IL-6), an immunomodulatory cytokine may be responsible for the crosstalk

between the periphery and CNS. During exercise training, IL-6 increase is linked to reduced

level of glycogen [69], which in turn can positively regulate glucose homeostasis in the

brain.

It is well-documented that regular exercise can modulate the expression of several

cognition-related molecules (e.g. BDNF, CaMKII) whose functions are severely affected by

AD pathology. For example, during LTP induction the level of p-CaMKII is reduced due to

AD-induced impairment of CaMKII phosphorylation [1, 55, 70]. In normal rats, HFS results

in an increase in the levels of both phosphorylated and total CaMKII. Our data revealed that

HFS failed to appreciably increase the level of p-CaMKII in Aβ rats and this change was

prevented by exercise even though the total-CaMKII level is unchanged across all groups

after HFS. This finding indicates that the disease mainly targets the phosphorylation process

enabled by CaMKII, which is a critical step for LTP induction. In addition to LTP
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inhibition, amyloid exposure can result in up-regulation of phosphatases that regulate

CaMKII activation [53, 62, 71, 72]. Calcineurin (PP2B) is considered a gating mechanism of

LTP as it inactivates kinases. In normal rats, HFS is expected to increase the level of PP2B,

which is thought to prevent LTP saturation. Our data showed that LTP induction

significantly elevated the levels of PP2B in stimulated control and Aβ rats but did not affect

those of exercised rats. Together, these findings demonstrate that exercise exerts a beneficial

effect on memory and LTP possibly by restoring normal phosphatase-kinase balance.

It is not coincidental that the level of BDNF, a potent mediator of synaptic plasticity and

memory, is highly elevated during exercise training [73–75]. In addition to its central

production and release, BDNF can be produced from peripheral non-neuronal tissues and

cross the blood brain barrier via a “high capacity, saturable transport system” [76, 77]. In

brain tissues, BDNF exists in both monomeric and dimeric forms, which exert maximal

effect on neuronal survival at saturated concentration as tested in dorsal root ganglion

neurons [78]. BDNF can act pre- or post-synaptically to modulate its own signaling or other

pathways including CaMKIV and CREB, that are important in the learning and memory

process [79–81]. In addition to its neurotrophic effect, BDNF also possesses metabotrophic

properties. BDNF up-regulates the expression of energy-related molecules including AMP-

activated protein kinase (AMPK), ubiquitous mitochondrial creatine kinase (uMtCK) and

UCP2 [82–84]. Thus, it is reasonable to suggest that depletion/disruption of BDNF

expression/activity would significantly alter the action of these metabolic factors and

eventually disrupt learning and memory function. The present findings show that the levels

of monomeric and dimeric BDNF after HFS are significantly elevated in exercised rats

compared to the sedentary group. The inability of HFS to increase BDNF level in S-Control

rats suggests that, perhaps the stimulation protocol we used is not strong enough to cause a

significant change in BDNF protein levels. However, HFS and exercise training seem to act

in concert to increase the BDNF levels well beyond the normal levels in both normal-

exercised and Aβ/exercised rats. This increase in BDNF may lead to improved performance

in the RAWM and preservation of E-LTP in Ex/Aβ rats. In contrast, disruption of BDNF or

its receptor (TrkB) impairs spatial memory and suppresses LTP expression [85, 86]. The fact

that these cognitive deficits can be restored by exogenous administration of BDNF suggests

that BDNF plays an integral role in synaptic plasticity and memory [87–89].

In summary, our behavioral, electrophysiological and molecular findings from rat model of

AD-like pathology strongly support the proposition that regular physical exercise may be

beneficial in alleviating/preventing neurodegenerative disorders including AD.
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Figure 1.
Radial arm water maze (RAWM) performance in sedentary or exercised rats with and without Aβ42 infusion. The Aβ group

revealed impairment in the learning trials (A) and short-term memory test (B). Rats in the Aβgroup made more errors compared

to other groups during the last 5 learning trials. Ex/Aβ performed similarly as the control and exercised rats. Note that exercised

rats showed no significant difference from controls. (*) denotes significant difference from all other groups (p<0.05, 10–12 rats/

group).
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Figure 2.
Hippocampal early phase LTP (E-LTP) measured as increases in the slope of the fEPSP (A) and pspike amplitude (B) in area

CA1 was evoked by HFS (applied at time zero) of the Schaffer collateral synapses in anesthetized rats. In rats with Aβ1–42

infusion (Aβ), E- LTP was significantly more impaired than other groups. Ex/Aβ rats exhibited a similar fEPSP slope compared

to that of control and exercised rats. Additionally, the pspike amplitude of Ex/Aβ rats was markedly different from those of Aβ
rats. Each point is the mean ± SEM of 5–6 rats. Points between the two asterisks (*) indicate significant difference from all

groups.
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Figure 3.
Levels of phosphorylated (p)-CaMKII (A), total (t)-CaMKII (B), and the p-CaMKII:t-CaMKII ratio (C) in area CA1 after E-

LTP induction. S: septal portion, T: temporal portion of CA1 area. Compared to the unstimulated control group, HFS increased

the level of p-CaMKII in all groups except the Aβ rats and significantly increased the levels of t-CaMKII in all groups. Thus,

after HFS, the pCaMKII : t-CaMKII ratio was significantly lowered in Aβ rats compared to all other groups including

unstimulated control rats. Regular exercise prevented AD-induced reduction in p-CaMKII level. (*) indicates statistically

different from stimulated (S)-Control, S-Exercise, and S-Ex/Aβ, p= 0.001–0.05. (#) indicates significantly different from all

other groups, p = 0.01–0.05. Values are mean ± S.E.M., n = 4–6 rats/group. Insets are representative western blots.
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Figure 4.
Levels of calcineurin in area CA1 after E-LTP induction. S: septal portion, T: temporal portion of CA1 area. HFS application

increased the expression of calcineurin in S-Control and S-Aβ rats which were significant higher than those of S-Exercise, S-

Ex/Aβ, and unstimulated control rats. (*) indicates significantly different from unstimulated control, S-Exercise, and S-Ex/Aβ, p

=0.05. Values are mean ± S.E.M., n = 4–6 rats/group. Insets are representative western blots.
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Figure 5.
Monomeric (m) (A, 14 kDa) and dimeric (d) (B, 28KDa) BDNF in area CA1 after HFS induction. S: septal portion, T: temporal

portion of CA1 area. HFS did not increase the level of BDNF monomers or dimers in S-Control and S-Aβ rats but significantly

elevated those of S-Exercise and S-Ex/Aβ rats. (*) indicates significantly different from unstimulated control, S-Control, and S-

Aβ, p = 0.01 – 0.05. Values are mean ± S.E.M., n = 4–6 rats/group. Insets are representative western blots.
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