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University of Houston, College of Pharmacy, Houston, TX, USA

Abstract

Previously, we reported that in a rat model of sporadic Alzheimer’s disease (AD) generated by
exogenous administration of AB1_4» (250 pmol/d for 2 wk) via mini-osmotic pump, the animals
exhibited learning and memory impairment, which could be attributed to the deleterious
alterations in the levels of cognition-related signalling molecules. We showed that 4 wk of
treadmill exercise totally prevented these impairments. Here, we evaluated the effect of exercise
on non-cognitive function and basal synaptic transmission in the Cornu Ammonis 1 (CA1) area
using the same AD model. Our results indicated that the anxiety behaviour of Ap-treated rats was
prevented by 4 wk of treadmill exercise. Exercised/AB-infused rats spent a longer time in the
centre area of the open field (OF), elevated plus maze (EPM) paradigms and the light area of the
light-dark (LD) box, which were similar to those of control and exercise rats. Furthermore, under
basal conditions the aberrant up-regulation of calcineurin (PP2B) and reduction of phosphorylated
Ca?*/calmodulin dependent protein kinase 11 (p-CaMKI1) levels induced by AD-like pathology
were normalised by the exercise regimen. We conclude that regular exercise may exert beneficial
effects on both cognitive and non-cognitive functions in this AD model.
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Introduction

Alzheimer’s disease (AD) affects millions worldwide and is characterised by irreversible
and progressive neurodegeneration. Due to the uncertain aetiology and complexity of the
disease pathology, an effective cure for AD remains elusive. Current FDA-approved
pharmacological treatments of AD only temporarily ameliorate cognitive deficits but
correction of behavioural abnormalities requires additional medication. In addition to
progressive memory loss, AD patients frequently exhibit non-cognitive symptoms such as
depression, anxiety and aggressiveness, which worsen as the disease progresses. Thus, there
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is an urgent need for a novel therapeutic approach that can improve cognitive deficits as well
as alleviate non-cognitive disturbances.

Current evidence suggests a beneficial effect of regular exercise on both cognitive and non-
cognitive functions in humans and experimental animals. Exercised animals show an
enhanced performance in spatial learning and memory tasks such as the Morris water maze
and radial arm water maze (Khabour et al., 2013; Suijo et al., 2013). Exercise can also
modify non-spatial learning and memory as shown in passive avoidance and object
recognition (Bechara and Kelly, 2013; Hosseini et al., 2013; Radahmadi et al., 2013; Souza
et al., 2013). In addition, epidemiological studies demonstrate that cognitive impairments
resulting from normal aging, brain insults or pathology can also be rescued by regular
exercise (Erickson et al., 2012). In addition to exerting a beneficial effect on cognitive
function, exercise also has been shown to be as effective as other pharmacological
treatments or psychotherapies for anxiety and depressive disorders (Broman-Fulks et al.,
2004; Broman-Fulks and Storey, 2008; Bartley et al., 2013). In this study, we investigated
whether 4 wk of treadmill exercise could prevent anxiety-like behaviours, impaired basal
synaptic transmission in CA1 area and aberrant alterations in molecular pathways (i.e.
CaMKI|, calcineurin, BDNF) implicated in AD pathology. Our data consistently reveal a
neuroprotective effect of regular treadmill exercise at the behavioural, cellular and
molecular levels in our AD model.

Materials and method

Animals

Adult male Wistar rats weighing 176—200 g at the beginning of the experiments were
purchased from Charles River Laboratories, USA. Upon arrival, rats were separated in
groups of six and housed in Plexiglas cages in a climate-controlled room (25 °C) on a 12
h/12 h light/ dark cycle and provided a regular chow diet and water ad libitum. Rats were
allowed a week for acclimatization and randomly assigned into 4 groups: control, exercise,
amyloid-infused (AB) and exercise/amyloid-infused (Ex/AB). Animal experiments followed
the instructions from National Research Council’s Guide of The Care and Use of Laboratory
Animals and with the approval of Institutional Animal Care and Use Committee at the
University of Houston.

Exercise protocol

Rats ran on a motorized rodent treadmill (Columbus Instruments) between 9:00 am and 4:00
pm, 5 d/wk for 4 wk as described (Vollert et al., 2011; Zagaar et al., 2012; Dao et al., 2013).
Before exercise training, rats were familiarised with the treadmill environment, and then ran
in sessions (15 min each) with a 5- min break in between sessions to avoid muscle fatigue.
During the first 2 wk, rats ran 2 daily sessions at a speed of 10 m/min while during the 3rd
and 4th wk, rats ran 3 and 4 sessions, respectively, at a speed of 15 m/min. In order to
encourage the rats to run continuously, the metal bar grid at the beginning of the running
lanes constantly delivered a mild foot shock (intensity=0.5 mA).
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Alzheimer’s disease model

The i.c.v. infusion of amyloid peptide is considered to be an established model of AD as
other studies, using various A peptide species, or a mixture thereof, employing the same
model have reported learning and memory impairment in addition to reduced cholinergic
activity, cholinergic dysfunction and deleterious biochemical changes in levels of AD-
related molecules (Nitta et al., 1994; Itoh et al., 1996; Srivareerat et al., 2009). After 2 wk of
exercise, the Ap and Ex/Ap groups were implanted with osmotic mini-pumps (Alzet,
Cupertino, USA) containing AP1_42 peptides (AnaSpec Inc., San Jose, USA). Previous
studies in our lab showed infusion of inactive reversed (AB4».1) peptides or saline did not
affect the test parameters (Srivareerat et al., 2009); thus, the control and exercise groups
underwent a sham operation. The peptides were dissolved in a solution containing 64.9%
distilled water, 35% acetonitrile, and 0.1% trifluoroacetate (TFA) to prevent peptide
aggregation in the pump. The pumps were assembled, filled with 100 pl of AB1_4» solution
(250 pmol/day), and primed in isotonic (0.9%) saline at 37 °C overnight. The infusion rate
was 100 pl. Rats were anaesthetised with an i.p. injection of a mixture of ketamine (75
mg/kg) and xylazine (2.5 mg/kg) (Webster Veterinary, Devens, MA). The infusion cannula
was implanted stereotaxically into the cerebral lateral right ventricle (AP: 0.3, L: 1.2, V: 4)
and fixed with dental cement. The pump was placed in a sub dermal pocket in the back of
the rat. The surgery site was closed with wound clips and kept aseptic with tincture of
iodine, 60xdiluted chlorohexidine and triple antibiotic ointment.

Behavioural tests

In order to investigate the effect of regular treadmill exercise on non-cognitive performance
in AP rats, a battery of non-cognitive behavioural tests was conducted 4 wk after the start of
the exercise in the following order:

Open field (OF)—The OF task is a common test used to assess anxiety level, exploratory
behaviour and locomotor activity in rodents (Gould et al., 2009). The OF apparatus was
constructed from an open area (40x60 cm) surrounded by Plexiglas walls (50 cm high). The
rat was placed in the centre of the chamber and allowed to explore the environment. The
activity was detected by infrared light sensors and quantified by Opto-Varimex Micro
Activity Meter v2.00 software (Optomax, Columbus Instruments, USA). Sensors (6 sensors/
cage) were positioned to reveal a two-dimensional cage and monitor rearing. Every
movement was detected by beam breaks, which were recorded by computer for further
analysis. Each experiment was conducted with one rat per chamber and recorded in 3-min
test intervals for a total of 30 min. A 25x25 cm area in the middle of the chamber was
defined as the centre area. Total activity, total distance travelled and percentage of time
spent in the centre area were analysed. The OF apparatus was cleaned with 70% ethyl
alcohol and aired after each measurement.

Light-dark box (LD)—The LD paradigm is a sensitive test of disorders involving
generalized anxiety (Araujo et al., 2012). The LD box consists of a light compartment
(27x27x27 cm) and a dark compartment (black walls and floor, 27x18x%27 cm) separated by
a single partition with an opening (7x7 cm), which allowed passage between the two
compartments (Salim, et al., 2010). The apparatus was placed in an enclosed area of a
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behavioural room under standard lighting conditions with only one observer in the room.
The experiment lasted 5 min. Anxiety behaviour was quantified by the length of time spent
in the light compartment.

Elevated plus maze (EPM)—Another sensitive test is the EPM, which consists of two
open and two closed arms (10 cmx50 cm length) that intersect at the middle creating a “+’
shape. The EPM was elevated 50 cm above the ground and placed in an enclosed area of the
behavioural room. The procedure was carried out as previously described (Xiang et al.,
2011). Briefly, the rat was placed at the intersection area (10x10 cm) of the four arms and
allowed to explore the apparatus for 5 min. The rat’s movements during the testing period
were recorded by a digital camera that was connected to a computer for data collection.
Time spent in the closed arms, centre area and total distance travelled were analysed.

Basal synaptic transmission recordings

Seventeen days after the beginning of Ap infusion, rats were anaesthetised by i.p. injection
of urethane (1.2 g/kg) and prepared for recording as described (Aleisa et al., 2006). Briefly,
the head was fixed in the stereotaxic frame with the nose bar positioned at 0.0. The skull was
exposed after shaving and cutting a mid-line starting slightly behind the eyes. Two holes
were drilled for placing the stimulating and recording electrodes to record from area CAL of
the hippocampus. On the left side of the brain, the stimulating electrode was placed at a 5°
angle toward the midline (AP: =3, L: 3.5, V: 2.8) to stimulate the Schaffer collateral/
commissural pathway. A glass recording electrode filled with 1% fast green dye in2 M
NaCl was inserted in the pre-drilled hole to record from the pyramidal cell layer of area CAl
(AP: =3, L: 2, V: 2). Once a robust p-spike was evoked, there was no simulation for 30-min
to allow stabilisation. The input/output (1/0) curve was constructed by plotting various
stimulus intensities (input) against the evoked field excitatory post-synaptic response
(FEPSP) slope (output), a measure of synaptic strength. The voltages at which the response
was minimal, 30% of the maximum, and maximal were also recorded.

Western blotting

Hippocampus dissection—At the end of all treatments, rats were euthanized by a lethal
urethane injection into the heart. The brain was immediately removed and placed on a filter
paper soaked with 0.2 M sucrose on top of a covered Petri dish filled with dry ice. The CAl
area of the right hippocampus was grossly dissected out and stored at —80 °C for later use.

Tissue homogenisation and protein estimation—Hippocampal tissue was
homogenised with 200 pl lysis buffer as described (Zagaar et al., 2012). Then, the samples
were sonicated 3 times, 5 s/time (Vibra cell, Sonics and Materials Inc., USA). A microBCA
assay kit was used to estimate the amount of protein in each sample (Pierce Chemical
Rockford, USA).

Immunoblotting and detection—BIlotting procedures were carried out as reported
(Zagaar et al., 2012, 2013; Dao et al., 2013). Briefly, the samples (approximately 15 ug of
total protein per sample) were processed using a high throughput E-PAGE 48 system
(Invitrogen Corp. Carlsbad, USA). The proteins were transferred onto a PVDF membrane
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via a dry blot system (Invitrogen Corp. Carlsbad, USA) and detected with specific primary
antibodies and subsequent conjugation with secondary horseradish peroxidase antibodies.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control.
Antibody dilution was as follows: 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 Signalling Inc., Boston, USA. The
protein bands were visualised using commercial chemiluminescence reagents (Santa Cruz
Biotechnology) and AlphaEase software and quantified by densitometry.

Statistical analysis

Results

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 indicates statistical significance.
Data were expressed as mean+S.E.M.

Non-cognitive disturbances caused by AD pathology were totally prevented by regular
treadmill exercise

The open field test—In the OF apparatus, the time a rat spent in the centre area is a
measure of anxiety levels. Time spent in the centre area indicates high exploratory
behaviours and low anxiety levels. In this study, the AP rats spent an average of 20.19+4.43
per cent time in the centre area, which was significantly shorter than the control rats
(40.87+3.38%), exercise (40.07+5.41%), Ex/AB (43.40+ 4.61%) (p=0.05-0.01) (Fig. 1a).
Thus, it seems that regular exercise exerts an anxiolytic effect in our AD model. Also, in the
OF apparatus the rat’s locomotor activity is determined by total distance travelled and total
activity. The AP rats travelled an average distance of 3371.97+£426.33 cm, which was similar
to that of Ex/AP rats (3658.55+ 155.28 cm), but statistically different from the control and
exercise rats (control; 5386.46+309.94 cm, exercise: 5526.84+348.04 cm, p=0.01-0.001)
(Fig. 1b). A similar trend was observed with total activity in the OF, where rats from A and
Ex/AB groups exhibited the same level of locomotor activity, but significantly different from
those of control and exercise groups (p=0.01-0.001) (Fig. 1c). These data indicate that
locomotor activity is impaired in AD model and this impairment was not prevented by our
regimen of regular exercise.

The light-dark compartment test—We have also utilised the light-dark box apparatus
to test anxiety-like behaviours. Because rodents are nocturnal, they have a tendency to stay
in dark areas. Therefore, more time spent in the light area indicates less anxiety (Salim et al.,
2010; Vollert et al., 2011). In our study, AP rats spent a significant amount of the entire
testing time in the dark box compared to all other groups. Control, exercise and Ex/AB
groups spent a similar length of time in the light compartment exploring, while A rats spent
significantly less time in the light area (control: 121.74+ 10.50 s, Ap: 69.80+ 10.67 s,

Int J Neuropsychopharmacol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dao et al.

Page 6

exercise: 123.70+8.18 s, Ex/AB: 108.00+£6.39 s, p=0.05-0.01) (Fig. 1d). These results
indicate that anxiety in AD model was alleviated by regular exercise.

The elevated plus maze (EPM) test—The EPM is used as a simple assay for assessing
anxiety based on the natural aversion of rodents to elevated open areas (Xiang et al., 2011).
Duration of time spent in the closed arms and centre area measures anxiety levels.
Consistent with our findings in the OF paradigm, AD rats experienced increased anxiety as
they spent significantly more time in the closed arms (control: 230.22+ 13.62 s, AB:
279.78+4.33 s, exercise: 225.37£19.49 s, Ex/AB: 250.36+10.18 s, p=0.01-0.02) (Fig. 2a)
and much less time in the centre area (control: 56.25+10.69 s, ApB: 13.42+3.12 s, exercise:;
45.07+9.97 s, EX/AP: 37.90+8.22, p=0.05-0.002) (Fig. 2b) compared to all other groups.
Additionally, the EPM data showed that the locomotor activity of AB-infused rats was
impaired and our exercise regimen did not prevent this impairment as the Af and Ex/AB rats
travelled similar distances during the whole experiment (AB: 1152.23+134.25 cm, EX/Ap:
1260.22+ 71.28 cm), and was significantly different than the control and exercise rats
(control: 1662.17+84.19 cm, exercise: 1528.57+48.67 cm, p =0.01-0.03) (Fig. 2c).

Regular treadmill exercise prevented AD-induced impaired basal synaptic transmission

We evaluated the effect of AD pathology and/or exercise on basal synaptic transmission in
CAL area by constructing input-output (1/0) curves using extracellular recording. The I/O
curve changes when synaptic strength is altered (Alzoubi et al., 2010, 2011). Our data
indicated that Ap rats exhibited impaired basal synaptic transmissions in area CA1. In all
groups, as the stimulus intensity increased, the fEPSP slope increased. However, the 1/0
curve of AP rats was shifted to the right with a significantly lower fEPSP slope at all
stimulus intensities compared to all other groups (p=0.01) (Fig. 3a). For instance, at minimal
intensity, the fEPSP slope of AB rats was 0.09+0.01 mV/ms, which was markedly lower
compared to other groups (control: 0.28+0.03 mV/ms, Ex: 0.29+0.05 mV/ms, Ex/AB: 0.24+
0.04 mV/ms).

The basal synaptic transmission in area CA1 in various groups was further assessed by
measuring the magnitude of the voltage required for eliciting the minimal (30% of maximal)
and maximal responses. As illustrated in Fig. 3b, AP rats required a significantly higher
voltage to produce the same response in CA1 area with control, exercise and Ex/Af rats at
minimal and maximal intensities (p=0.001-0.01). A mean voltage of 6.77+0.30 mV was
required to evoke minimal response in AP rats while Ex/Ap rats required 5.06+0.17 mV to
produce the same response, which was similar to the control (5.08+0.34 mV) and exercise
(5.16£0.44 mV) rats (Fig. 3b).

Regular treadmill exercise prevents reduction in basal levels of p-CaMKIl in AD rat model

Calcium/calmodulin dependent protein kinase 1l (CaMKII) has been extensively studied as a
key signalling molecule in synaptic plasticity and cognition. (Cammarota et al., 2002);
however, the role of CaMKII in modulating non-cognitive functions is not well defined. One
recent study showed that connexin36 deficient mice displayed enhanced anxiety
accompanied by a reduction of CaMKII protein levels in the striatum (Zlomuzica et al.,
2012). Our data revealed that the basal levels of phosphorylated (p-) CaMKI|I, an active
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form of CaMKI|, in CAL area were significantly reduced compared to other groups (control:
1.14+0.08, AB: 0.29+ 0.07, exercise: 1.44+0.35, Ex/AB: 1.11+0.14, p=0.05-0.01) (Fig. 4a).
The basal levels of total CaMKII (t-CaMKII) remained unchanged across all groups
(control: 3.52+ 0.483, AP: 3.859+0.53, exercise: 3.576+0.529, Ex/AP: 3.887+0.297) (Fig.
4b). As a result, the ratio of p-CaMKI|I to t-CaMKII of AB rats was significantly lower than
those of control, exercise and Ex/Ap rats (control: 0.44+ 0.06, AB: 0.15+0.04, exercise:
0.48+0.10, Ex/AB: 0.35+ 0.06, p=0.05) (Fig. 4c).

The AB-induced aberrant increase in basal levels of calcineurin (PP2B) was normalised in

AB/EX rats

Calcineurin (PP2B) is a phosphatase that inactivates CaMKI|, thus returning the constitutive
activity of CaMKII back to normal. In our AR AD model, the basal levels of PP2B were
markedly up-regulated (1.65+0.216) in area CA1 (Fig. 5a). Nevertheless, 4 wk of treadmill
exercise prevented the abnormal increase of PP2B in Ap rats, as the basal levels of Ex/AB
rats (1.011+0.12) were similar to those of the control and exercise rats (control: 0.96+ 0.08,
exercise: 0.99+0.07) (Fig. 5a).

Basal levels of BDNF were highly up-regulated in exercised rats

Brain-derived neurotrophic factor (BDNF) can exert a pleiotropic effect in the central
nervous system as it can affect neuronal growth, synaptic transmission and plasticity and
pathogenesis of psychiatric disorders (Hong et al., 2011). While the basal levels of BDNF
protein in AP rats were not significantly different than control rats, those of both exercise
and Ex/Ap rats were significantly increased compared to that of control rats (control:
1.00£0.05, AB: 0.83+0.07, exercise: 1.57+0.14, Ex/AB: 1.57+0.14, p=0.01) (Fig. 5b). These
data indicate that exercise-induced elevated levels of BDNF might be beneficial to prevent
behavioural disturbances caused by AD pathology.

Discussion

Even though AD is considered to be mainly a learning and memory disorder, non-cognitive
functions are also negatively affected at all stages of the disease. In addition to the
progressive memory loss, the clinical population of AD patients may also show various
symptoms ranging from olfactory impairment, gait and balance dysfunction to psychiatric
problems such as depression, anxiety, aggression, disinhibition, hallucinations and delusions
(Raudino, 2013). Thus, reproducing an AD model in animals is a challenging task.
Nevertheless, most studies have successfully recapitulated the cognitive impairment but only
sparingly addressed the non-cognitive disturbances of the disease in animal models. In this
study, we report neuropsychiatric symptoms (i.e. anxiety) in a rat model of sporadic AD
achieved by exogenous administration of amyloid peptides. In agreement with our findings,
other non-transgenic and transgenic studies of 3xTg-AD mice have also reported
depression-like behaviour, increased anxiety and apathy (Filali et al., 2012; Chen et al.,
2013).

Our data revealed that AD pathology produced non-cognitive disturbances and these
detrimental effects were prevented by prior regular exercise. Ample evidence suggests
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regular exercise is beneficial for learning and memory loss caused by sleep deprivation,
maternal deprivation stress, addiction and toxic chemical insults (Vollert et al., 2011; Zagaar
etal., 2012, 2013; Dimatelis et al., 2013; Lynch et al., 2013). A recent study showed that in
3xTg-AD mouse model of AD, voluntary exercise prevented anxiety, lack of exploration
and emotionality (Garcia-Mesa et al., 2012). However, the mechanism by which exercise
exerts a neuroprotective effect on AD brains remains unclear. To this extent, it has been
postulated that by reducing the AD-induced oxidative stress burden (i.e. decreasing
abnormal elevated lipid peroxidation), exercise ameliorates non-cognitive symptoms
associated with the disease (Cakir et al., 2010; Garcia-Mesa et al., 2012).

The present findings revealed that regular treadmill exercise produced a positive effect on
our AD model in several tests of anxiety as shown in the open field apparatus, light-dark box
and elevated plus maze paradigm. The exercise-alleviated behavioural and psychiatric
symptoms seen in our AD model are accompanied by a normalised basal synaptic
transmission and prevention of deleterious alterations in the levels of important signalling
molecules such as phosphorylated CaMKII, calcineurin and BDNF. These experimental data
correspond well with the anxiolytic effects of exercise in AD patients reported in the clinical
literature (Teri et al., 2003; Williams and Tappen, 2007, 2008).

In addition to the non-cognitive disturbances caused by amyloid infusion,
electrophysiological recordings in CA1 pyramidal cells reveal that 2 wk infusion of ABy_4»
shifts the input/out (1/0) curves of A rats to the right side indicating impaired basal
synaptic transmissions. Also, these Schaffer collaterals synapses require much higher
voltage to elicit the same response in controls. In agreement with our findings, studies in
transgenic AD mice (Tg2576, APPPPS1-21 and Tau22) show learning and memory deficits
and impairment of the prefrontal and perirhinal cortex synaptic plasticity (Tamagnini et al.,
2012, Lo et al., 2013). Furthermore, clinical studies in AD patients demonstrate an impaired
long-term potentiation (LTP)-like response in cortical areas (Koch et al., 2012) and this
synaptic dysfunction was also observed in other brain regions (e.g. hippocampus) in various
animal models of AD (Nalbantoglu et al., 1997; Chapman et al., 1999; Stephan et al., 2001,
Srivareerat et al., 2009).

It is noteworthy that our exercise regimen does not seem to alter basal synaptic transmission
in cognitively normal rats as neither the 1/0 curve nor fEPSP slopes measured in CAl area
was affected by exercise training. However, even though it is not significant, there is a trend
showing that exercise seems to lower the voltage in normal rats to produce minimal and
maximal responses. Nevertheless, our data indicate that 4 wk of moderate treadmill exercise
protects the Schaffer collaterals synapses against the deleterious effect of AD pathology. For
example, the right side shift of the 1/O curve observed in the A rats is not seen in animals
with exercise training inasmuch as the 1/0 curve of Ex/A rats is similar to that of control
rats. Furthermore, the voltages required to elicit minimal and maximal response in Ex/AB
and control rats are not different. Perhaps by increasing synaptic excitability and fostering
synaptic connections between neurons, exercise prepares the hippocampal synapses to
withstand amyloid toxicity.
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What possible mechanisms might account for the protective effects of exercise against brain
function impairment caused by amyloid peptides? One of the potential candidates is
probably preservation of molecules that exert effects on both the peripheral and central
nervous system; cardinal among these molecules is CaMKI|, particularly the a-subtype.
Even though a-CaMKII is the most abundant protein found in the brain, it is also present in
skeletal muscle with a seemingly non-functional kinase role (Chin, 2004). Additionally, it is
well documented that a-CaMKI|I plays a key role in learning and memory processes as well
as long-term potentiation (LTP) induction and persistency (Sanhueza and Lisman, 2013).
Genetic knockouts of the a-CaMKII gene result in cognitive deficits and LTP blockage
(Silva et al., 1992; Stevens et al., 1994; Matsuo et al., 2009). Mice that are heterozygous for
a null mutation of a-CaMKI|I exhibited both memory impairment and behaviour indicating
mood change (Yamasaki et al., 2008). In our study, we reported a significant reduction in
levels of CaMKII in the CA1 area of AB rats. This alteration was abolished in Ex/AB rats. In
agreement with our finding, other studies have also indicated that regular exercise increased
expression of hippocampal CaMKII mRNA in rats (Egan et al., 2010) and CaMKI|I
expression and activity in human skeletal muscles (Rose et al., 2007). These exercise-
induced molecular effects seem to translate into an ability of exercise to prevent anxiety
caused by AD. Interestingly, over-expression of a-CaMKI|I in the mouse forebrain produced
increased anxiety coupled with offensive aggression (Hasegawa et al., 2009).

BDNF, a member of the nerve growth factor family, is a critical molecule responsible for
neuronal development and synaptic plasticity (Leal et al., 2013). The Ap rats did not show a
reduction in the basal levels of BDNF indicating a possible compensatory mechanism for the
initial effect of toxic amyloid peptides. However, in our study the exercised groups,
including exercise alone and Ex/Ap rats, showed a significant elevation in the basal levels of
BDNF in CA1 area compared to those of the sedentary control. The pleiotropic effects of
exercise-induced BDNF are well documented, thus BDNF might be a potential mechanism
behind the neuroprotective effects of exercise in AD. BDNF is produced in peripheral
tissues (Lommatzsch et al., 1999) and crosses the blood-brain barrier (Poduslo and Curran,
1996) where it probably acts synergistically with available BDNF in the central nervous
system to produce a beneficial effect on brain function.

Even though the exact mechanisms by which exercise exerts a beneficial effect on brain
function are still under investigation, findings from our study provide valuable insights into
molecular pathways that could be involved in both AD and regular exercise. In short, it can
be concluded that regular treadmill exercise prevented both cognitive and non-cognitive
deficits associated with AD. Thus, it is possible that exercise can be used as a therapeutic
approach against diseases that are associated with memory problems and/or anxiety
symptoms.
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Fig. 1.

Alzheimer’s disease (AD) pathology produced increased anxiety, which was prevented by
moderate treadmill exercise. Rats were subjected to non-cognitive tests including open field
(OF) apparatus (a—c) and light-dark (LD) box (d). AP rats spent significantly less time in the
centre area in the OF test (a) and the light area of the LD box (d) compared to control,
exercise and Ex/Ap rats. The reduction in the locomotor activity was not prevented with
exercise as AP and Ex/AR rats showed similar reduced total distance travelled (b) and total
activity (c) compared to control and exercise rats. (*) denotes significant difference from all
groups, (*) indicates significant difference from control and exercise groups (p<0.05, 8-10
rats/group).
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A Exercise Ex/AB

Elevated plus maze (EPM) exploration in AP rats with and without exercise training. (a):
Time spent in the closed arms, (b): Time spent in the centre area, (c): Total distance
travelled. AP rats showed increased anxiety-like behaviours as indicated by significantly
longer time spent in the closed arms and shorter time in the centre area compared to control,
exercise, and Ex/AB rats. The impaired locomotor activity of Ap rats (shorter distance
travelled) was not prevented by treadmill exercise. (*) p<0.05 compared to all groups, (#)
p<0.05 compared to control and exercise groups, 8-10 rats/group.
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Fig. 3.
Basal synaptic transmission is impaired in CA1 area of AP rats and this impairment is

prevented by moderate treadmill exercise. (a): the input-output (1/0) curves are evoked by
gradual increases in stimulus intensity. The right side shift of the 1/0 curve of Ap rats
indicates impaired basal synaptic transmission (b): Stimulus intensity required to produce
minimal, 30% of maximum, and maximal response. Ap rats required a significantly stronger
voltage to elicit the same response compared to control, exercise, and Ex/Ap rats. (*)
indicates significant difference compared to other groups at all stimulus intensities. Values
are meanzS.E.M., n=4-6 rats/ group.
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Exercise Ex/AB

Basal levels of p-CaMKI|I (a), t-CaMKII (b), and p-CaMKII/t-CaMKII ratio (c) in CA1 area.
The basal levels of p-CaMKII in AP rats were significantly reduced compared to other
groups while the levels of t-CaMKII were similar across all groups. Thus, the p-CaMKII/t-
CaMKII ratio of AP rats was significantly smaller than those of control, exercise, and ExX/AB
rats, which indicated an impaired phosphorylation process. (*) indicates significant
difference from control, exercise, and Ex/AB, p=0.05-0.01. Values are meantS.E.M., n=4-6

rats/group. Insets are representative blots.
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Fig. 5.
Basal levels of calcineurin (a) and BDNF (b) in CALl area. Exogenous administration of

AP1_4o peptides increased the basal levels of calcineurin protein but did not affect BDNF
protein levels. Moderate treadmill exercise prevented the aberrant up-regulation of
calcineurin induced in A rats as its basal levels in Ex/A rats are similar to those of control
and exercise rats. The basal levels of BDNF in exercised rats including Ex/AP rats were
significantly increased compared to those of AB and control rats. (*) indicates significant
difference compared to all groups (p<0.05). (#) indicates significant difference compared to
control and exercise groups (p<0.05-0.01). Values are mean+S.E.M., n=4-6 rats/group.
Insets are representative blots.
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