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ABSTRACT

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive
memory loss, spatial disorientation, and aberrant behaviors. The most important risk
factor of AD is aging. Accumulating evidence suggests a neuroprotective role of regular
exercise in aging associated memory impairment. In this study, we investigated the
ability of regular moderate treadmill exercise to prevent impairment of cognitive and
non-cognitive functions, long-term potentiation (LTP), and related signaling pathways in
a rat model of AD, which was achieved by i.c.v. infusion of AB;4, peptides (250
pmol/day for 2 weeks). We utilized behavioral assessment, in vivo electrophysiological
recording, and immunoblotting in 4 groups of adult Wistar rats: control, treadmill
exercise (Ex), B-amyloid-infused (AB), and amyloid-infused/treadmill exercised (Ex/AB).
Our findings indicated that AB rats exhibited impaired spatial learning and memory as
tested in the radial arm water maze (RAWM). Compared to all other groups, these rats
also displayed increased anxiety-like behaviors as indicated by less time spent in the
center area of the open field apparatus and the elevated plus maze (EPM), more time in
the dark area of the light-dark box, and longer time in the closed arms of the EPM
paradigm. Extracellular recordings in urethane-anesthetized rats revealed that these
amyloid-infused animals showed suppressed early phase (E-) and late phase (L-) LTP in
both CA1 and DG areas, which correlated with deficient signaling pathways in these two
brain regions. For example, Western blot analysis indicated that AP rats exhibited
deleterious alterations in the levels of AD- and LTP-related molecules including amyloid

precursor protein (APP), B-secretase enzyme (BACE-1), calcineurin (PP2B), brain derived-



neurotrophic factor (BDNF), Ca®'/calmodulin dependent protein kinases Il and IV
(CaMKIl and CaMKIV), cAMP response element binding protein (CREB), and extracellular
signal-regulated kinase 1/2 (ERK1/2). Compared to controls, Ex and Ex/AB rats showed a
similar behavioral performance with normal hippocampal LTP and no detrimental
changes in the levels of those LTP- and memory-related molecules in both areas. Thus,
regular moderate treadmill exercise may be beneficial in preserving cognitive and non-
cognitive functions in the AD brains by preventing the detrimental effects of amyloid

toxicity on the synapses and key signaling pathways.
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1. INTRODUCTION AND STATEMENT OF THE PROBLEM

Alzheimer’s disease (AD), a leading cause of dementia in the elderly, is an
irreversible neurodegenerative disorder in which patients experience a progressive
memory loss in addition to psychopathic behaviors. The increasing life expectancy not
only challenges the individual’s later life but also places heavy caregiving burden and
spiraling financial cost on family and society. In 2006, the number of people suffering
from AD globally is approximately 26.6 million and this is expected to increase to 106.8
million in 2050 (Brookmeyer et al., 2007). According to the Alzheimer’s Association, AD
is the sixth leading cause in the United States where the mortality rate resulting from AD
has tremendously increased (about 69%) during the last decade compared to other
causes of death (e.g. cancer, heart diseases). One of the current crises that concern all
people including Americans is the retirement plan for older people. Aside from
substantial venue for assisted care living, demented elderly require an extremely high-
level of care and close supervision. As the first baby boomer reached 65" birthday on
January 1%, 2011 and the cost of health care is on the rise, America faces a serious
challenge providing financial assistance for these millions of people. There will be
approximately 10 million baby boomers who will have AD. This will cost the nation $20
trillion, which will be enough to pay off the nation debt and still send a $20,000 check to
every adult in America (Alzheimer’s Association). Not only AD patients suffer the
ravaging consequences of the pathology, but their family members also undergo the
prolonged agony: to cope with the disease manifestations and to witness the death of

their loved ones.



The pathogenesis of AD has been a puzzle to scientists since its first clinical
descriptions by the physician Alois Alzheimer in 1906. Many hypotheses have been
postulated but none is able to account for the full-blown spectrum of cognitive and non-
cognitive disturbances associated with the disease. AD patients experience progressive
memory loss accompanied by non-cognitive deficits (e.g. anxiety, irritability,
aggression), which greatly reduce their quality-of-life as the disease advances (Garre-
Olmo et al., 2010, Cheng et al., 2012b). Animal models of AD consistently show learning
and memory impairments with synaptic plasticity deficits and some psychiatric-like
symptoms (e.g. apathy, anxiety-like, depression-like behaviors) (Nistico et al., 2012,
Lecanu and Papadopoulos, 2013, Yan et al., 2013). Biochemical analysis of post-mortem
AD brains revealed extensive cholinergic deterioration, hippocampal volume shrinkage,
and decreased norepinephrine transporter expression and activity (Perry, 1980, Bobinski
et al., 2000, Gulyas et al., 2010). Additionally, non-invasive imaging procedures in AD
patients indicate basal forebrain atrophy, changes in local amygdala structure, and
hippocampus volume loss (Teipel et al., 2005, Mueller et al., 2010, Cavedo et al., 2011,
Grothe et al., 2012). Similar findings regarding amyloid and tau biomarkers have also
been reported in both humans and experimental animals (Sabbagh et al., 2013).

Definitive diagnosis of AD requires the presence of both extracellular deposits of
amyloid proteins termed senile plagues and intracellular inclusions of
hyperphosphorylated tau proteins, which form neurofibrillary tangles. These
neuropathological hallmarks constitute the amyloid hypothesis, which currently is a

favorite in explaining AD pathology. Despite tremendous efforts in elucidating AD



etiology and searching for effective therapy, the disease still has no cure. FDA-approved
pharmacological treatments (cholinesterase inhibitors and NMDA receptor antagonist)
are effective in alleviating symptoms in only half of the AD patient population with
limited therapeutic window and serious side effects (e.g. nausea, vomiting, liver
damage). Thus, there is an urgent need for innovative strategies that can halt or reverse
AD progression. Recently, anti-amyloid therapies, dieting, and physical activity have
emerged as promising preventative treatments of AD (Morgan, 2011, Erickson et al.,
2012, Shah, 2013). Among these, regular exercise has received an enormous recognition
for exerting a beneficial effect on the brain function, especially learning and memory.
According to the Center for Disease Control and Prevention, 30 minutes of daily
exercise can improve your mood, attention, sleep quality and most importantly, it is the
golden key to happiness. Depending on different duration and intensity, exercise can
modify learning and memory and related signaling cascades in an inverted U shape
curve in which too much or too little exercise is detrimental (Kamijo et al., 2004).
Exercise is neuroprotective in various brain insults including acute sleep deprivation
(Zagaar et al., 2012), oxidative stress (Vollert et al., 2011), Parkinson’s disease (Tuon et
al., 2012), chronic cerebral hypoperfusion (Cechetti et al., 2012), and cerebral hypoxia
(Gozal et al., 2010). Several other exercise paradigms show an enhanced performance in
learning and memory tasks of exercised rats compared to sedentary controls (Falls et al.,
2010, Kennard and Woodruff-Pak, 2012). At the cellular level, these behavioral
adaptions induced by exercise translate to stronger synaptic connections, sprouting of

dendritic spines, neurogenesis, and robust long-term potentiation (LTP), a model of



learning and memory (Stranahan et al., 2009, Hotting and Roder, 2013, Lee et al., 2013).
Physical exercise is beneficial to cognitive function, and the combination of both mental
and physical activity provides a synergistic beneficial effect on brain health (Curlik and
Shors, 2013). In addition, exercise is known to exert an anxiolytic effect in humans even
beyond the therapeutic efficacy of anxiety-reducing agents (Wipfli et al., 2008); thus
making exercise a potential treatment for clinical anxiety disorders (Asmundson et al.,
2013).

Given the opposite effects that AD pathology and exercise training have on
cognitive and non-cognitive functions, it will be of interest to investigate the effect of
regular exercise in learning and memory impairment associated with AD pathology.
Through 16 prospective studies, a meta-analysis has quantified that active people will be
less likely to develop Alzheimer’s disease or Parkinson’s disease (Hamer and Chida,
2009) compared to sedentary people. In this study, we thoroughly investigate the
impact of moderate treadmill exercise in a rat model of AD-like pathology using a 3-tiers
design that consists of behavioral assessments, electrophysiological recordings, and
molecular analysis. Our model of AD was achieved by continuous i.c.v. infusion of
amyloidogenic AB1.4; peptides (250 pmol/day, 2 weeks length). Our exercise protocol is
considered to be a moderate regimen of forced running on motorized treadmill. Three
hypotheses were tested in our study: 1) moderate treadmill exercise prevents the
cognitive (i.e. spatial learning and memory) and non-cognitive (i.e. anxiety-like
behaviors) disturbances induced by AD-like pathology; 2) AD-induced suppression of

long-term potentiation in Schaffer/collaterals and perforant synapses can be prevented



by moderate treadmill exercise; and 3) Abnormal signaling cascades induced by AD
pathology are normalized by prior moderate treadmill exercise.

The contribution of this study is significant as successful completion of the study
not only may contribute to the discovery of an inexpensive and risk-free treatment of
AD but also may reveal molecular targets involved in mediating the beneficial effects of
regular exercise on the AD brain. Eventually, preventative treatments of AD may lead to
the use of exercise mimetics, which may be effective in delaying the onset of AD and
possibly reversing the disease particularly in physically challenged individuals. If indeed
regular exercise proves to be neuroprotective in AD, the caregiving burden and spiraling

financial costs of caring for AD patients will be greatly reduced.



2. LITERATURE REVIEW

2.1. Learning and memory

Learning and memory are closely related cognitive processes through which
information about the surrounding environment is recognized (Bailey et al., 1996).
Learning is defined as a process that leads to modifications of a subsequent behavior,
whereas memory is the ability to remember past events; or simply just a record left by a
learning process (Okano et al., 2000). Based on the neural circuits that get activated and
the duration, memory can be divided into different types including sensory, short-term
and long-term memory.

Sensory memory, lasting about miliseconds to 1 second, results from initial
perception of the external environment by touch, smell, and/or hearing. This type of
memory allows the brain to weigh the importance of the incoming information for
further processing. Once sensory memory is attentive enough, it will be converted to
short-term memory or working memory (e.g. reading a sentence). Short-term memory
allows the temporary storage of information for immediate action at the moment,
lasting less than 1 minute; it is powerful but has a very limited capacity. Thus, short-
term memory can be encoded to long-term memory, lasting days, months and even life-

time, or can be simply forgotten (Figure 1, upper panel).
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Figure 1. Upper panel: different types of memory, Lower panel: types of long-term memory (Taken from
http://thebrain.mcgill.ca/flash/d/d_07/d_07_p/d_07_p_tra/d_07_p_tra.html)



Long-term memory is further categorized into declarative or non-declarative
mamory. Non-declarative, or implicit memory is the type of memory that can be
retrieved without conscious attempt (e.g. driving a car). It is more of a procedural skill or
emotional conditioning memory (Figure 1, lower panel) (Squire et al., 1988). The brain
areas involved in this type of memory are the neostriatum, the caudate nucleus and
putamen (Saint-Cyr et al., 1988, Setlow and McGaugh, 1999, Maddox and Ashby, 2004).
Declarative, also called explicit memory, requires conscious recall of all past events,
which depends heavily on the integrity of the medial temporal lobe, especially the
hippocampus and the diencephalon (Malamut et al., 1992, Setlow and McGaugh, 1999,
Grunwald et al., 2003, Pergola et al., 2012).

2.2. The hippocampus

The hippocampus is a bilateral, laminar structure that lies in the medial temporal
lobe of the brain. It is a critical region implicated in learning and memory, especially
spatial memory (Olton et al.,, 1978). The hippocampus named after the Latin word
“seahorse” and consists of two interlocking “Cs” sub-regions as demonstrated in figure
2. The first “C” refers to the pyramidal cells of the Cornu Amonis (CA1 - CA3 areas),
while the second “C” is the granule cells of the dentate gyrus (DG) (Amaral and Witter,
1989). Even though the literature has generally and extensively demonstrated the
hippocampus as a whole is where memory starts and temporarily stored, studies have
reported different functions of each separate sub-region. For example, the dentate
gyrus acts as filter of new incomming information or pattern separation; thus making it

an effective gateway into the CA3 storage, an area that encodes new spatial information
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(Kesner, 2013b, a, Vivar and van Praag, 2013). Additionally, alterations along the
transverse axis of the hippocampus result in various memory impairments. The septal
(dorsal) area of the hippocampus is more involved in spatial learning and memory while
its temporal (ventral) part affects motivational and emotional learning (Moser and
Moser, 1998, Potvin et al., 2006, Bast, 2007).

One distintive feature of the hippocampus is its unidirectional trisynaptic
connection (Figure 2). Incoming information enters the hippocampal formation via the
entorhinal cortex, whose nerve terminals synapse onto the granule cells of the DG via
the perforant pathway. Next, information continues to travel along axons of the DG via
the mossy fiber pathway and synapses onto the CA3 area pyramidal cells. Then, the last
connection namely the Schaffer collaterals pathway, connects the CA3 area to the CA1l
area pyramidal cells. Cellular analogues of learning and memory (i.e. long-term
potentiation) can be modeled by applying repetitive high frequency stimulation to one

of those pathways.

TRENDS in Neurosciences

Figure 2. The unidirectional trisynaptic circuit of the hippocampal formation. Fibers project from the
entorhinal cortex to the dentate gyrus via the perforant pathway (pp). Axons of the dentate gyrus then
synapse onto the pyramidal cells of the CA3 area via the mossy fiber pathway (mf). Then, CA3 area
connects to the CA1 area via the Schaffer collateral pathway (Sc). Also, the commissural pathway (comm)
sends projections to the contralateral hippocampus. Taken from (Yassa and Stark, 2011).
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2.3. The hippocampus and memory

The hippocampus serves as a temporary reservoir of new information before
being sent to the cerebral cortex for permanent storage (Sutherland et al., 1989). Much
of the current understanding about the role of the hippocampus in learning and
memory processes owes a great debt to the famous case of patient Henry Molaison
(H.M). The catastrophic bilateral surgical removal of H.M.’s medial temporal lobe
structure to control his life-threatening seizures forever left him in the same moment.
The surgery had been a precious gift to neuroscience, especially learning and memory
research. After the surgery, H.M. experienced anterograde amnesia, a condition in
which the patient is not capable of forming new memories (Scoville and Milner, 1957).
Since then, the hippocampus function has been extensively studied in humans, non-
human primates, and rodents. It is well recognized that lesions or damage to the
hippocampus impaired spatial learning and memory (Faraji et al., 2008, Brady et al.,
2010, Gomez et al., 2012).
2.4. Animal tests for learning and memory

Learning and memory is an abstract concept that has been studied extensively
using behavioral paradigms and electrophysiological experiments in animals. Behavioral
testings allow us to “score” learning and memory in rodents while electrophysiological
studies reveal synaptic events during the process of learning and memory.
2.4.1. The rodent mazes

In rodent, spatial learning and memory is strictly hippocampus dependent and

the maze is a common test for this type of memory (short-term and long-term) (Wenk,
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2004). Even though there are various type of mazes, all share the same principle that
uses visuospatial cues, the animals must learn the location where rewards (e.g. food or
safety) can be found.

2.4.1.1. The radial arm maze (RAM)

Figure 3. The radial arm maze.

The radial arm maze is an effective assay of spatial learning and memory (short-
term and long-term) using food rewards. The first RAM, developed by Olton and
Samuelson in 1976, consists of eight horizontal arms radiating from an opened central
area (Figure 3) (Olton et al., 1978). For each learning trial per day, the food bait is placed
at the end of four out of the eight arms and remains constant throughout the training
period. After food deprivation, each animal is placed in the central area and allowed to
explore the arms. Each training trial lasts about 5 minutes or whenever all food is
consumed. During a particular learning trial, the control animal should avoid entering
the baited arm more than once after finishing the food pellets. Thus, short-term
memory (working memory) is quantified by the number of times that the animal enters
the baited arm more than once (errors). Similarly, long-term memory (reference

memory) can be inferred from errors of entering an unbaited arm. The RAM is effective
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in the sense that it allows simultaneous assessments of both short-term and long-term
memory. However, food odors and deprivation and/or smells from other animals may
be possible disadvantages of the RAM.

2.4.1.2. The Morris water maze (MWM)

Figure 4. The Morris water maze.

First invented by and named after Richard Morris in 1981, the MWM still
remains to be the most widely used maze in behavioral neuroscience that focuses on
spatial learning and memory. Typically, rodents are placed in a circular pool filled with
opaque water and the only escape route is to locate a hidden platform at a fixed
location given visual cues on the surrounding walls (Figure 4) (Morris et al., 1982). The
concept behind the MWM is that in a certain spatial environment, place cells in the
hippocampus form a unique pattern field on the cognitive map (O'Keefe, 1976).
Basically, animals are allowed learning trials in which spatial memory can be inferred
from swimming paths toward the platform and escape latency. Normally, control
animals will quickly learn the location of the hidden platform with reduced escape
latencies and shorter and more direct swimming path when the subsequent trials
continue. The animal is also given a post-training probe test trial (lasting 60 seconds) in

which the platform will be removed. The well-trained animal with intact spatial memory
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would swim toward and begin searching at the location where the platform had been
previously located. This spatial bias can be used as an index of spatial learning and
memory. The MWN eliminates confounding factors such as food odor and deprivation
associated with the RAM. However, the MWM is not quite ideal in hippocampal lesions
studies as overtraining (large number of trials in many days) can make these animals
perform well in the probe test (Morris et al., 1990). Additionally, it is possible that
rodents just passively swim/float until they bump into a subject without using the
visuospatial cues.

2.4.1.3. The radial arm water maze (RAWM)

6-Arm Water Maze
2

5
Figure 5. The radial arm water maze.

The RAWM is a hybrid of the MWM and RAM. First developed by Buresova and
colleagues in 1985, the RAWM proves to be a valuable tool in assessing spatial learning
and memory performance in rodents. The RAWM is a black circular pool with six swim
arms leading radially from an opened center area (Figure 5) (Buresova et al., 1985). In
this paradigm, the animals are forced to navigate through the arms in order to reach the

hidden platform, which is placed at the end of a goal arm. The goal arm is randomly
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assigned to each animal. The paradigm involves learning trials, short-term and long-term
memory tests. The advantages of both the RAM and MWM are fully attained in the
RAWM procedures. Thus, in this study we used RAWM to simultaneously evaluate
spatial learning, working and reference memory while the disadvantages of food odor
and deprivation are completely avoided. Our experiment protocol is further detailed in
the Materials and Methods section.
2.4.2. Electrophysiological investigations

The hippocampus, structured into well-defined homogenous cell layers, has
been extensively investigated at the synaptic level in vitro (in hippocampal slices) and in
vivo (in anesthetized animals). Experiments with hippocampal slices provide feasibility
for pharmacological manipulations (i.e. drug administration) and correct positioning of
the electrodes in the sub-regions. However, recordings from slices do not necessarily
reflect the physiologic conditions due to circuitry disruptions, neurotransmitter
alterations, altered phosphorylation of protein, and temperature variations (Ho et al.,
2004).

We performed extracellular electrophysiological recordings in both the CA1 and
DG sub-regions of the hippocampus in urethane-anesthetized animals. Urethane is
proven to be the most suitable anesthetic agent for in vivo recordings (Maggi and Meli,
1986). Proper positioning of the stimulating and recording electrodes into any of the
hippocampus synaptic pathways can produce a postsynaptic response called population
spike (pspike) (shown in figure 6) that can be analyzed into two parameters: 1) field

excitatory post-synaptic potential (fEPSP) slope and 2) pspike amplitude. The fEPSP
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slope represents synaptic strength while pspike amplitude indicates the number of
neurons that reached threshold and fired. Repetitive stimulation of any hippocampal
pathway via high frequency stimulation (HFS) results in long-lasting changes of the
synapses of that particular pathway (synaptic plasticity). Depending on the stimulation
protocol, the changes could be an increase (long-term potentiation) or decrease (long-

term depression).

Population Spike
amplitude

Figure 6. A trace of postsynaptic response in the hippocampus.

2.5. Hippocampal long-term potentiation (LTP)

Synaptic plasticity in the form of enhanced synaptic strength is called long-term
potentiation (LTP). Based on the fact that during learning and memory process, synaptic
transmissions within and between neurons are enhances, LTP is considered to be the
closest cellular model of learning and memory (Bliss and Collingridge, 1993). First
discovered in 1966 by Bliss and Lomo in rabbit hippocampus, LTP has given scientists
valuable knowledge regarding the molecular pathways involved in learning and memory
(Lomo, 2003). Since its discovery, many forms of synaptic plasticity (short vs. long) have
been described and are thought to be mediated by a multitude of pre-synaptic and post-

synaptic mechanisms (Nayak and Browning, 1999, Nicoll, 2003, Lu and Hawkins, 2006).
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LTP is observed in all sub-regions of the hippocampus but the molecular mechanisms
behind LTP of each sub-region are varied. For instance, LTP of the mossy fiber pathway
is totally independent of postsynaptic calcium (Mellor and Nicoll 2001), thus making this
type of LTP independent of N-methyl-D-aspartate (NMDA) receptors (Bortolotto et al.,
2005). On the other hand, LTP of the perforant and Schaffer collaterals synapses can
only be evoked when there is activation of NMDA receptors and subsequent
postsynaptic calcium entry (Lynch et al., 1990, Regehr and Tank, 1990). In our study, we
induced LTP in the CA1 and DG areas using train(s) of HFS. A single train of HFS produces
only an early phase of long-term potentiation (E-LTP) while multiple trains of HFS induce
a longer plasticity called late phase LTP (L-LTP).

2.5.1. Early phase LTP (E-LTP)

E-LTP, a cellular analogue of short-term memory, is a transient phenomenon of
increased synaptic strength that lasts up to 3 hours. This type of synaptic plasticity is
independent of protein synthesis and requires the activation (phosphorylation) of
Ca?*/calmodulin dependent protein kinase Il (CaMKIl), which in turn increases the
turnover and conductivity of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors. Briefly, single train of HFS depolarizes the pre-synaptic
membrane causing subsequent glutamate release. The released glutamate activates
post-synaptic glutamate receptors. The post-synaptic membrane is then sufficiently
depolarized and the Mg®* blockage of NMDA receptors is removed allowing the entry of

2+

Ca’" into the cell. Ca*" influx dissociates calmodulin from neurogranin and activates

Ca’*/calmodulin-dependent protein kinase Il (CaMKII), which autophosphorylates once
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becoming activated. CaMKIl activation can also enhance AMPA receptor trafficking to
the membrane. Calcineurin (PP2B) is a phosphatase that can shut off the constitutive
activation of CaMKII, returning the synapses to its normal state (Figure 7A).

2.5.2. Late phase LTP (L-LTP)

A more durable form of LTP (L-LTP), lasting more than 3 hrs and up to days, can
be evoked by application of multiple trains of HFS to the desired pathway. L-LTP is
dependent on de novo protein synthesis, which requires activation of kinases and
transcription factors. Unlike E-LTP, a more focused Ca®' entry into the postsynaptic
membrane leads to phosphorylation of CAMP response element binding protein (CREB)
via Ca?*/ calmodulin dependent protein kinase IV (CaMKIV) and the mitogen-activated
protein kinase (MAPK-ERK1/2) pathways, thus initiating transcription of target genes

implicated in synaptogenesis, neuronal survival, and learning and memory (Figure 7B).
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Figure 7A. Schematic diagram of E-LTP molecular expression. Single HFS produces a rise in postsynaptic
Ca”, which can phosphorylate (P) AMPAR receptors to enhance their conductance capability and
insertion onto the postsynaptic membrane. Once activated, CaMKIl remain to be active via
autophosphorylation even though Ca’ amount may return back to the basal level and only phosphatase
(PP) can halt this constitutive activity. Adapted from (Kandel and Schwartz, 2001).
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Figure 7B. Induction of L-LTP via multiple trains of HFS. Compared to E-LTP induction, a more focus Ca’*
influx activate the CaMKIV and PKA-MAPK (ERK1/2) pathways, that can subsequently phosphorylate CREB
and turn on CRE-mediated transcriptions, which are necessary for synapse formation, neuronal survival,
and memory formation Adapted from (Kandel and Schwartz, 2001).
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2.6. Signaling molecules involved in learning and memory, and LTP:

Various signaling molecules have been shown to play a pivotal role during
learning and memory processes as well as the LTP phenomenon. The following section
provides a brief review of these molecules in term of structure, memory and LTP-related
functions.

2.6.1. N-methyl-d-aspartate (NMDA) receptors:

The NMDA receptor, which belongs to the ionotropic glutamate receptor family,
is attached to a calcium channel that is usually voltage-dependently blocked by Mg**
under resting condition (Figure 8). The NMDA receptor is a hetero-tetramer complex
that consists of two NR1 and two NR2 subunits. Glutamate binds to the site on NR2
while the co-agonist glycine is the ligand on the NR1 subunit. Functional studies reveal
that NMDA glutamate receptors play a critical role in spatial memory and LTP induction,
particularly LTP of the perforant and Schaffer collaterals pathways. The selective NMDA
receptor antagonist (AP5) directly interferes with spatial and emotional learning and
memory and completely blocks LTP (Davis et al., 1992, Elvander-Tottie et al., 2006,
Morris et al., 2013). However, exogenous administration of AP5 after a learning task has
no effect on retention of prior acquired spatial information nor does it influence the
expression of LTP (Morris, 1989). Genetic studies also prove the importance of NMDA
receptors in learning and memory. For instance, CA1 area NR1 or NR2A subunits
knockout mice exhibited both spatial learning and memory and LTP deficits (Berberich

et al., 2007, Place et al., 2012). Additionally, non-spatial learning and memory is also

affected in mice without CA1 NMDA receptors (Rondi-Reig et al., 2001). Interestingly,
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one related study showed that mice lacking the NR1 subunit in the DG area displayed
impaired spatial working memory but intact spatial reference memory (Niewoehner et
al., 2007). Together, these results indicate a correlation between memory and LTP and

how alterations in NMDA signaling could affect these parameters.

Schematic representation of the NMDA (N - Methyl D- Aspartate) receptor complex
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Figure 8. Structure of a NMDA receptor complex. NMDA receptor possesses several ligand binding sites
such as glutamate, glycine, polyamine and Zn*". Under resting condition, the receptor is blocked by Mg2+,
which can be removed by changes in membrane voltage. Taken from
http://www.frca.co.uk/article.aspx?articleid=100515.

2.6.2. Ca**/calmodulin dependent protein kinase Il (CaMKiI)

Ca®*/calmodulin dependent protein kinase Il (CaMKIl) is a key kinase in the
learning and memory process. Autophosphorylation by exposure to the Ca**/calmodulin
complex turns this kinase constitutively active despite depleted postsynaptic Ca®.

CaMKIl is a dodecamer with the core structure of a catalytic domain and an
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autoinhibitory domain (Figure 9) (Hunter and Schulman, 2005). It is the most abundant
enzyme in the brain with the predominant isoform, CaMKlla (Yamasaki et al., 2008).
Reduced levels of mMRNA and protein expression of CaMKlla correlate with an impaired
spatial learning and memory in a model of epilepsy (Wang et al., 2008a). Furthermore,
pharmacological inhibition of CaMKIl by KN-93 blocks short-term plasticity and
aggravates the suppression of synaptic transmission regardless of high frequency

stimulation (Mukhamedyarov et al., 2010).
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Figure 9. A) A CaMKIl monomer consists of catalytic, regulatory, and association domain, which can
assembly into the dodecamer structure, or CaMKIl holoenzyme. B) Activation CaMKII. Ca’* enters the
postsynaptic cell and binds to calmodulin. This complex binds to CaMKII regulatory domain and releases
the catalytic domain from the inhibitory effect of the regulatory domain and thus expose Thr286 and
result in subsequent phosphorylation of this amino residue. Once active, CaMKIl remains to be
autophoshorylated. Taken from (Couchonnal and Anderson, 2008).

2.6.3. Calcineurin
In the hippocampus, phosphatases including calcineurin (PP2B) are responsible

for deactivating kinases-induced phosphorylated substrates. In particular, PP2B can
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return CaMKII constitutive activity to basal level via dephosphorylation. Activation of
calcineurin via the calcium sensing calmodulin complex removes its autoinhibitory
domain and results in phosphatase activation (Figure 10) (Rumi-Masante et al., 2012). It
has been shown that synaptic plasticity in the hippocampus involves bidirectional
control of kinase/phosphatase switch (Belmeguenai and Hansel, 2005). For example,
previous studies from our lab indicate upregulation of basal levels of PP2B during stress
and AD pathology which possibly explain an impaired LTP, enhanced long-term
depression (LTD), and memory deficits in those rats (Gerges et al., 2004, Srivareerat et

al., 2009).
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Figure 10. a) Structure of calcineurin (PP2B) includes a catalytic, regulatory and autoinhibitory domain
(AID). The regulatory domain of PP2B contains the calcium sensor calmodulin (CaM) binding site. b)
Activation of PP2B. Conformational change, results from binding of CaM to the regulatory domain,
displaces the AID and thus activates PP2B. Taken from (Rumi-Masante et al., 2012).
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2.6.4. cAMP response element binding protein (CREB)

cAMP response element binding protein (CREB) is a transcription factor that
plays an important role in memory formation and LTP (Pittenger and Kandel, 1998,
Alberini, 2009, Kida, 2012). CREB is activated via phosphorylation at Serine 133 by
several kinases (Shaywitz and Greenberg, 1999). Upon depolarization during learning
and memory or tetanic stimulation, influxed Ca®* forms a complex with calmodulin
leading to cAMP dependent protein kinase IV (CaMKIV) activation, which eventually
phosphorylates CREB and turns on CREB transcriptional activity (Figure 11). Mice
expressing genes with increased level and activity of CREB show an enhanced memory
and lower-threshold LTP (Du et al., 2000, Barco et al., 2005). In contrast, CREB inhibition
or suppression of CREB phosphorylation via genetic approach or pharmacologic agent
reduces LTP magnitude and increases LTD expression (Fan et al., 2010, Middei et al.,

2013), and even causing neuronal death (Jancic et al., 2009).
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Figure 11. Left panel: structure of CREB consists of an activation domain, which contains the glutamine-
rich regions Q1 and Q2 and a DNA-binding domain (bZip regions BD and LZ) in addition to the P-Box. Right
panel: CREB-mediated transcription. The Ca**/calmodulin (CaM) and cAMP signaling pathways activate
protein kinase A (PKA) and Ca“/calmoduIin—dependent protein kinase IV (CaMKIV) respectively, which in
turn phosphorylate CREB at Ser133 and result in CREB-mediated transcriptions. Taken from (Fimia et al.,
2001, Yamamori et al., 2004).

2.6.5. Ca**/calmodulin dependent protein kinase 1V (CaMKIV)

Similar in structure to that of CaMKIl, CaMKIV possess a Ca**/calmodulin (CaMm)
site, once occupied, the complex will turn on the basal kinase activity. Further
phosphorylation of the CaM-bound CaMKIV at a threonine residue on its activation loop
will keep CaMKIV activity on an autonomous mode, which is necessary for transcriptions
(Chow et al., 2005). Multiple trains of HFS activate the calcium signaling pathway upon
which CaMKIV phosphorylates CREB (Figure 11). Targeted deletion of CaMKIV in mice
impairs L- LTP, long-term memory and CREB phosphorylation but leaves E-LTP and
short-term memory intact (Ho et al.,, 2000, Kang et al., 2001, Lee et al., 2009). In
contrast, overexpression of CaMKIV not only enhances LTP and spatial learning and

memory but also rescues memory deficit associated with aging (Fukushima et al., 2008).
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2.6.6. Extracellular signal-regulated kinase 1/2 (ERK1/2)

Long-term memory consolidation requires the activation of several kinases
including ERK1/2 in addition to de novo gene expression and protein synthesis
(Giovannini, 2006, Xia and Storm, 2012). ERK general structure consists of the catalytic
loop domain and hydrophobic skeleton (brown color) (Figure 12). Phosphorylation of
two residues in the activation segment converts ERK1/2 from inactive to active state
(Roskoski, 2012). ERK1/2 has several substrate targets including transcription factors,
which results in promoting eventual transcription process (Mao et al., 2004, Tiraboschi
et al.,, 2004). Also, ERK1/2 activation plays a pivotal role in the associative and
contextual memory consolidation (Kamei et al., 2006, Huang et al., 2010).

Various signals as such BDNF, G-protein coupled receptors, repetitive
stimulation, and tyrosine kinases can activate the MAPK/ERK pathway. This cascade is
shown to involve in hippocampal LTP induction. For example, selective inhibition of
MAPK blocks its activation in addition to a marked attenuation of LTP induction but does
not affect the expression of established LTP (English and Sweatt, 1997). In addition,
other studies report that LTP-induced phosphorylation of MAPK can directly modulate

CREB signaling and its related transcription processes (Lonze and Ginty, 2002).
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Figure 12. A) Ribbon structure of human ERK2, B) The catalytic and regulatory regions are shown by the
orange lines. Taken from (Roskoski, 2012).

2.6.7. Brain-derived neurotrophic factor (BDNF)

Brain-derived neurotrophic factor (BDNF) is an important molecule in the CNS
functions, especially in learning and memory processes (Leal et al., 2013). BDNF can be
synthesized in neuronal tissues and then sorted via the regulated secretory and
constitutive secretory pathways (Figure 13) (Lu et al., 2005). BDNF is a pivotal
neurotrophic factor that is critical for neurogenesis, cognition, and plasticity (Rossi et al.,
2006, Tyler et al., 2006). BDNF acts as a potent mediator for cell proliferation,
differentiation, survival, and maturation in the DG (Wu et al.,, 2008). BDNF has a
neuroprotective effect in learning and memory impairment (Griesbach et al., 2009).
Brain insults, LTP induction, and spatial learning all increase the expression of

hippocampal BDNF mRNA (Castren et al., 1993a, Durany et al., 2000, Silhol et al., 2007).
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On the other hand, BDNF ablation or tropomyosin receptor kinase B (TrkB) truncation
impairs spatial memory (Saarelainen et al., 2000, Adlard et al., 2010), and suppresses
LTP induction (Zhou et al., 2000, Hennigan et al., 2009); but surprisingly, reducing TrkB
expression can actually decrease lesion size in the presence of ischemic stroke (Kraemer
et al.,, 2005). However, the fact that these cognitive deficits can be restored by
exogenous administration of BDNF proves that BDNF plays an integral role in synaptic
plasticity and memory (Shaw et al., 2003, Rex et al.,, 2006, Kline et al., 2010).
Additionally, evidence indicates that exercise-induced BDNF is a key mediator between

energy homeostasis and cognitive function (Gomez-Pinilla et al., 2008).
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Figure 13. The synthesis and sorting of BDNF in neuronal tissues. (1) BDNF is synthesized from the
endoplasmic reticulum (ER) (proBDNF) and then binds to intracellular sortilin of the Golgi in order to
stimulate proper folding of the mature domain (2). Binding of a sequence in the mature domain to
carboxypeptidase E (CPE) sort BDNF into the large vesicles that contribute to the regulated secretory
pathway. In absence of this sequence, BDNF is subjected to the constitutive secretory pathway. After
being sorted by either pathway, BDNF are transported to dendrites or axons. ProBDNF is usually cleaved
by furin or protein convertase 1 (PC1). Without this intracellular cleavage, proBDNF can also be released
by neurons (3) and then further cleaved by plasmin or metalloproteinases (MMP) to yield mature BDNF
(4). Taken from (Lu et al., 2005).
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2.7. Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by
progressive memory loss accompanied by disorientation and aberrant behavior.
According to the Alzheimer’s Association, in America one case of AD develops every 70
seconds and this is projected to reach approximately one every 33 seconds by 2050. The
pathology of AD progressively affects several brain regions with the hippocampus being
the first and most severely affected. This results in gradual neuronal degeneration,
which will eventually lead to impaired synaptic plasticity, marked dementia, and non-
cognitive disturbances.
2.7.1. Clinical symptoms of Alzheimer’s disease

In humans, there are three stages of AD with overlapping symptoms: 1) mild (2 —
4 years), 2) moderate (2 — 10 years), and 3) severe (1 — 3+ years). Clinical phenotypes of
AD patients include progressive memory loss as well as non-cognitive disturbances (e.g.
anxiety, aggression, agitation). As the disease advances, the patients are completely
unable to care for themselves in addition to the irreversible amnesia and a full spectrum
of other psychiatric disorders. Thus, the American Psychiatric Association requires
evidence for impairment in memory and one other cognitive domain such as language,
praxis, visual processing or executive function in order to diagnose AD. However,
definitive diagnosis of the disease can only be confirmed by the presence of both
extracellular senile plaques and intracellular neurofibrillary tangles. Studies reveal
drastic changes in the brains of AD patients termed in which amyloid deposits and

tangle formations are gradually built up as the disease worsens (Figure 14).
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Figure 14. In Alzheimer’s disease, the appearance of plaques resulted from accumulation of amyloid
proteins (AB) and formation of neurofibrillary tangles (NFTs) from hyperphosphorylated tau follow a
predictable pattern. (A) Amyloid plaques are first visible in the neocortex and then spreading to the
allocortex and then eventually deposit in sub-cortical areas. (B) NFTs begin to form in the locus coeruleus
and transentorhinal area, then manifest to the amygdala and interconnected neocortical regions. Taken
from (Mattei, 2013).

2.7.2. Pathological hallmarks of Alzheimer’s disease

Although the underlying mechanism of AD pathology remains unclear, senile
plagues and neurofibrillary tangles have been implicated as the primary
neuropathological hallmarks of AD.
2.7.2.1. Amyloid plaques

Amyloid plaques, or senile plaques are extracellular depositions of beta-amyloid
(AB) proteins that consist primarily of two proteolytic cleavage products of amyloid
precursor protein (APP): AB4o and AB4, (Durkin et al., 1999, Horsburgh et al., 2000, Gu
and Guo, 2013). Soluble AB proteins accumulate progressively and finally result in
insoluble aggregates (Cirrito et al., 2003) that are extremely toxic to the neurons (Gotz
et al., 2008). These plaques are amyloid fibrils with a beta-pleated sheet structure

surrounded by neurite dystrophy, activated microglia, and reactive glial cells (Martin-
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Rehrmann et al., 2005, Serrano-Pozo et al., 2013). Even though AB4gis considered to be
the most abundant among APP cleavage products, AB4, is thought to trigger the
amyloidogenic cascade that leads to AD (Hardy, 2009). Therefore, some studies have
focused on AR, radiological-contrasting agents in order to examine ante-mortem brains
for early diagnosis and treatment (Perrin et al., 2009).

How do AR aggregate is an important question that should be addressed before
coming to understand the pathological consequences of AR aggregation. Currently, the
nucleation polymerization hypothesis is considered to be highly valuable in explaining
the process of AP fibrillization (Figure 15). According to this hypothesis, soluble
monomer AB with a-helical structure can be misfolded. Then, the misfolded monomers
can dimerize to form the dimers and further oligomerize leading to the formation of
micelle-like nuclei with a primary B-structure (the seed). This is the end of the
nucleation/lag phase which is slow and thermodynamically unfavorable. Once the seeds
form (B-structure oligomers), the reaction enters the elongation/exponential growth
phase which is rapid and favorable. The oligomers can assemble into protofibrils
structures which are rapidly converted to mature filaments that can be twisted and
aggregated into plaques. Therefore, the process of AP fibrillization can be characterized
by a sigmoidal shape in which the addition of amyloid seeds can reduce the
nucleation/lag phase time producing more aggregates with shorter time (red line)

(illustrated by Figure 15).
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Figure 15. Model of amyloid aggregation consists of 2 phases (i) nucleation phase in which monomers are
being converted to oligomers (the nuclei seeds) via conformational changes and (ii) elongation phase in
which the nuclei rapidly form fibrils until saturation. Taken from (Kumar and Walter, 2011).

2.7.2.2. Neurofibrillary tangles

Intracellular neurofibrillary tangles (NFTs) are mainly composed of
hyperphosphorylated tau, a microtubule-associated protein with a paired helical
arrangement (Wisniewski et al., 1976, Santa-Maria et al., 2012). Hyperphosphorylation
of tau favors protein aggregation, disrupts microtubule assembly, and impairs axonal
transport (Pevalova et al.,, 2006). Together with amyloid neurotoxicity, tau
hyperphosphorylation leads to synaptic failure and neurodegeneration (Terwel et al.,

2002). Additionally, AB may directly or indirectly interact with tau to promote NFT

33



production through distinct cellular and molecular pathways (see review by Blurton-
Jones and Laferla, 2006).

Similar to amyloid fibrillization, NFTs can be formed in vivo from pretangles
leading to the formation of hyperphosphorylated tau into paired helical arrangements
(fibrils) which eventually form NFTs. However, in vitro tau fibrillization suggests that
with anionic inducers (e.g. arachidonic acid, heparin), tau exists in the trapped
formation (assembly incompetent) that is in equilibrium with tau fibrillization (Chirita et
al., 2003). Through covalent and non-covalent modifications, tau can transform into the
unfolded monomers. These unfolded monomers can form intermediates that either
progress into the nuclei seeds via an elongation step and finally form fibrils or skip this
seeding process and become fibrils. The final fibrils production is equilibrium between
the fibril formation and intermediates availability (Figure 16) (Chirita et al., 2003, Kuret
et al.,, 2005). Hyperphosphorylated tau falls off the microtubule assembly and raise
intracellular level of tau, which facilitates the interaction between phospho-tau and tau
as well as NFTs formation leading to the deficiency in microtubule support. As a result,
disassembly of microtubule impairs axonal transport which may lead to the triggering of

apoptosis (Gendron and Petrucelli, 2009, Wang et al., 2012).
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Figure 16. In vitro tau fibrillization. Upon anionic inducers, the “trapped” molecules or assembly-
incompetent conformations become unfolded monomers (1). These monomers further change to
assembly-competent intermediates (2), which can form nuclei (3) or filaments (5). Nuclei can also undergo
the elongation process, which is thermodynamically favorable to produce tau filaments (4). Taken from
(Kuret et al., 2005).

2.7.3. Amyloid precursor protein (APP) and its processing

Amyloid precursor protein (APP), 695 amino acids in length, is a transmembrane
protein, which can be processed to amyloid proteins (primarily AB40 and AB42) via a
family of secretases. Sequential cleavage of APP by the secretases (a, B, and y) yields
numerous AP proteins which actively participate in the amyloidogenic and non-
amyloidogenic cascades. The non-amyloidogenic pathway begins with APP cleavage by
a-secretase into a soluble APP variant (a-APP) and a 83 amino acid C-terminal fragment
(C83) retained in the membrane whose further cleavage by y-secretase yields a small
non-pathologic peptide called P3. In the amyloidogenic pathway, B-secretase competes
with a-secretase for the APP substrate and produces B-APP and a longer C-terminal
fragment (C99) whose subsequent cleavage by y-secretase results in pathogenic AB4 or
AB4; (Figure 17). Extracellular amyloid proteins can be taken up by microglia cells whose
membranous surface possesses insulin-degrading enzyme (IDE), which can degrade
amyloid proteins. Additionally, neprilysin, an endopeptidase, can also degrade AP

shortly after its production (Mukherjee and Hersh, 2002, Miners et al., 2011). AB can

35



interact with the anionic site of acetylcholine esterase, which facilitates the formation of
oligomeric AB (Silman and Sussman, 2005, Inestrosa et al., 2008). Furthermore, AB can
also be taken up via the endocytotic pathway, and along with intracellular production of
AB from the transGolgi network and endoplasmic reticulum, can be accumulated
intracellularly (Echeverria and Cuello, 2002). Thus, it is arguable that intracellular
accumulation of AR may prime the neurons to be more vulnerable to future attacks of

extracellular amyloid plaques and intracellular tangles formation.
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Figure 17. The processing of APP via secretases. APP can be cleaved by either a- or B- secretase and
subsequent y-secretase to yield non-pathogenic P3 fragment or AP products respectively. Taken from
(Kumar and Walter, 2011).
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2.7.4. The amyloid hypothesis:

Current diagnosis of AD i.e. neuroimaging techniques and fluid biomarkers rely
heavily on the presence of AR accumulation, which is a major basis for the amyloid
hypothesis. The amyloid hypothesis simply states that AR accumulation is what triggers
the pathology and is largely responsible for overall disease progression (Hardy and
Allsop, 1991, Hardy, 2009). Although the hypothesis remains inconclusive, imperative
genetics seems to support it as familial AD, for instance, is caused by inheritance of
mutated genes that code for APP or APP processing proteins such as presenilin 1 (PS1)
and presenilin 2 (PS2). Additionally, Down syndrome patients who have three copies of
APP gene are more likely to develop familial AD (Schapiro and Rapoport, 1989).

Even though the amount of AB accumulation is positively correlated with the
degree of cognitive impairment (Naslund et al., 2000, Parvathy et al., 2001, Wilson et al.,
2009), soluble AR proteins are paradoxically present in the brains of healthy people as
well. Additionally, there are cases of AD patients with no presence of amyloid plaques
while there is evidence of those toxic amyloid accumulation in brains of non-demented
healthy aging individuals (Morris et al., 1996, Shimada et al., 2011). Thus, the amyloid
hypothesis fails to account for those special cases. Nevertheless, long-term imbalance
between AB production and clearance can lead to the formation of insoluble amyloid
plagues eventually leading to neuronal cell death and cognitive decline (Cavallucci et al.,

2012).
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2.7.5. Types of Alzheimer’s disease
2.7.5.1. Familial AD

Familial AD, also called as the early onset type of AD, follows an inherited
pattern in which the patients experience the disease phenotypes at a very young age (as
early as 35 years old) (Filley et al., 2007). Three genes have been identified as causative
of familial AD: 1) amyloid precursor protein (APP), 2) presenilin 1 (PS1), and presenilin 2
(PS2) (Tanzi et al., 1996, Borchelt et al., 1997, Price and Sisodia, 1998). Currently, there
are more than 230 known mutations in these three genes, which often result in
overproduction of toxic amyloid peptides by shifting the APP processing toward the
amyloidogenic pathway (Wu et al., 2012).
2.8.5.2. Sporadic AD

Unlike the hereditary early onset of AD, sporadic AD occurs in the elderly
population (more than 65 years old) and accounts for the majority of all AD cases.
Sporadic AD takes an insidious nature in term of disease pathogenesis but very similar
phenotypes compared to the familial type. Even though sporadic AD carries no genetic
link component, but having a family member with AD will increase the probability of
getting the disease three times. Aging is the most important risk factor of AD. Besides,
there are numerous risks factors leading to the pathology including stress, diabetes,
high blood pressure, stroke, brain-related injuries, and most importantly carriers of the
apolipoprotein E allele (especially the apoE4 variant). Extensive evidence presents
various cases of people who have apoE4 copies that markedly increase their risks of

getting AD (Coon et al., 2007, Han, 2010, Sadigh-Eteghad et al., 2012). Also, post-
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mortem examination of AD brains associated with apoE4 genotype showed reduced
cholinergic activity and severe loss of choline acetyltransferase activity (Soininen et al.,
1995, Allen et al., 1997). However, having two copies of the apoE4 allele does not
necessarily guarantee the chance of developing AD or having no copy of the gene will
eliminate the incidence of getting the disease.
2.7.6. Animal models of Alzheimer’s disease

Since its first description by the physician Alois Alzheimer (i.e. extracellular
deposits of B-amyloid into plaques and intracellular formation of hyperphosphorylated
tau into tangles), scientists have generated various animal models of AD ranging from a
tiny fruit flies to the huge non-human primates. Despite countless efforts, recapitulation
of the full-blown human AD in animals has been challenging due to non-identical
phylogenetics, anatomy, and neuropathology between humans and these animals.
However, generation of various rodent models (transgenic and non-transgenic) provides
useful insights into understanding the pathogenesis as well as evaluating various AD
therapeutic approaches.
2.7.6.1. The mouse models

The mouse model of AD is an efficient AD model as it processes the validity,
reliability, reproducibility, time- and cost-efficiency with potentially valuable therapeutic
implications. The mouse genetics have been mapped entirely with 85% homologous
identity with the human genome enabling scientists to investigate the genetic
component of AD, which is particularly important in the investigation of familial AD

(Dietrich et al., 1996). In addition, the application of behavioral testing (i.e. associative
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and spatial learning and memory) and the ease of breeding give the mouse a great
advantage of being a useful AD animal model. The mouse AD model can be achieved via
genetic manipulation (transgenic) or natural accelerated aging (non-transgenic).
Although these models have yet to produce a human full-blown AD pathology, they
nevertheless offer valuable insights into the pathogenesis as well as therapeutic
strategies of AD.
2.7.6.1.1. The non-transgenic mouse model:

Senescence accelerated mice prone strain (SAMP8) has directed attention into
AD pathology study. Aging is a major risk factor in the human AD pathogenesis as the
aging brains are not only “worn-out” but also unable to withstand insults compared to
the young brains. At the behavioral level, these mice have shown impairments in various
types of learning and memory such as spatial or associative memory, which can be
tested using the maze or classical conditioning paradigms, respectively. At the molecular
levels, these mice exhibit an accelerated aging accompanied by several AD-related
neuropathological hallmarks such as intracellular and extracellular amyloid deposits, tau
hyperphosphorylation, decreased acetylcholine level, and neuronal loss (Canudas et al.,
2005, Tomobe and Nomura, 2009, Manich et al.,, 2011). In addition to these later
pathological changes, the SAMP8 mice also exhibit increased oxidative stress status
prior to any plague deposits (Tomobe and Nomura, 2009). It is postulated that in human
AD pathology, the oxidative stress event occurs long before any visible
neuropathological hallmarks (e.g. amyloid plaques, neurofibrillary tangles), which

renders neurons vulnerable to toxicity. Thus, given these characteristics of the SAMP8
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mice, it seems that these mice are a useful model of AD. However, the disadvantage of
this SAMP8 model lies in the fact that there is an observed increase in extracellular
glutamate level which greatly presents ischemic dementia instead of AD dementia.
2.7.6.1.2. The transgenic mice model:

In addition to the SAMP8 mice, genetic manipulation of amyloid precursor
protein (APP) and its processing has been commonly used in studying AD pathology,
especially the familial type of AD. Several hypotheses have emerged explaining the
pathogenesis of AD (e.g. mitochondrial dysfunction, oxidative stress, calcium
homeostasis, cholinergic degeneration, amyloid imbalance, etc.) but the most favorable
hypothesis is the amyloid hypothesis, which is postulated based on the prime
neuropathological hallmarks. The amyloid hypothesis simply states that the
accumulation of amyloid proteins into aggregates and plaques is the cause of AD (Hardy
and Allsop, 1991, Hardy, 2009). Given this cornerstone view, genetic manipulations of
the genes related to APP and its processing (i.e. PS1 and PS2) have offered a valuable
tool in understanding AD pathology.

a) APP mutations

Mutations of APP genes at various sites can alter the production of amyloid
proteins. For example, the Swedish mutation occurs at the site of B-secretase cleavage
can alter the APP processing toward the amyloidogenic pathways or the Florida, Indiana
mutations at the site of y-secretase can modulate the release of amyloid proteins. The
transgenic mouse Tg2576 carrying SweAPP mutation displays an increased production of

amyloid proteins, enhanced amyloid deposits and impaired performance in spatial
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learning and memory tasks such as Morris water maze (Hock et al., 2009). Thus, these
impairments are parallel to humans with AD pathology. However, these mice do not
display the tangle formation and neuronal loss, which are other prime pathological
changes in humans.
b) Double (APP/PS1) mutations

In order to reproduce similar pathological events observed in human AD,
mutations in the APP and PS1 genes have been introduced into mice for generating AD
model. Presenilin is a component of the y-secretase complex that plays an important
role in driving APP processing toward the amyloidogenic pathway. Introduction of both
APP and PS1 transgenes reproduces phenotypes closely observed in humans. The AD
transgenic mice were produced by crossing Tgl576 carrying APP mutation (K670N,
M671L) with mice carrying PS1 mutation (M146L). At 3 month of age, these mice
progressively develop amyloid deposits in various brain regions, especially areas that are
vulnerable to AD pathology such as the hippocampus, and the amyloid deposits reach
plateau at 12 months of age. These mice also displayed learning and memory
impairment in various tasks from object recognition to Morris water maze paradigms.
However, similar to the SweAPP transgenic mice, the APP/PS1 mice do not display
neurofibrillary tangle or progressive neuronal death (Holcomb et al., 1998).

Thus, both the SweAPP and APP/PS1 transgenic mice do not reproduce the full
complexity of human AD. In addition to cognitive impairment, AD patients experience
various non-cognitive symptoms such as psychosis and depression, which terribly

disturb their quality-of-life. The non-cognitive functions of these mice are not evaluated
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making these models far from representing the human AD. However, these models
provide useful information for evaluating therapeutic approaches targeted at reducing
amyloid production or deposits to prevent memory impairment and preserve synaptic
integrity and transmission.
2.7.6.2. The rat models
2.7.6.2.1. l.c.v. infusion of amyloid peptides

Exogenous administration of AP in rats produces a model that exhibits several
neuropathological and behavioral features of AD useful for studying specific AB
pathogenesis. Analogous to AD transgenic mice models, exogenous AB infusion does not
represent the full spectrum of AD pathological features seen in humans. Although some
previous studies show that injection of amyloid peptides did not display AD pathology
(Games et al., 1992, Podlisny et al., 1992), other studies reveal that continuous infusion
of AB in rats creates an AD-like pathology model (Nitta et al., 1994, Srivareerat et al.,
2009). Indeed, these AB-infused rats show memory impairment in behavioral paradigms
such as the MWM and passive avoidance (Nitta et al., 1997, Itoh et al., 1996). At the
molecular and cellular level, the disrupted behavioral performance translates to failure
of synaptic plasticity and cholinergic dysfunction (Itoh et al., 1996, Itoh et al., 1999,
Ikeda et al., 2000). Additionally, some studies report neuronal loss and gliosis near AB
deposits in the parenchyma after exogenous administration of amyloid species such as
AB4o and/or AB4; (Stephan and Phillips, 2005). However, this disagreement is likely due
to the potency of injected amyloid proteins, the injection route, and the length of

treatment. Studies from our lab have shown that a concentration of 160 pmol/day of
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AB1.4> does not produce AD symptoms (Tran et al., 2010, 2011) while a concentration of
300 pmol/day of a mixture of ABi40: AB142 in a 1:1 ratio reproduces AD pathology
(Srivareerat et al., 2009, Alkadhi et al., 2011).
2.7.6.2.2. Cholinergic system dysfunction

Back in the late 60s and early 70s, biochemical modifications in brains of AD
patients were examined with the hope of finding neurochemical aberrations involved in
AD pathology. Further studies came along in support of this perspective reporting
significant deficits of choline acetyltransferase (ChAT) levels (Bowen et al., 1982), an
enzyme involved in acetylcholine (ACh) synthesis. Also, others began to address the
reduction of choline uptake (Rylett et al., 1983, Rodriguez-Puertas et al., 1994), and ACh
release (Nilsson et al., 1986) in pathological brains. Thus, given the important role of
ACh in learning and memory and now AD pathology (Drachman and Leavitt, 1974, Gold,
2003), these studies began to form a cholinergic hypothesis of AD. With this in mind,
several paradigms that resemble cholinergic dysfunction or lesions in the basal forebrain
have been adopted as AD models (Toledano and Alvarez, 2004). Cholinergic lesion can
be achieved acutely, via electrocoagulation (Kiyosawa et al., 1989), neurotoxin
administration (e.g. ibotenic acid or quisqualic acid) (Monzon-Mayor et al., 2000), and
fimbria/fornix transection (Krugel et al.,, 2001), or chronically, via i.c.v. infusion of
quinolinic acid (Yamada et al., 1990). Even though these cholinergic dysfunction
paradigms do not produce AD neuropathological hallmarks, they are valuable for
evaluation of pharmacologic treatments such as cholinergic drugs (Murray and Fibiger,

1986) and glutamate receptor antagonists.
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2.7.6.2.3. Fibrillary tangles model

In addition to cholinergic lesion AD paradigms, neurofibrillary tangles-related
models have been developed as a potential alternative. The NFT-like models can be
induced in vitro by up-regulating kinase activity and down-regulating phosphatase
activity to produce hyperphosphorylation of tau (Lovestone and Reynolds, 1997). For
instance, inhibition of protein phosphatase 2A by okadaic acid induces hippocampal AD-
like tau hyperphosphorylation which in turn leads to spatial memory impairment in rats
(Gong et al., 2000, Yin et al., 2010).
2.8.7. Alzheimer’s disease, hippocampus, and memory

The hippocampus is the first brain region affected by AD pathology (Padurariu et
al., 2012). Given the critical role of hippocampus integrity in learning and memory
process, it is predictable that one of the prime symptoms of AD patients is spatial
memory loss. Findings from both animal and clinical studies reveal that AD pathology
not only deteriorates spatial (hippocampus-dependent) memory but also destroys non-
spatial (hippocampus-independent) memory (Henderson et al., 1989, Tales et al., 2005,
Blackshear et al., 2011, Ardiles et al., 2012). Accumulation of amyloid proteins in the
hippocampus leads to synaptic and circuit disruptions (Reilly et al., 2003, Doherty et al.,
2013), which eventually result in neuronal death (Abeti et al., 2011) and manifest as
progressive memory impairment (Reitz et al., 2009). Indeed, in vivo bioimaging
technique has demonstrated that the hippocampus is the critical region where the
amyloid aggregation first disrupts hippocampal neuronal network (Sepulcre et al., 2013);

thus making hippocampal neurons extremely vulnerable to insults. For example,
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injection of fibrillar amyloid proteins in the hippocampus produce severe axonal damage
in addition to infiltration of amyloid aggregates into mitochondria, disruption of
subcellular structure and production of neuronal oxidative stress (Rosales-Corral et al.,
2012).
2.8. Current treatments of Alzheimer’s disease

Due to the multi-factorial etiology of AD, the disease has no current cure. Only
two classes of drugs are clinically approved for treating the symptoms of AD, not the
underlying causes. The first class is acetylcholinesterase (AChE) inhibitors which are
effective in treating mild to moderate AD in only half of the patient population. In the
central nervous system (CNS), ACh acts a neuromodulator which plays a role in
plasticity, arousal, reward, and learning and memory processes (Auerbach and Segal,
1996, Colgin et al., 2003, Power et al., 2003, Mohapel et al., 2005). Disruption of the
basal forebrain cholinergic system via exogenous neurotoxin administration results in
cognitive impairment (Olton, 1990), which has been used as a novel AD model. Several
studies report that AD slows the production of ACh in the nucleus of Meynert and
substantially reduces the activity of AChE (Mufson et al., 2003, Herholz et al., 2004).
Additionally, ACh receptors and choline acetyl transferase (ChaT), a critical enzyme for
ACh synthesis, both decrease significantly in AD patients (Strong et al., 1991, Wevers et
al., 2000). Therefore, treatment of AD patients with AChE inhibitors temporarily
alleviates this cholinergic dysfunction, increasing the availability of ACh and in turn

improving cognitive function.
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Another class of drugs that treat the symptoms of AD is NMDA receptor
antagonist (e.g. memantine), which is moderately efficacious in medium and severe AD.
NMDA receptor activation plays an important role in hippocampal-mediated spatial
learning and LTP. Blockade of hippocampal NMDA receptors by i.c.v. injection of d-2-
amino-5-phosphonopentanoic acid (AP-5), a competitive NMDA receptor antagonist or
genetic knock-out of NMDA receptor impairs learning and memory (Cui et al., 2004,
Elvander-Tottie et al., 2006). Indeed, it has been shown that AR peptides can exert its
toxic effect by disrupting hippocampal LTP via NMDA receptor-mediated pathway
(Yamin, 2009). Moreover, studies have shown that in AD, NMDA receptor activity is
distorted, which can lead to aberrant calcium regulation, which eventually results in
excitotoxicity (Kuchibhotla et al., 2008). Hence, blocking the excitotoxicity pathway
improves learning and memory in AD patients (Miller, 2007).

Furthermore, several alternative treatments have been proposed as potential
therapeutic interventions for AD. Targeting the amyloid cascade hypothesis, most
research focuses on the B and y secretase inhibitors. B-secretase seems to be an
appealing pharmacologic target since it catalyzes the rate-determining step in AR
production. However, the progress toward a viable B-secretase inhibitor has been slow
due to the predicament of designing a single molecule that possesses all the required
pharmacological properties (Ghosh et al., 2008). In contrast, therapeutic intervention
using y-secretase inhibitors has advanced at a faster pace with several drugs in phase Il
and phase Il clinical trials (i.e. begacestat, segamacestat, BMS-708163) (Panza et al.,

2010). In addition, oral administration of y-secretase inhibitors significantly improves
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synaptic function in a model of AD transgenic mice which correlates positively with AB
load reduction (Townsend et al., 2010). Unfortunately, y-secretase is not exclusively
selective for APP, but it also processes Notch, a protein involved in normal T-cell
development. Thus, inhibition of the enzyme may cause serious gastrointestinal
problems, reduced lymphocyte production, thymus atrophy, and hair color modification
(Panza et al., 2010). With this in mind, several y-secretase inhibitors standing at Phase Il
clinical trial have been halted. However, if the APP pathway can be selectively targeted
in y-secretase inhibitors treatment, it could be a promising therapy of AD pathology
(Schor, 2011).
2.9. Regular exercise and memory

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 (Nichol et al., 2007, Kim SE, 2010). In addition to
animal studies, epidemiological analysis in humans suggests that regular exercise can act
as a preventive measure against cognitive disorders (e.g. amnesia, dementia) with
minimal cost and adverse effects (Sofi et al., 2011). 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 (e.g. CaMKIl, calcineurin), which in turn enhance synaptic
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
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(Luo CX, 2007, Nichol et al., 2007, Grace et al., 2009, Khabour et al., 2010). Similarly,
exercise can also modify non-spatial memory as tested in the passive avoidance
paradigm and object recognition tasks (Alaei et al., 2006, Albeck et al., 2006, Radak et
al., 2006, Nichol et al., 2007, Grace et al., 2009, Hopkins and Bucci, 2010, Kim SE, 2010).
Additionally, treadmill exercise restores memory impairment in rats treated with alcohol
(Helfer et al., 2009), streptozocin (Reisi et al., 2009), reserpine (Aguiar et al., 2009), or
sleep deprivation (Zagaar et al., 2012).

Even though the pronounced effects of exercise on cognition are well-supported
throughout the literature, the exact exercise regime that can bring about the maximal
benefits of exercise remains elusive. Although the training protocols vary drastically
from each other, the majority of the studies indicate that exercise, despite the regimen,
can be a potent non-pharmacological approach to preventing or treating cognitive
impairment. The following section will briefly evaluate these studies while focusing on
the type (forced vs. voluntary), duration, and intensity of exercise.

2.9.1. Types of exercise: voluntary vs. forced paradigms

Two exercise paradigms are often used in animal research: 1) Voluntary exercise,
where animals are given access to running wheels ad libitum but housed singly; and 2)
Forced exercise which involves the animals either running on a treadmill with a mild
foot shock, a form of encouragement for continuous running or forced swimming in an
enclosed pool. Both paradigms resemble human exercise patterns in certain ways. For
example, voluntary exercise represents those who exercise at their own convenience

whereas forced exercise represents people who must exercise in order to gain benefits
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from exercise (i.e. post-stroke training, dementia prevention program). Forced exercise
offers a definitive method for quantification allowing for comparison among protocols.
On the other hand, despite the distance and length of time spent running, voluntary
exercise seems to be more beneficial than forced running in laboratory rodents (Leasure
and Jones, 2008, Yuede et al., 2009) as the rodents have control of when to run and do
so in absence of a foot shock. However, voluntary exercise can produce isolation stress
due to the condition of singly housed animals. In contrast, there is one human
Parkinson’s disease study showing that forced but not voluntary pedaling produces
motor function improvement in affected patients (Ridgel et al., 2009). Despite these
apparent differences, both voluntary and forced exercise modify metabolic proteins
(Kirchner et al., 2008) and hippocampal mossy fiber sprouting (Toscano-Silva et al.,
2010) in addition to increasing neurogenesis in the DG (Leasure and Jones, 2008). All of
these processes are implicated in synaptic plasticity as well as learning acquisition and
memory. In turn, these structural changes at the synaptic level lead to functional
alterations in brain micro-circuitry which eventually manifests as improvement in
memory-dependent tasks. It is interesting to note the existence of a possible ceiling
effect of exercise that is species and life-style specific as wild-caught wood mice given
free access to running wheels do not exhibit any enhancement in neurogenesis (Hauser
et al., 2009).

Despite the inherent stress of treadmill exercise, forced running is more
neuroprotective than forced swimming which has largely produced inconsistent results.

Post-ischemic forced swimmers show a decline in cell proliferation in the DG of the
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hippocampus but a better enhancement of spatial memory in the MWM (Luo et al.,
2007). Under the same circumstances, Toldy et. al reported that regular swimming
ameliorates the severity of NMDA lesions by reducing the DNA binding activity of
inflammatory transcription factors NF-kB and activated protein-1 (AP-1) (Toldy et al.,
2009). Furthermore, studies in human subjects show that aerobic exercise per se or in
combination with non-aerobic exercise can contribute to cognitive improvement in aged
or demented elderly (Heyn et al., 2004) and in AD patients (Rolland et al., 2010).
2.9.2. Exercise regimen: mild, moderate, and high intensity

Various protocols report the beneficial effects of exercise on cognitive function
with different training duration and intensity. Current consensus views the beneficial
effects of exercise on cognitive function as being characterized by an inverted U-shape
curve in which too much or too little exercise is not beneficial for the brain health
(Kamijo et al., 2004). In other words, there is a certain threshold where cognitive
improvement becomes evident (beneficial point) yet upon passing this beneficial point,
exercise can be deleterious. The deleterious effect of exercise could be due to fatigue
that occurs with high intensity exercise; as this can eventually lead to potentially
harmful mal-adaptations. For example, one study reports that low intensity exercise
significantly retains spatial learning and memory while high intensity even impairs this
ability (Kennard and Woodruff-Pak, 2012). On the other hand, chronic exercise of
moderate intensity improves cognitive performance and prevents emergence of

dementia, especially in youth with physical disability (Ploughman, 2008).
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It is well-documented that regular exercise throughout a life-time can contribute
greatly to cognitive gain in cases of aged, damaged, or pathological brains. However,
detraining may reverse the neuroprotective effect of exercise as BDNF levels fall back to
normal (Berchtold et al., 2010) or even below the basal levels (Radak et al., 2006).

2.10. Possible mechanisms that mediate the effect of exercise on the AD brains:

The beneficial effects of regular exercise on mental health can be mediated by
various neurophysiological pathways in which alterations in cellular and molecular
signaling pathways can affect the supramolecular mechanisms (i.e. neurogenesis,
angiogenesis, and synaptogenesis) and eventually leading to memory improvement
seen at the behavioral level.

2.10.1. The supra-molecular mechanisms:
2.10.1.1. The vasculature and angiogenesis

One possible mechanism of the beneficial effect of exercise on cognition is the
improvement in the cerebral vasculature. Several studies showed that acute exercise in
human (Smith et al., 2010) and chronic exercise in rats and monkeys (Swain et al., 2003,
Rhyu et al.,, 2010) increased cerebral blood flow and volume. Cerebral vascular
manipulations (i.e. angiogenesis, vasodilation) can alter the process of learning and
memory. Much evidence shows that regular exercise improves not only brain
vasculature in healthy young and aged brains (Ding et al., 2006b, Bullitt et al., 2009) but
also in the pathological brains (i.e. Parkinson’s disease) (Al-Jarrah et al., 2010). Regular
exercise enhances cerebral vasculature structure and function in various areas of the

brain including the cerebellum (Black et al., 1990, Isaacs et al., 1992), motor cortex
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(Kleim et al., 2002, Swain et al., 2003), striatum (Clark et al., 2009, Al-Jarrah et al., 2010),
and hippocampus (Ekstrand et al., 2008, Van der Borght et al., 2009). Exercise seems to
improve cognitive function by up-regulating angiogenic factors such as vascular
endothelial growth factor (VEGF), angiopoetins, and insulin-like growth factor 1 (IGF-1)
(Trejo et al., 2001, Ding et al., 2006a, Ding et al., 2006b) which have been implicated in
vascular growth.

Angiogenesis, the formation of new blood vessels, is one of the supramolecular
mechanisms proposed to occur during exercise. The cerebral vasculature is highly plastic
through life and plays an important role in the brain metabolism. Thus, it is of
speculation that angiogenesis can help to extend the cerebral vasculature by bringing
new nutrients to deprived neurons and increasing the brain blood perfusion and
increasing the chance of survival of dying neurons due to depleted energy. It has been
observed that the AD brains experience a high degree of hypoperfusion as well as
reduced metabolic activity (Aliev et al., 2003, Johnson et al., 2005). In contrast, regular
exercise stimulates cerebral angiogenesis via the action of vascular endothelial growth
factor (VEGF) which promotes cerebral perfusion leading to better memory
performance (Al-Jarrah et al., 2010, Tang et al., 2010).
2.10.1.2. Neurogenesis

Neurogenesis, the birth of new neurons, is a key mechanism in unraveling the
important role of exercise on cognition. Hippocampal neurogenesis takes place in the
dentate gyrus of the hippocampus exclusively. Several studies report that exercise

increases hippocampal cell proliferation (Ra et al., 2002, Uda et al., 2006, van der Borght
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et al., 2006, Van der Borght et al., 2009) under menopausal conditions (Jin et al., 2008),
in case of brain insults (Redila and Christie, 2006, Jin et al., 2010, Leasure and Nixon,
2010), and in stressed or aged animals (Nakajima et al., 2010, Kannangara et al., 2011).
Additionally, dentate gyrus granule cell survival, proliferation, and maturation rates are
significantly enhanced in exercised animals compared to their matched controls, and are
positively correlated with the degree of neuroprotection (Leasure and Jones, 2008,
Snyder et al., 2009). Furthermore, other findings show that exercise can elevate both
cell proliferation and survival in exercised animals (van Praag et al., 1999, Wu et al,,
2008, Jin et al., 2010). Interestingly, maternal exercise during gestation can also
reinforce the pups’ cognitive function by enhancing hippocampal cell survival (Kim et al.,
2007). Even though it is not clear how neurogenesis can be beneficial to the brain, it is
assumed that these new neurons can incorporate themselves into existing functional
circuits and function along with other neurons (Ge et al.,, 2008). If this is true,
neurogenesis can help to replace old neurons in order to maintain normal cognitive
function. Also, the AD brain suffers a tremendous loss of neurons in areas critical to
learning and memory (i.e. hippocampus, basal forebrain); thus, exercise-induced
neurogenesis may contribute to the beneficial effect of exercise on AD.
2.10.1.3. Synaptogenesis

While the effect of exercise on neurogenesis has been studies with various
techniques, its effect on synaptogenesis is under-investigated. This is possibly due to the
fact that synaptogenesis is often associated with the process of learning (Kleim et al.,

1996, Ramirez-Amaya et al., 1999), which makes it hard to extrapolate the synaptic

54



changes are caused solely by exercise. At the same time, biased quantification of
stereology in studying synaptogenesis makes it uncommon compared to neurogenesis
investigation. Further study is needed in order to distinguish whether the exercise-
induced morphological changes of the synapses are permanent, since the effects have
been reported to be transient after spatial learning (Eyre et al., 2003). However,
accumulating evidence shows the positive effect of exercise on synaptic modifications.
For example, voluntary exercise can add to dendritic complexity, density, and length
(Eadie et al., 2005, Redila and Christie, 2006, Stranahan et al., 2009) and increase the
number of dendritic spines (Dietrich et al., 2008). In addition to changes in the
cytoarchitecture, exercise modulates pre- and post-synaptic components that play an
important role in synaptic plasticity. For instance, regular exercise increases the level of
synaptophysin, a vesicular protein that regulates synaptic transmission, and
calcium/calmodulin-dependent protein kinase Il (CaMKIl) (Hescham et al., 2009). In
addition to neurotrophic effects, voluntary exercise has been shown to cause the
generation of new oligodendrocytes, a trophic factor (Krityakiarana et al., 2010) despite
the fact that the central nervous system (CNS) does not easily regenerate. Assuming the
neuronal loss of AD pathology will reduce the number of synapses, exercise-induced
synaptogenesis can be an important mechanism of exercise on AD brain.
2.10.2. The molecular signaling pathways:

The inhibitory effect of AD pathology on the synapses might be explained by
deleterious changes in key signaling pathways while regular exercise seems to prevent

these changes.
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2.10.2.1. The energy dependent mechanism:

The AD brains exhibit a reduced metabolism probably owning to the reduced
energy supply as hypoxia is observed in AD brains (Peers et al., 2007). In contrast,
regular exercise is known to produce ATP, a potent vasodilator that overcomes the
sympathetic activated vasoconstriction, which in turn can increase oxygen supply to the
local tissues (Bangsbo et al., 2001, Campbell-O'Sullivan et al., 2002). Mitochondria are
dynamic organelles considered to be the major power horse of the cell. They are also
important in the regulation of calcium homeostasis and apoptosis (Pinton et al., 2008,
Grimm, 2012). It has become increasingly evident that mitochondrial dysfunction is
one of the primary events in the early stages of AD (Maruszak and Zekanowski, 2011, Ye
et al., 2012) and has the tendency to worsen as the disease progresses. Mitochondrial
dysfunction is not only restricted to the brain regions but also has been found in
fibroblasts and blood cells of AD patients (Gibson et al., 1997, Gibson et al., 1998, Devi
et al., 2006, Valla et al., 2006, Wang et al., 2008b) suggesting a systemic state of
deterioration in the disease. Furthermore, AD brains display a higher ratio of
dysfunctional mitochondria compared to normal mitochondria as well as a reduction in
mitochondrial energy-balancing molecules such as mitochondrial uncoupling protein 2
(UCP2), and ubiquitous mitochondrial creatine kinase (uMtCK) (Santos et al., 2010,
Garcia-Escudero et al., 2013). Models of AD also indicated the presence of impaired
mitochondrial biogenesis, its axonal transport and dynamics (Calkins et al., 2011, Sheng
et al., 2012). In contrast, exercise is known to produce a positive effect on mitochondrial

population and function. For example, exercise induced mitochondrial biogenesis
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extensively in human skeletal muscles (Wang et al., 2011, Bartlett et al., 2013) and mice
brains (Steiner et al., 2011) making exercise an appealing target for novel treatment of
CNS diseases, which are usually accompanied by mitochondrial dysfunction. Since the
mitochondrial hypothesis of AD postulates that inheritance sets the mitochondria
baseline in term of function and durability, the pathology produces compromised
mitochondrial function along with neuronal death (Swerdlow and Khan, 2004, Swerdlow
et al.,, 2010). Thus, probably by increasing the baseline set point of these AD
mitochondria, regular exercise makes them more resistant to insults (e.g. amyloid
toxicity).
2.10.2.2. The energy-independent mechanisms:
2.10.2.2.1. The effects of exercise on non-BDNF neurotrophins:

a) Nerve growth factor (NGF)

Many studies have shown the effect of exercise on cognition via a BDNF-related
mechanism. Nevertheless, the definitive factors constituting the beneficial effect of
exercise on cognition remain unclear; one of these factors maybe the nerve growth
factor (NFG). NGF also belongs to the same neurotrophin family as BDNF and binds to
transmembrane tyrosine kinase receptors, but shows preference toward the TrkA
receptor subtype (Chung et al., 2010). NGF signaling is the main neurotrophic support of
cholinergic neurons in the basal forebrain, a critical structure for learning and memory
that is severely affected during AD pathology (Capsoni et al., 2010). In addition to
promoting neurogenesis, NGF can prevent apoptosis and neurite growth upon receptor

activation and dimerization (Jang et al., 2007). TrkA immunoreactivity is modified in the
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Cornu Ammonis-1 (CA1) hippocampal sub-region by ischemic forebrain injury (Hwang et
al.,, 2005); however, post-ischemic administration of the viral vector carrying the NGF
gene stalls the cell death (Shirakura et al., 2004). Exercise appears to increase the level
of NGF and TrkA proteins (Matsuda et al., 1991, Neeper et al., 1996), which in turn leads
to better motor performance in a model of brain ischemia (Chung et al., 2010). Other
studies report that exercise can increase level of NGF and restore cognitive deficits in a
model of streptozotocin-induced diabetic and aged rats (Chae et al., 2009, Chae and
Kim, 2009, O'Callaghan et al., 2009). Hence, NGF could serve as another possible
mechanism for exercise’s beneficial effect on cognitive function.
b) Other trophic factors:

The levels of glial cell line-derived neurotrophic factor (GDNF) are also up-
regulated during exercise training in both young and aged animals (McCullough et al.,
2013). The exercise-induced GDNF increase can also be attributed to the
neuroprotection in a model of Parkinson’s disease (Tajiri et al., 2010, Lau et al., 2011).
Additionally, human mesenchymal stem cells, transfected with GDNF is able to protect
cerebral ischemic rats from injuries, which suggests a novel potential treatment of
stroke (Horita et al., 2006). However, further functional studies about GDNF are needed
before concluding that GDNF may play a role in exercise-induced memory performance.

Also, insulin-like growth factor 1 (IGF-1) is a potent trophic factor that can act
peripherally and centrally (Hiney et al., 1996, Daftary and Gore, 2005). IGF-1 can interact
with VEGF to mediate angiogenesis. Both IGF-1 and VEGF levels are known to increase

during exercise (Voss et al., 2013). At the same time, IGF-1 can modulate the action of
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exercise-induced BDNF (Cassilhas et al., 2012). Thus, it is postulated that IGF-1 maybe
the mediator enabling the effect of exercise on brain health via BDNF-related
mechanism (Trejo et al., 2001).
2.10.2.2.2. The effect of exercise on neurotransmitters

Acetylcholine (ACh) is an important neurotransmitter that participates in various
brain functions such as cerebral blood flow regulation, learning and memory and
synaptic plasticity. The major site of ACh production in the brain is the Nucleus of
Meynert, where AD pathology severely destroys its integrity. As a result, AD patients
showed progressive cholinergic denervation and reduced ACh release much owning to
the neuronal loss in the basal forebrain. In contrast, regular exercise has been shown to
enhance ACh-induced vasodilation, which in turn results in better behavioral
performance (Johnson et al.,, 2001). It is thought that ACh may module synaptic
plasticity via the action of BDNF and/or GDNF (Vianney et al., 2013). Thus, exercise-
induced positive regulation of both ACh and BDNF may ameliorate the AD brains and
produces better memory performance seen in behavioral tasks.

In AD, it is observed that there is a significant decrease of norepinephrine (NE)
and its transporter in the locus coeruleus of the brainstem (Tejani-Butt et al., 1993,
Heneka et al., 2010). This NE deficiency is highly correlated with the high cortisol level
and the progression of AD as well as hippocampal atrophy (Davis et al., 1986, Hartmann
et al., 1997, Lupien et al., 1998). However, regular exercise can increase the level of
circulating NE which is considered to offset the deleterious NE reduction seen in AD

(Berkin et al., 1988).
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In addition, regular exercise is known to increase the level of serotonin (5-HT)
and dopamine (Young, 2007). At the same time, anandamine, an endocannabinoid that
regulates dopamine release, is secreted during exercise training resulting in activation of
the endocannabinoid system (Sparling et al., 2003, Dietrich and McDaniel, 2004). AD
patients show impairment in classical conditioning paradigm testing for associative
learning, which is a type of serotoninergic modulation (Woodruff-Pak et al., 1996,
Hamann et al., 2002). Thus, by improving the 5-HT signaling, exercise is thought to
ameliorate the memory impairment associated with AD.
2.10.2.2.3. The effect of regular exercise on glucocorticoid signaling pathway

The hypothalamic-pituitary-adrenal (HPA) axis activity is an important regulation
of the stress response. The arrival of a perceived stress directly activates the
hypothalamus, which will cause the release of corticotrophin releasing hormone (CRH)
from the CRH neurons in the hypothalamus paraventricular nucleus (PVN) and the
release of vasopressin (AVP). CRH then can activates the anterior pituitary leading to
secretion of ACTH whose action can be potentiated by AVP when releasing together in
the portal capillaries. ACTH can travel via the blood to the adrenal cortex causing the
release of glucocorticoid (GC) (cortisol in humans and corticosterone in animals). It has
been shown that GC level and memory are linked in an inverted U relationship where
too high GC level is actually detrimental to memory (Martinez and Kesner, 2009).
Numerous studies establish that AD patients exhibit an elevated cortisol level compared
to age-matched controls, which correlate with their clinical progression of AD and

hippocampal atrophy (Davis et al., 1986, Lupien et al., 1998, Csernansky et al., 2006). In
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contrast, regular exercise is known to normalize the elevated corticosterone levels in
sleep-deprived rats (Vollert et al., 2011). Together, these data signify that regular
exercise can lower GC level returning it to normal concentration so that exercise is
beneficial in AD. One of the proposed mechanisms of this action is that exercise training
can produce GC globulin which can scavenge circulating GC (Droste et al., 2009).
2.10.2.2.4. The effect of regular exercise on oxidative stress

Accumulation of reactive oxygen species (ROS) is seen with aging, oxidative
stress related diseases, and neurodegenerative diseases. Excessive amounts of ROS
formation can overwork DNA repair mechanisms and mitochondrial antioxidant defense
systems in addition to altering nucleic acids, membrane phospholipids, and proteins,
which eventually lead to oxidative stress-induced apoptosis. It appears paradoxical that
exercise can effectively protect the brain while at the same time, the production of ROS
gradually increases during exercise. This paradox can be explained by the “hormesis
theory” in which low level of toxin exposure benefits the organism (Radak et al., 2005).
Exercise of moderate intensity is thought to harmonize the ROS balance and reduce
oxidative stress (Goto et al., 2004), whereas intense exercise or a single bout of exercise
induces oxidative damage (Rietjens et al., 2007, Teixeira et al., 2009). However, other
report shows that strenuous and over-training exercise does not cause oxidative damage
to the brain since chronic training can lead to modifications such as oxidative neuro-
adaptation (Ogonovszky et al., 2005).

Compared to controls, the AD brains are present with increased levels of lipid

peroxidation and protein oxidation products (e.g. advance glycation end products,
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4HNE, carbonyls) and DNA oxidation (e.g. 8-OHdG) with high level of metal ions (e.g. Fe,
Cu, Hg, Al) (Sultana et al., 2006). 4HNE can reduce the activity of Na/K ATPase pump by
binding to the sulfhydryl group, which in turn can alter calcium homeostasis (Liu et al.,
2012). In contrast, regular exercise is known to up-regulate the expression of
antioxidant enzymes that can counteract the oxidative damage caused by AD pathology.
For example, the level of glutathione transferase that degrades 4HNE is highly increased
during exercise training (Reddy et al., 1995)

Another mechanism by which exercise can counteract the detrimental effect of
oxidative stress on the brain is to increase the activity of proteasomal, mitochondrial
antioxidant defense mechanisms (superoxide dismutases (SOD), glutathione peroxidase
(GSH-Px), and catalase) and DNA-repair enzymes (8-oxoG-DNA glycosylase (0GG1)),
whose primary function is the protein quality control. Mitochondrial defense is
significantly enhanced after exercise training in the brains of diabetic animals (Ozkaya et
al., 2002) or Alzheimer’s disease (Um et al., 2008). Somani and colleagues have shown
that the brain antioxidant system is distinctly regulated in different brain areas. For
example, SOD activity notably increases in the corpus striatum and brainstem regions
with exercise, whereas hippocampal SOD activity is low. However, GSH-Px activity is
enhanced the most in the hippocampus (Somani et al., 1995). Moreover, other studies
have shown that exercise decreases oxidative markers such as reactive carbony
derivatives (RCDs) (Ogonovszky et al., 2005, Szabo et al., 2010) and free radical elements

(Radak et al., 2006).

62



2.10.2.2.5. The effect of regular exercise on the Wnt signaling pathway

Recent study has shown that the Wnt pathway is involved in mediating the
oligomeric amyloid peptide’s toxicity via limiting cell proliferation (Shruster et al., 2011).
In contrast, regular exercise has been shown to module this Wnt/B-catenin signaling
pathway. For example, regular exercise can activate cacyclin binding protein (Cacycb),
which can ubiquitinate B-catenin. Ubiquitination of B-catenin leads to proteasomal
degradation of this protein, thus causing Wnt signaling modulation. Exercise-induced
neurogenesis is postulated to be mediated by activation of CAMKa via Wnt/frizzled
signaling (Varela-Nallar and Inestrosa, 2013). Thus, these findings suggest that exercise
may exert a beneficial effect on the AD brain via the Wnt signaling pathway.
2.10.2.2.6. The effect of regular exercise on amyloid deposition, AD-related molecules,
and excitotoxicity

Amyloid plaques are one of the neuropathological hallmarks required for
definitive diagnosis of AD. Amyloid aggregates can exert a multiple role in toxicity
involving oxidative stress induction, calcium dysregulation via amyloid channel
formation and glutamate receptors, metabolic off-balance, and deleterious alterations
in intracellular transduction pathways. In addition, AP aggregates can facilitate
hyperphosphorylation of tau via modulation of kinases that phosphorylate tau (Park et
al., 2012). Altogether, amyloid aggregate is proposed as a serious threat to not only
normal neurons but seem to be a powerful killer of AD vulnerable neurons. In fact, the
amyloid hypothesis remains to be the cornerstone for AD pathogenesis as amyloid

aggregates can potentiate and render vulnerable neurons to death. Transgenic model of
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AD showed an increased amyloid load and deposits while exercised transgenic mice
displayed a significant reduction in these parameters. Thus, decreasing the amyloid
burden is possible strategy that is employed by the non-pharmacological approach (e.g.
exercise). In fact, AD/exercised animals displayed decreased levels of amyloid load and
plaque deposition (Adlard et al., 2005, Um et al., 2008, Nichol et al., 2009, Yuede et al.,
2009). The proposed mechanism of exercise-induced amyloid reduction is thought to be
regulated via proteolytic modifications in APP processing (Adlard et al., 2005).
2.11. Exercise and anxiety-like behaviors

Not only does exercise provide a beneficial effect on cognitive function, but also
it is 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). Numerous studies have established the beneficial relationship between
exercise and psychological symptoms associated with aging (Thune-Boyle et al., 2012).
In addition to the pronounce anxiolytic effect of exercise in humans, studies have shown
that exercise can also prevent anxiety-like and defensive behaviors in rodents (Sciolino
et al., 2012), even in aged animals (Pietrelli et al., 2012). Mice pups that are maternally
deprived show reduced anxiety-like behaviors when the mothers exercise during the
pregnancy (Uysal et al., 2011). The mechanism by which exercise can reduce anxiety is
possibly by preventing the activation of neurons induced by stress (Schoenfeld et al.,

2013).

64



2.12. Exercise, Alzheimer’s disease, cognitive and non-cognitive functions

Given the opposite effects of exercise and Alzheimer’s disease pathology on
cognition and psychological behaviors, it is of great interest to investigate whether
exercise can prevent cognitive and non-cognitive disturbances associated with AD. In
this study, we have examined the impact of regular moderate treadmill on spatial
memory, anxiety-like behaviors, synaptic plasticity and related signaling cascades in a

rat model of sporadic AD.
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3. MATERIALS AND METHODS

3.1. Animals and housing conditions

Adult male Wistar rats weighing 176-200g at the beginning of the experiments
were purchased from Charles River Laboratories, Wilmington, MA. Upon arrival, rats
were separated into groups of six and housed in Plexi glass cage in a climate-controlled
room (25°C) on a 12hr/12hr light/dark cycle and provided regular chow diet and water
ad libitum. All 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.

3.2. Animal manipulations:

In this study, after 7 days acclimatization period, rats were randomly assigned

into 4 groups: control, exercise, amyloid-infused (AB), and amyloid-infused/ exercised

(Ex/AB). Rats were manipulated according to the following schematic diagram (figure

18):
Week 1 Week2-3 Week 4-5
L '} ] '} »
L} L} L] L} ]
7 day chronic exercise chronic exercise
acclimation I APy, infusion ]
Rats Pumps Day 38
arrive implanted Experiments begin

Figure 18. Experimental timeline for all animal manipulations.

3.2.1. Exercise training
Rats ran on a motorized rodent treadmill (Columbus Instruments) (Figure 19)
between 9:00 am and 4:00 pm, 5 days/week for 4 weeks as described (Vollert et al.,

2011, Zagaar et al.,, 2012, Dao et al.,, 2013). Before exercise training, all rats were
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familiarized with the treadmill environment. Exercise and Ex/AP rats ran in sessions (15
minutes each) with a 5 minutes break in between the sessions to avoid muscle fatigue.
During the first two weeks, rats ran 2 sessions at a speed of 10 m/min while during the
3" and 4™ weeks, rats ran 3 and 4 sessions respectively at a speed of 15 m/min. In order
to encourage the rats to run continuously, the treadmill constantly delivered a mild foot
shock (intensity = 0.5 mA) at the beginning of the running lanes. This shock appears to
be mild and not stressful to the animals. In fact, the rats quickly learned to avoid the

shock by staying on the running trails throughout the training sessions.

Figure 19. Columbus motorized rodent treadmill
3.2.2. Osmotic pump implantation

Two weeks after the acclimatization period, the control and exercise groups
underwent a sham operation. Meanwhile, the AB and Ex/AB groups were implanted
with osmotic mini-pumps (14 days duration) (Alzet, Cupertino, CA) containing AB1.4
peptides (AnaSpec Inc., San Jose, CA). 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 as instructed in
the manufacture’s manual, filled with AB1.4, solution (250 pmol/day), and primed in

isotonic (0.9% NaCl) saline at 37°C overnight. Rats were i.p. injected with a mixture of
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ketamine (75 mg/kg) and xylazine (2.5 mg/kg), which proved to be adequate for the
implantation surgery duration (Webster Veterinary, Devens, MA). Then, the
implantation site was shaved and cleaned with rubbing alcohol. The rat was
stereotaxically framed with nose bar adjusted at 0.0. The skull was exposed by a 2.5 cm
midline incision starting behind the eyes. The infusion cannula was implanted into the
cerebral lateral right ventricle (AP: -0.3, L: 1.2, V: 4) and steadily fixed with dental
cement. The pump was placed in a subdermal pocket in the back of the rat. The surgery
site was closed with wound clips and kept aseptic with tincture of iodine, 60X diluted
chlorohexidine, and triple antibiotic ointment. The rats were put back in their home
cages and monitored until full recovery.
3.3. Behavioral assessments
3.3.1. Cognitive function testing

The radial arm water maze (RAWM), a hybrid of the Morris water maze and
radial arm maze, is a useful test of learning of learning and memory function in rodents.
It is a circular black water pool that consists of six swimming arms with an open central
area (figure 20A). The experiments were carried out in a dimly lit room with visual cues
placed on the surrounding walls. Each rat was randomly assigned a goal arm, which
contained a hidden black platform located at the end of the arm. The test consists of
twelve learning trials, one short-term and one long-term memory test. For each learning
trial and memory test, the rat was randomly released at an arm different from the goal
arm. The rat must then swim and locate the platform, which is submerged about 1 cm

under the water. The rat was allowed a maximum time of 1 minute for each learning
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trial or memory test. Quantification of learning and memory in the RAWM was done by
counting the number of errors. An error was counted when the rat’s entire body
entered more than halfway into an arm that was not the goal arm or into the goal arm
but failed to approach the platform. The number of errors ranges from 1 to a maximum
of 7 as the rat can swim into 7 arms within 1 minute. When the rat failed to locate the
platform within 1 minute, it was manually guided to the platform and automatically
given a score of 7 errors. Once on the platform, the rat was allowed 15 seconds sitting
time on the platform before the next learning trial. The timeline for all learning trials,
short-term memory (STM), and long-term memory (LTM) tests were carried out as in

the schematic representation in figure 20B.

B Learning trial 1 2 6

5 minutes

Learning trial 7 = 12

30 minutes
Short-term memory test

24 hours

Long-term memory test

Figure 20. A) The radial arm water maze pool. B) Schematic representations of learning trials, short-term and long-
term memory test in the RAWM. The animals received 5 minutes between two sets of learning trials as resting time.
After the 12th learning trial the rats were returned to their home cage until they were tested for STM and LTM. The
same rats were used for the learning trials, STM, and LTM tests.
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3.3.2. Non-cognitive testing:

In order to investigate the effect of regular treadmill exercise on non-cognitive
performance in rats with AD pathology, a battery of non-cognitive behavioral tests was
done in the following order:
3.3.2.1. Open field (OF)

The OF task is a common test that can effectively evaluate anxiety level,
exploratory behavior, and locomotor activity in rodents (Gould et al., 2009). The OF
apparatus consisted of an open area (40 x 60 cm) surrounded by Plexiglas walls (50 cm
height). A 25 x 25 cm area in the middle of the chamber is defined as the center zone.
The rat was placed in the center of the chamber and allowed 30 minutes 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;
OH). Sensors are positioned to reveal a two-dimensional cage and monitor rearing (6
sensors/cage). Every movement was detected by beam breaks, which were recorded by
the computer for further analysis. Each experiment was conducted with one rat per
chamber and recorded in 3-minute test intervals. Total activity, total distance traveled,
and percent time spent in the center area were analyzed. The OF apparatus was cleaned
with 70% ethyl alcohol and aired out after each rat.
3.3.2.2. Light-dark (LD) box

The LD paradigm is validated as a sensitive test of disorders that involved
generalized anxiety (Araujo et al., 2012). The LD box consists of a light compartment (27

X 27 x 27 cm) and a dark compartment (blackened walls and floor, 27 x 18 x 27 cm)
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separated by a single partition with an opening (7 x 7 cm) that allows passage between
the two compartments (Salim, et al., 2010). The apparatus was placed in an enclosed
area of a behavioral room under standard lighting conditions with only one observer in
the experiment room. The experiment lasted 5 minutes. Using a Microsoft Excel
software, the observer reported data by manually enter “L” or “D” into the program.
The experimenter entered “L” or “D” whenever the rat was in the light or dark
compartment respectively. By doing so, the experimenter was able to calculate the time
rat spent in light or dark compartment. When the experiment began, the experimenter
put the rat in the center of the light compartment and immediately pressed “L” on the
keyboard. This automatically started the computer clock. Whenever the rat moved to
the dark compartment, a “D” was pressed. Entrance into the light or dark compartment
was recorded when both front paws and shoulders were inside the compartment.
Anxiolytic behavior was quantified by the time spent in the light compartment.

3.3.2.3. Elevated plus maze (EPM)

The EPM consists of two open and two closed arms (10 cm x 50 cm length) that
intersect at the middle creating a plus shape. The EPM was elevated 50 cm above the
ground and placed in an enclosed area of the behavioral core room. The EPM procedure
was carried out as described (Xiang et al., 2011). Briefly, the rat was placed at the
intersection area (10 x 10 cm) of the four arms and allowed to explore the apparatus for
5 minutes. 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, center area, and total distance traveled were analyzed.
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3.4. In vivo extracellular recordings:

Seventeen days after implantation surgery, in vivo -electrophysiological
recordings in the sub-regions Cornu Ammonis 1 (CA1l) and dentate gyrus (DG) of the
hippocampus were accomplished as described (Aleisa et al., 2006). Briefly, rats were
anesthetized with urethane via i.p. injection (1.2 g/kg, Sigma Aldrich, USA). The
anesthetized rats were placed in the stereotaxic frame (nose bar at 0.0). Wound clips
were removed if any had remained from the implantation surgery. Similar to the pump
implantation surgery, a 2.5 cm midline sagittal incision was made to expose the skull.
Two holes were drilled for placing the stimulating and recording electrodes whose
positions would be specified below. During recording, the rat was subcutaneously
grounded with a wire wrapped in gauze soaked in 0.9% saline to prevent background
noise.

CA1 recording: On the left side of the brain, a hole was drilled for placing the concentric
bipolar stimulating electrode (twisted tephlon-coated stainless steel wires) into the CA3
region of the left hippocampus. The stimulating electrode was angled at 5% toward the
midline in order to stimulate the Schaffer collateral/commissural pathway, which
connects the CA3 to the CA1 sub-regions (AP: -3, L: 3.5, V: 2.8). Similarly, another hole
was drilled on the right side of brain to place the capillary glass (1-5 MQ) recording
electrode into the CA1 region of the right hippocampus (AP: -3, L: 2, V: 2). The recording
electrode was filled with 1% fast green dye in 2M NaCl in order to visually confirm the
correct recording electrode position upon dissection at the conclusion of the

experiment (see figure 21).
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DG recording: On the right side of the brain, a hole was drilled for placing the concentric
bipolar stimulation electrode to stimulate the perforant pathway via the angular bundle
(AP: -8, L: 4.7, V: 1.2). The glass capillary recording electrode was placed into the DG
area of the right hippocampus (AP: -3, L: 2, V: 3.5) (see figure 21).

The stimulating electrode was connected to a stimulator via an isolation unit
(Grass Inst., USA). The recording electrode was connected to an amplifier system which
connects to the computer for read-outs. Position of the electrode could be adjusted, if

necessary, to obtain maximal responses.

CA1stimulation CAlrecording
o= - DG recording

o ‘_‘:'.\"i:::‘;,', \-
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e
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Figure 21. Positioning of the recording and stimulating electrodes for extracellular recording from CA1 and DG areas.

3.4.1. Basal synaptic transmission:

Once a robust response was found, rat was left without simulation for 30-
minutes stabilization period. The input/output (I/O) curve was constructed by plotting
various stimulus intensities versus the field excitatory post-synaptic response (fEPSP)
slope, a measure of synaptic strength. The stimulus intensities at which the response

was minimal or maximal constructed the first and last point of the 1/O curve
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respectively. The increment between the minimal and maximal points of the I/O curve
was calculated by taking the difference between the maximal stimulus intensity and the
minimum stimulus intensity and then divided by 7. We also recorded the voltages that
required to evoke minimal, 30% of the maximum, and maximal response in each group.
3.4.2. E-LTP and L-LTP induction and recordings:

After the I/O curve recording, a 10 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. E-LTP was evoked by one train of HFS while multiple
trains of HFS induced L-LTP as detailed in figure 22. Both E-LTP and L-LTP magnitudes
were quantified by changes in the field excitatory post-synaptic potential (fEPSP) slope
and pspike amplitude recorded for 1 hour or 5 hours respectively following repetitive
stimulation. The fEPSP slope and pspike amplitude represent synaptic strength and the
number of neurons reaching firing threshold respectively (Alzoubi et al., 2007, Alzoubi

and Alkadhi, 2007).
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Figure 22. Steps for the induction of A) Early long-term potentiation (E-LTP) by HFS and B) Late long-term

potentiation (L-LTP) by MHFS.
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3.5. Western blotting:
3.5.1. Hippocampus dissection:

At the end of all treatments, rats were euthanized by giving a lethal injection of
urethane into the heart. The brain dissection was performed for the basal, unstimulated
(no LTP induction), and stimulated (after LTP induction) experiments. In basal dissection,
the right hippocampus of each rat was grossly dissected and separated into the CA1 and
DG sub-regions and these both areas from the same animal were kept for further
analysis.

In unstimulated and stimulated dissections, the hippocampus sub-regions were
dissected out similar in basal dissection but in a particular animal, only the sub-region
being used for E-LTP or L-LTP study was dissected out. For example, dissection of the
CA1 area was done after E-LTP or L-LTP recordings in pyramidal cells of CA1 area. Each
sub-region was laid flat on a dry ice-filled Petri dish with the filter paper soaked with
0.2M sucrose and was positioned in such a way that the septal portion was on the left
hand side and the temporal portion was on the right hand side. The two left and right
tips were trimmed off. A small region in the middle of the hippocampus was removed to
prevent overlapping of sub-regions. Then, the CA1 and DG sub-regions were further
separated into septal and temporal portions and stored at -80°C for later processing.
The temporal tissue samples serve as internal controls because under stimulated
conditions, the bulk of stimuli goes to the septal side while the temporal side receives

negligible stimuli (Papatheodoropoulos and Kostopoulos, 2000).
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3.5.1. Tissue homogenization and protein estimation:

Tissue was homogenized with 200 uL lysis buffer containing 50 mM Tris-HCI
(pH=7.4), 1% NP-40, 0.1%SDS, 150 mM NaCl, 1mM EDTA, 1mM EGTA, 5 mM Na4P,0;,
100 pg/ml PMSF, 40 mM B-glycerophosphate, 1 mM PMSF, and protease cocktail. Then,
the samples were sonicated 3 times, 5 seconds/time (Vibra cell, Sonics and Materials
Inc., Newtown, CT). A microBCA assay kit was used to estimate the amount of protein in
each sample by constructing concentration curves from standard samples (Pierce
Chemical Rockford, IL).

3.5.2. Inmunoblotting and detection:

The samples (approximately 10-15 ug of total protein per sample) were
processed via a high throughput system E-PAGE 48 (Invitrogen Corp. Carlsbad, CA). The
proteins were transferred onto a PVDF membrane via a dry blot system (Invitrogen
Corp. Carlsbad, CA) and detected with specific primary antibodies and subsequent
conjugation with secondary horse-radish peroxidase antibodies. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as a loading control. Antibodies dilutions
were done as details in Table 1. All antibodies were purchased from Santa Cruz
Technology except p-CREB and GAPDH antibodies, which were purchased from Cell
Signaling Inc., Boston, MA. The protein bands were visualized via commercial
chemiluminescence reagents (Santa Cruz Biotechnology) and AlphaEase software and

guantified by densitometry.
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3.6. 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 indicates statistical

significance. Data were expressed as mean + S.E.M.
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4. RESULTS

4.1. Behavioral assessments:

Spatial learning and memory is generally known as hippocampus-dependent
function. It is well-recognized that the hippocampus is the first critical region of the
brain affected by Alzheimer’s disease; thus leading to irreversible learning and memory
impairment. This phenotype of AD pathology was successfully reproduced in several
animal models; one such is the rat model of AD by i.c.v. infusion of amyloid peptides.
Additionally, other symptoms of AD manifest as non-cognitive disturbances as the
disease progresses in the human population. We are the first to report the anxiety-like
behaviors in a rat model of AD. In this study, we reported that rats with 2 weeks of ApB;-
42 infusion resulted in learning and memory deficits and anxiety-like behaviors while 4
weeks of treadmill exercise totally prevented these impairments.

4.1.1. Treadmill exercise prevented AD-induced learning and memory performance:

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 AB rats made significantly more
errors than other groups (p= 0.01-0.05) (Figure 23A). In contrast, Ex/AB rats showed a
learning ability similar to that of the control and exercised rats as these rat groups learn
at equivalent rates. These results suggest that amyloid infusion impairs the learning

ability in rats while regular treadmill exercise prevents this impairment.
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In the STM test, administered 30 minutes after the last learning trial, the AB rats
made significantly higher number of errors than all other groups (p=0.01) (control: 0.5 +
0.224, Ex: 0.917 + 0.26, AB: 2.545 + 0.529, Ex/AB: 0.917 + 0.358) (Figure 23B). Four
weeks of treadmill exercise reduced the number of errors the AB rats made, which was
not significantly different from those of control and exercise rats. Same trend was
observed in the LTM test, which was carried out 24 hrs after the 12t learning trial. Ap
rats made an average of 3.75 £ 0.676 errors in the LTM task which was significantly
higher compared to all other groups. The ability of Ex/Ap rats to recall the RAWM task
after 24 hrs was not different from those of control and exercise rats as the number of
errors made in the LTM test were similar in these groups (control: 0.9 + 0.348, Ex: 1.273
+ 0.524, Ex/AB: 1.6 + 0.427) (Figure 23C). 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 AD-induced learning and memory deficits.
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Figure 23. Radial arm water maze (RAWM) performance in sedentary or exercised rats with and without
AB., infusion. The AB group reveals impairment in the learning trials (A), short-term memory test (B) and
long-term memory test (C). Rats in the AB group make more errors compared to other groups during the
last 5 learning trials and the memory tests. Ex/AB rats perform similarly as the control and exercise rats.
Note that exercise rats show no significant difference from controls. (*) denotes significant difference
from all groups (p<0.05, 10-12 rats/group).
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4.1.2. Non-cognitive disturbances caused by AD pathology were totally prevented by
regular treadmill exercise.

In the open field (OF) apparatus, the duration that the rat spent in the center
area measures exploratory behaviors and anxiety levels (Gould et al., 2009, Salim et al.,
2010). Time spent in the center area indicates high exploratory behaviors and low
anxiety levels. In this study, the AP rats spent an average of 20.19 * 4.428 percent time
in the center area, which is significantly shorter than those of other groups (control:
40.87 + 3.383%, exercise: 40.074 + 5.409%, Ex/AB: 43.4 + 4.612%, p = 0.01-0.05) (Figure
24A). Thus, it seems that regular exercise exerts an anxiolytic effect in our model of AD-
like pathology. Also, in the OF apparatus the rat’s locomotor activity is determined by
total distance traveled and total activity. AB-infused rats traveled an average distance of
3371.974 + 426.33 cm, which was similar to that of Ex/AB rats (3658.551 + 155.279 cm),
but statistically different from those of control and exercise rats (control: 5386.464 +
309.939 cm, exercise: 5526.842 + 348.041 cm, p= 0.001 - 0.01) (Figure 24B). Similar
trend was observed with total activity in the OF where rats from AB and Ex/AB groups
exhibited the same level of locomotor activity, but significantly different from those of
control and exercise groups (p= 0.001 - 0.01) (Figure 24C). These data indicate that AD
pathology impaired locomotor activity and this impairment was not prevented by our

regimen of regular exercise.
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Figure 24. Alzheimer’s disease (AD)-like pathology produces increased anxiety-like behavior, which is
prevented by moderate treadmill exercise. Rats are placed in open field (OF) apparatus, a test of anxiety-
like behavior. AB rats spend significantly less time in the center area in the OF test (A) compared to all
groups while Ex/AB rats spend similar center time compared to control and exercise rats. The locomotor
activity of both AB and Ex/AB rats are impaired as indicated by the reduced total distance traveled (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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We have also utilized the advantage of light-dark box apparatus, which is a
sensitive test of anxiety-like behavior. Because rodents are nocturnal, they have a
tendency to stay in dark areas. Time spent in the light area indicates less anxiety-like
behaviors (Salim et al., 2010, Vollert et al.,, 2011). We observed that control, exercise,
and Ex/AB groups spent a similar length of time in the light compartment for exploring
while AR rats spent a significantly less time in the light area (control: 121.74 + 10.501
seconds, AB: 69.8 + 10.671 seconds, exercise: 123.7 + 8.179 seconds, Ex/AB: 108 + 6.392
seconds, p = 0.01 - 0.05) (Figure 25). Hence, these results indicated that the anxiety-like

behaviors induced by AD pathology could be alleviated by regular exercise.
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Figure 25. The effect of treadmill exercise on anxiety-like behavior of rats that have been infused with
amyloid peptides. In the light-dark paradigm, AR rats show an increased anxiety-like behavior while Ex/AB
rats seem to be normal as compared to control and exercise rats. (*) denotes significant difference from
all groups (p<0.05, 8-10 rats/group).
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The elevated plus maze (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 center area measures anxiety levels.
Consistent with our findings in the OF paradigm, AD rats experience increased anxiety-
like behavior as these rats spent a significantly more time in the closed arms (control:
230.22 + 13.621 seconds, AB: 279.778 + 4.325 seconds, exercise: 225.374 + 19.487
seconds, Ex/AB: 250.363 + 10.179 seconds, p= 0.05 - 0.01) (Figure 26A) but much less
time in the center area (control: 56.245 + 10.691 seconds, AB: 13.417 + 3.124 seconds,
exercise: 45.071 + 9.974 seconds, Ex/AB: 37.904 + 8.215, p= 0.002 - 0.03) (Figure 26B)
compared to all other groups. Additionally, similar to what was observed in the OF, 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 AP and Ex/AB rats traveled
similar distance during the whole experiment (AB: 1152.229 + 134.25 cm, Ex/AB:
1260.222 + 71.279 cm) but significantly different than those of the control and exercise
rats (control: 1662.167 + 84.193 cm, exercise: 1528.571 + 48.672 cm, p= 0.01 - 0.03)

(Figure 26C).
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Figure 26. Elevated plus maze (EPM) exploration in rats treated with AB,., peptides and/or exercise
training. (A): Time spent in the closed arms, (B): Time spent in the center area, (C): Total distance
travelled. AB rats show increased anxiety-like behaviors as indicated by significantly longer time in the
closed arms and shorter time in the center area compared to all other groups and while this aberrant
behavior is absent in Ex/AB rats. The impaired locomotor activity of AB rats (shorter distance traveled) is
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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4.2. Electrophysiological recordings:

It is well-established that both in vivo and in vitro accumulation of toxic amyloid
peptides interferes with synaptic transmission of the excitatory glutamatergic system
(Brouillette et al., 2012, Doherty et al., 2013). We have utilized the advantages of
extracellular recordings in live animals to assess the changes at the synapses caused by
continuous AP;.4, infusion and/or chronic moderate treadmill exercise training in both
CA1 and DG sub-regions of the hippocampus.

4.2.1. Basal synaptic transmission:

We have evaluated the effect of AD pathology and/or exercise on basal synaptic
transmission in both CA1 and DG sub-regions by constructing input-output (I/O) curves.
I/O curves are used as an index of synaptic strength as the postsynaptic cell respond
differently to various stimulus intensities. The I/O curve will change when synaptic
strength is altered (Alzoubi et al., 2010, Alzoubi et al., 2011). Our data indicated that AB
rats exhibited impaired basal synaptic transmissions in both sub-regions of the
hippocampus.

In CA1 area, the 1/O curves 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)
(Figure 27A). However, there were no changes observed between the I/O curves of
control, exercise, Ex/AB rats. For instance, at minimal intensity, the fEPSP slope of AB
rats was 0.089 + 0.012 mV/ms which is markedly lower compared to all groups (control:

0.275 + 0.032 mV/ms, Ex: 0.285 + 0.047 mV/ms, Ex/AB: 0.235 + 0.037 mV/ms).
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Even though the granule cells of the DG area tend to produce a more robust
post-synaptic response compared to the pyramidal CA1 cells, similar trend was observed
in the DG area. For example, AP rats exhibited a significant lower fEPSP slope at all
stimulus intensities compared to those of control, exercise and Ex/ApB rats (p= 0.001)
(Figure 28A). For example, at minimal intensity, the fEPSP slope of A rats was 2.585 +
0.286 mV/ms which was much smaller than those of control (4.62 + 0.323 mV/m:s),
exercise (3.979 = 0.04 mV/ms), and Ex/AB (4.215 + 0.359 mV/ms) rats. Thus, it seems
that AD pathology severely impairs basal transmissions of the perforant and Schaffer
collaterals synapses while regular moderate treadmill exercise protects these synapses.

In addition to I/O curves, basal synaptic transmissions in both CA1 and DG sub-
regions were further assessed by the magnitude of the voltage that required to elicit the
minimal, 30% of maximal and maximal responses. As demonstrated in Figure 27B, AB
rats required a significant higher voltage to produce the same response in CAl area with
control, exercise, and Ex/AB rats at minimal, 30% of maximum and maximal (p= 0.001 -
0.01). In particular, a mean voltage of 6.767 + 0.297 mV was required to potentiate
minimal response in AP rats while Ex/A rats could produce the same response at 5.064
+ 0.166 mV which was not different from those of control (5.08 + 0.343 mV) and
exercise (5.157 + 0.441 mV) rats. Similar trend was observed in the DG area. For
example, AP rats required a mean voltage of 6.26 £ 0.189 mV to elicit a minimal
response at the perforant synapses which was markedly higher compared to those of all

other groups (control: 4.475 + 0.382 mV, exercise: 3.58 + 0.18 mV, Ex/APB: 5.14 + 0.299
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mV) (Figure 28B). Altogether, these data suggested that the impaired basal synaptic

transmission caused by AD pathology was prevented by prior treadmill exercise.
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A) Input/Output curves recorded in CA1 area
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Figure 27. Basal synaptic transmission is impaired in CA1 area of AP rats and this impairment is prevented
by moderate treadmill exercise. (A): the input-output (I/O) curves are indices of synaptic responses (i.e.
field excitatory post-synaptic potential (fEPSP) slope) constructed from gradual increases in stimulus
intensity. (B): Stimulus intensity required to produce minimal, 30% of maximum, and maximal response.
The right shift of the 1/O curve of AB rats indicates impaired basal synaptic transmission while this shift is
not seen with the I/O curve of Ex/ AP rats. A rats also require a significantly stronger voltage to elicit the
same response compared to control, exercise, and Ex/AB rats. (*) indicates significant difference
compared to other groups at all stimulus intensities. Values are mean + S.E.M., n = 4-6 rats/group.
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A) Input/Output curves recorded in DG area
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Figure 28. AD pathology impairs basal synaptic transmission in the DG area of AP rats while moderate
treadmill exercise prevents this impairment. (A): the input-output (I/O) curves are indices of synaptic
responses (i.e. field excitatory post-synaptic potential (fEPSP) slope) constructed from gradual increases in
stimulus intensity. (B): Stimulus intensity required to elicit minimal, 30% of maximum, and maximal
response. The 1/0 curve of A rats is altered while this of Ex/Ap rats is not different from controls. AB rats
also require a significantly stronger voltage to elicit the same response compared to control, exercise, and
Ex/AB rats. (*) indicates significant difference compared to other groups at all stimulus intensities. Values
are mean * S.E.M., n = 4-6 rats/group.
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4.2.2. Synaptic transmissions dfter repetitive high frequency stimulation:

Early and late phase long-term potentiation (E- and L-LTP) are considered to be
the closest cellular analogues of short-term and long-term memory respectively.
Evidence from our labs and others reported E-LTP and L-LTP inhibition in various
learning and memory deficits models including sleep deprivation, maternal deprivation,
and Alzheimer’s disease (Alkadhi et al., 2011, Zagaar et al., 2012, Dao et al., 2013, Marco
et al., 2013, Zagaar et al., 2013). Thus, in this study we evaluated the effects of 4 weeks
of treadmill exercise on repetitive high frequency stimulation (HFS)- evoked E-LTP and L-
LTP magnitudes in both CA1 and DG areas of the hippocampus.
4.2.2.1. Regular treadmill exercise prevented AD-induced suppression of early phase
long-term potentiation (E-LTP) in the hippocampus

Compared to baseline, the fEPSP slope from the AP rat group in CAl area was
significantly lower than that of other groups (p= 0.001-0.05) (control: 141.29% + 8.24,
AB: 106.93% + 2.99, Ex: 138.36% * 3.5, Ex/AB: 140.7% + 7.36) (Figure 29A). This result
indicates an impaired synaptic plasticity in this AD rat model. Interestingly, one hour
after HFS, the fEPSP slope of AP rats was back to the baseline value. In contrast, the
fEPSP slope of Ex/AB rats was similar to that of control rats throughout the recording
period of one hour. Thus, treadmill exercise prevented AD-induced synaptic plasticity
inhibition in AB rats. Additionally, 1 hour after HFS the pspike amplitude of AB rats
(92.81% + 7.99) was markedly lower than other groups (p= 0.001-0.05) (control:

184.94% + 8.79, Ex: 168.79% + 10.35, Ex/AB: 132.98% + 7.03) (Figure 29B).
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Similar trend was observed in the granule cell layer recording of the DG area.
Single train of high frequency stimulation induced a robust post-synaptic response of
the perforant synapses in all groups except the AP group. In particular, 1 hr after HFS
the fEPSP slope of AP rats returned to baseline (99.618% * 7.417), which was
significantly different from all groups (p= 0.001). The fEPSP slope of Ex/AP rats was
138.434% + 9.136, which was similar to those of control (142.044% + 4.835) and
exercise (135.606% + 6.569) rats (Figure 30A). Surprisingly, our regimens of amyloid
infusion and/or exercise training did not alter the number of neurons that reach
threshold and fire in the DG area as the pspike amplitudes were similar across all groups
(control: 225.786% + 14.311, AP: 254.697% + 34.631, exercise: 231.245% + 29.616,

Ex/AB: 232.962% + 40.488) (Figure 30B).
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Figure 29. Hippocampal early phase LTP (E-LTP) is measured as increases in the slope of the fEPSP (A) and
pspike amplitude (B) in CA1 area, which is evoked by HFS (applied at time zero) of the Schaffer collateral
synapses in anesthetized rats. In rats with AB,4, infusion (AB), E- LTP is significantly more impaired than
other groups. Ex/AB rats exhibits a similar fEPSP slope compared to that of control and exercised rats.
Additionally, the pspike amplitude of Ex/AB rats is markedly different from those of AP 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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E-LTP in DG area
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Figure 30. Early phase LTP (E-LTP) is measured in the DG area of the hippocampus: fEPSP slope (A) and
pspike amplitude (B). Single train of HFS (applied at time zero) evokes E-LTP of perforant synapses in
anesthetized rats. The fEPSP slope of AP rats is significantly lower compared to other groups while Ex/AB
rats exhibits a similar fEPSP slope compared to that of control and exercised rats. Surprisingly, the pspike
amplitudes of all rats including rats with amyloid peptides infusion alone are the same. Each point is the
mean = SEM of 5-6 rats. Points between the two asterisks (*) indicate significant difference from all
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4.2.2.2. Late phase long-term potentiation (L-LTP) impairment induced by AD
pathology was prevented by moderate treadmill exercise

Next, we investigated the effects of toxic amyloid infusion and/or exercise
training on the synapses of the CA1 and DG areas. L-LTP was induced by multiple trains
of HFS and recorded for 5 hours. The fEPSP slope of Schaffer collaterals pathway in the
CA1 area remained similar throughout the 5 hrs recording period among control,
exercise, and Ex/AB rats (control: 155.797% + 17.652, exercise: 139.654% + 9.874,
Ex/AB: 145.511% + 5.799) (Figure 31A). However, AR rats exhibited a markedly lower
fEPSP slope in CAl area from the beginning of induction of L-LTP to the end of the
recording.

Even though the pspike amplitude of rats that have been infused with amyloid
peptides and exercised was not comparable to those of control and exercise rats, it was
significantly different from that of AP rats. For example, compared to baseline right
after L-LTP induction the pspike amplitude of AP rats was 138.483% * 12.926 and
drastically dropped even below baseline (91.108% + 6.671) after 5 hrs. Meanwhile, the
pspike amplitudes of control, exercise, and Ex/AB rats were 210.394% + 25.608,
229.981% * 12.365, 139.497% + 19.566 respectively at the end of the recording period

(Figure 31B).
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Figure 31. Hippocampal late phase LTP (L-LTP) is measured as increases in the slope of the fEPSP (A) and
pspike amplitude (B) in CA1 area, which is evoked by multiple trains of HFS (applied at time zero) of the
Schaffer collateral synapses in urethane-anesthetized rats. AB;.4, infusion (AB) significantly impairs L-LTP
as AP rats show a markedly lower fEPSP slope compared to other groups. Ex/AB rats exhibits a similar
fEPSP slope compared to that of control and exercised rats. Additionally, the pspike amplitude of Ex/AB
rats is markedly different from those of AP 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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Similarly, granule cells of DG area failed to produce a robust fEPSP slope upon
multiple trains of HFS in AB rats and this deficit was totally prevented by exercise
training. The fEPSP slope in DG area of Ex/AP rats was 156.522% + 7.532 which was not
significantly different from those of control (137.68% + 8.341) and exercise (138.061% *
13.713) rats but markedly higher than that of AB rats (97.159% + 7.00) (p= 0.001) (Figure
32A). To our surprise, it seemed that the number of granule cells that reached threshold
and fired were unaffected by AD pathology and/or exercise training. There were no
significant differences in the pspike amplitude in DG area upon L-LTP induction among
all groups (control: 217.372% + 11.076, exercise: 225.416% + 28.83, AB: 219.13 +

38.983, Ex/AB: 195.51% + 12.162) (Figure 32B).
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Figure 32. Late phase LTP (L-LTP) is measured in the granule cell layer of the hippocampal DG area: fEPSP
slope (A) and pspike amplitude (B). L-LTP of the perforant synapses is induced by multiple trains of HFS in
urethane-anesthetized rats. The fEPSP slope of AP rats is significantly lower compared to other groups
while Ex/AB rats exhibits a similar fEPSP slope compared to that of control and exercised rats. However,
the pspike amplitudes of all groups are not different. 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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4.3. Molecular analysis:
4.3.1. Basal levels of molecules implicated in AD pathology in CA1 and DG areas
4.1.1. Basal levels of APP

Amyloid precursor protein (APP) can be processed via a family of secretases to
produce amyloid peptides that can be toxic (e.g. APi.42). In this section, we examined
the basal levels of APP in both CA1 and DG areas of rats that have been infused with
amyloid proteins and/or exercise training. The level of APP in CA1 area of Ap rats (1.469
+ 0.133) was significantly higher than the other groups (p= 0.05) while this level in Ex/AP

rats (0.836 + 0.108) was similar to those of control (0.979 + 0.041) and exercise (0.923 +

0.134) rats (Figure 33).

CA1 area

ae I /.

2.0+ Control AP  Exercise Ex/AB
*
2T 1.57 -
=0
0
53
g Q 1 0_ s s
3
EL 054
0.0

Control AB Exercise EXAP

Figure 33. Basal levels of APP in CA1 area. In our rat model of Alzheimer’s disease, the basal level of APP is
highly elevated and this abnormal elevation is prevented by 4 weeks of treadmill exercise. The basal level
of APP in Ex/AP rats is similar to those of control and exercise rats. (*) indicates significant difference from
control, exercise, and Ex/AB groups (p <0.05). Values are mean * S.E.M., n = 4-6 rats/group. Insets are

representative blots.
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The effect of exercise on AD pathology in DG area was similar to that observed in
area CAL. For example, AP rats had an average basal level of APP of 1.078 + 0.275 which
was markedly higher than all groups (p=0.01 - 0.05). The basal level of APP in Ex/AP rats
was only 0.6011 £ 0.1049 and those of control and exercise rats were 0.6948 + 0.0491
and 0.6144 £ 0.1679 respectively (Figure 34). Thus, in our model, there was an increase

in APP in both CAl and DG sub-regions and this effect was prevented by moderate

treadmill exercise.
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Figure 34. Basal levels of APP in DG area. Continuous amyloid infusion increases the basal level of APP
while prior regular exercise removes this deleterious alteration. The basal level of APP in Ex/AP rats is
similar to those of control and exercise rats. (*) indicates significant difference from control, exercise, and
Ex/AB groups (p <0.05). Values are mean + S.E.M., n = 4-6 rats/group. Insets are representative blots.
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4.1.2. Basal levels of BACE-1

The amyloidogenic pathway involves the sequential cleavage of APP by beta-site
APP cleaving enzyme-1 (BACE-1). It has been shown that overproduction of amyloid
products by BACE gene manipulation in mice leads to the increased propensity for
amyloid aggregation (Vassar et al., 1999). In our study, western blots analysis of the CA1
area homogenates indicated that the basal level of BACE-1 was highly elevated in Ap
rats (1.462 + 0.3673) and this elevation was absent in Ex/AP rats (0.8685 + 0.1532),
which was similar to those of control (0.9188 + 0.1525) and exercise (0.9912 + 0.1021)

rats (p=0.05) (Figure 35).
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Figure 35. Immunoblot analysis of the basal levels of BACE-1 in the CA1 area. Continuous amyloid infusion
increases the basal level of BACE-1 and this increase is prevented by treadmill exercise. The basal level of
BACE-1 in Ex/AB rats is normal compared to those of control and exercise rats while this level is
significantly high in AP rats. (*) indicates significant difference from control, exercise, and Ex/AB group (p
<0.05). Values are mean + S.E.M., n = 4-6 rats/group. Insets are representative blots.
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Similar trend was observed in the DG area as exercise training prevented the
BACE-1 increase induced by AD pathology. The basal level of BACE-1 in DG area of Ex/AP
rats was 0.9968 + 0.1929, which was not different from those of control (0.9597 +
0.2772) and exercise (1.004 + 0.1018) rats but significantly reduced compared to that of

A rats (1.649 + 0.5437) (p= 0.01) (Figure 36).
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Figure 36. Immunoblot analysis of the basal levels of BACE-1 in total homogenates of the DG area. The
basal level of BACE-1 is highly up-regulated in our AD model and this aberrant upregulation is normalized
by prior treadmill exercise. The basal level of BACE-1 in A rats is significantly higher compared to all
groups while this level in Ex/AP rats is not different from those of control and exercise rats. (*) indicates
significant difference from control, exercise, and Ex/AB groups (p <0.05). Values are mean + S.E.M., n = 4-
6 rats/group. Insets are representative blots.
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4.3.2. Basal levels of molecules implicated in learning and memory and long-term
potentiation
4.3.2.1. Basal levels of phosphorylated and total CaMKiI

Ca?*/calmodulin dependent protein kinase Il (CaMKII) is a memory molecule that
has been intensively studied as a key to unlock cognition mysteries (Cammarota et al.,
2002). Nevertheless, there has not been much research investigating the relationship
between CaMKIl and non-cognitive function. One recent study showed that mice with
gap junction deficiency displayed enhanced anxiety-related behavior, which coincided
with a reduction of CaMKIl level in the striatum (Zlomuzica et al., 2012). Our data
revealed that the basal levels of phosphorylated (p-) CaMKIl, an active form of CaMKIl in
CA1 area was significantly reduced compared to other groups (control: 1.136 + 0.081,
AB: 0.293 £ 0.065, exercise: 1.439 + 0.354, Ex/AB: 1.112 + 0.137, p= 0.01 - 0.05) (Figure
37A). Interestingly, the basal levels of total (t-) CaMKIl remained unchanged across all
groups in CA1 area (control: 3.52 + 0.483, AB: 3.859 + 0.53, exercise: 3.576 + 0.529,
Ex/AB: 3.887 + 0.297) (Figure 37B). As a result, the ratio of p-CaMKII to t-CaMKII of AB
rats is significantly lower than those of control, exercise, and Ex/AB rats (control: 0.437 +
0.062, AB: 0.148 + 0.036, exercise: 0.475 + 0.102, Ex/AB: 0.351 + 0.057, p= 0.05) (Figure
37C). Thus, it seems that AD pathology primarily targets CaMKIl phosphorylation but
does not affect the synthesis of CaMKIl while regular exercise prevents this functional

phosphorylation impairment.
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Figure 37. Basal levels of p-CaMKII (A), t-CaMKII (B), and p-CaMKII : t-CaMKII ratio (C) in CAl area. The
basal levels of p-CaMKIl in AB rats are significantly reduced compared to other groups while the levels of
t-CaMKIl were similar across all groups. Thus, the p-CaMKIl : t-CaMKII ratio of AB rats is significantly
smaller than those of control, exercise, and Ex/AB rats, which indicates an impaired phosphorylation
process. Ex/AB rats exhibits normal p-CaMKIl basal levels and p- CaMKII : t-CaMKII ratio as compared to
those of control and exercise rats. (*) indicates significant difference from control, exercise, and Ex/AB (p
<0.05). Values are mean * S.E.M., n = 4-6 rats/group. Insets are representative blots.
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Similar findings were observed in the DG area. In this hippocampal sub-region,
the basal level of p-CaMKIl in AB rats was 0.291 + 0.068, which was much lower than
those of control (1.0 £ 0.063), exercise (0.75 + 0.083), and Ex/APB (1.021 + 0.116) rats (p=
0.05-0.01) (Figure 38A). Nevertheless, the total pool of basal CaMKIl in DG area were the
same across all groups (control: 3.546 + 0.414, AP: 3.14 + 0.496, exercise: 2.92 + 0.294,
Ex/APB: 3.243 + 0.448) (Figure 38B). Hence, the p-CaMKIl : t-CaMKII ratio of AP rats
(0.083 + 0.015) was much smaller compared to control rats (0.302 + 0.047) while this
ratio of Ex/AP rats (0.339 + 0.041) was similar to that of control and exercise rats (0.281

+ 0.032) was similar to those of control and exercise rats (p=0.01 - 0.05) (Figure 38C).
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Figure 38. Basal levels of p-CaMKII (A), t-CaMKIl (B), and p-CaMKIl : t-CaMKII ratio (C) in DG area. The
basal levels of p-CaMKII in AB rats are significantly decreased compared to other groups while the levels
of t-CaMKIl are similar across all groups. Thus, the p-CaMKII : t-CaMKII ratio of AP rats is significantly
smaller than those of control, exercise, and Ex/AB rats, which indicates that AD pathology targeted
primarily the phosphorylation process. Regular treadmill exercise prevents the reduction in p-CaMKII
basal levels and p-CaMKIl : t-CaMKIl ratio of AB rats. (*) indicates significant difference from control,

exercise, and Ex/AB (p <0.05). Values are mean * S.E.M., n = 4-6 rats/group. Insets are representative
blots.
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4.3.2.2. Basal levels of calcineurin (PP2B)

Calcineurin (PP2B) is a phosphatase that inactivates CaMKIl, thus returning the
constitutive activity of CaMKIl back to normal. In our AD model, the basal levels of PP2B
were markedly upregulated (1.65 + 0.216) in area CA1 (Figure 38). However, 4 weeks of
treadmill exercise prevented the abnormal increase of PP2B in AB rats as the basal levels
of Ex/AB rats (1.011 + 0.12) were similar to those of control and exercise rats (control:

0.961 + 0.075, exercise: 0.99 + 0.068) (Figure 39).
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Figure 39. Basal levels of calcineurin (PP2B) in CAl area. Exogenous administration of ABi4, peptides
increases the basal levels of PP2B while moderate treadmill exercise prevents the aberrant upregulation
of PP2B induced by AD pathology as the basal levels of PP2B of Ex/AB rats are similar to those of control
and exercise rats. (*) indicates significant difference from control, exercise, and Ex/AB (p <0.05). Values
are mean * S.E.M., n = 4-6 rats/group. Insets are representative blots.

108



Western blot analysis revealed that in DG area, there was an increase in the
basal level of calcineurin (1.314 + 0.399) and this increase was significant compared to
other groups (p= 0.01-0.05). However, the basal level of calcineurin in DG area of Ex/A
rats (0.6516 + 0.142) was similar to those of control (0.6704 * 0.146) and exercise

(0.7473 £ 0.1555) rats (Figure 40).
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Figure 40. Basal levels of calcineurin (PP2B) in DG area. The basal level of PP2B is increased in AP rats
while the basal levels of PP2B of Ex/AP rats are similar to those of control and exercise rats. Thus, the
abnormal upregulation of PP2B induced by AD pathology is prevented by 4 weeks of moderate treadmill
exercise. (*) indicates significant difference from control, exercise, and Ex/AB (p <0.05). Values are mean *
S.E.M., n = 4-6 rats/group. Insets are representative blots.

4.3.2.3. Basal levels of phosphorylated and total CREB
cAMP response element binding protein (CREB) is an important regulator of
long-term memory and long-term synaptic plasticity (Kandel, 2012, Ran et al., 2012).

Previously, we reported a reduction in basal levels of phosphorylated CREB associated
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with AD pathology (Alkadhi et al., 2010). In this section, we investigated the ability of
regular exercise to prevent the detrimental effects of AD on the basal levels of both
phosphorylated (p-) and total (t-) CREB in CA1 and DG areas.

The basal level of p-CREB in CA1 area was markedly reduced in AP rats (0.633
0.075, p = 0.05) and this reduction was antagonized by exercise as Ex/AP rats had a
similar basal level of p-CREB compared to those of control and exercise rats (control:
1.102 + 0.113, exercise: 1.34 + 0.093, Ex/AP: 1.151 + 0.176) (Figure 41A). The decrease
in p-CREB level of AP rats is possibly responsible for the long-term memory deficit and L-
LTP impairment in CA1 area of these rats. The basal levels of t-CREB in CA1 area among
all groups were not different (control: 1.896 + 0.094, AB: 1.962 + 0.187, exercise: 2.14 +
0.328, Ex/AP: 2.058 + 0.107) (Figure 41B). As a result, the p-CREB : t-CREB ratio of AP
rats in CAl area was statistically lower compared to all other groups (control: 0.624 +
0.094, AB: 0.3245 + 0.0223, exercise: 0.7533 £ 0.1285, Ex/AB: 0.6447 £ 0.2212) (p=0.01 -

0.05) (Figure 41C).
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Figure 41. Basal levels of p-CREB (A), t-CREB (B), and p-CREB : t-CREB ratio (C) in CA1 area. The basal levels
of p-CREB in AP rats are significantly reduced compared to other groups while the levels of t-CREB are
similar across all groups. Thus, the p-CREB : t-CREB ratio of AB rats is significantly smaller than those of
control, exercise, and Ex/AB rats, which indicates an impaired phosphorylation process. Regular treadmill
exercise prevents amyloid infusion-induced reduction in basal levels of p-CREB and p-CREB : t-CREB ratio
(*) indicates significant difference from control, exercise, and Ex/AB (p <0.05). Values are mean £ S.E.M.,, n
= 4-6 rats/group. Insets are representative blots.
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Similar observation was found in the DG area. Moderate treadmill exercise
prevented the decrease in basal level of p-CREB in DG area as this level in Ex/AB rats was
1.542 + 0.3476, which was similar to those of control (1.332 + 0.3161) and exercise
(1.542 + 0.1901) rats but significantly different from that of AB rats (0.899 + 0.2753) (p=
0.001 — 0.05) (Figure 42A). The basal levels of t-CREB in DG area were unaltered among
all groups (control: 1.976 + 0.5127, AB: 1.856 + 0.531, exercise: 1.811 + 0.4626, Ex/AB:
1.949 + 0.423) (Figure 42B). Therefore, the p-CREB : t-CREB ratio in DG area of AB rats
was significantly lower than those of control, exercise, and Ex/AB rats (control: 0.7949 +
0.2318, AB: 0.4454 + 0.1443, exercise: 0.912 + 0.1323, Ex/AB: 0.9257 + 0.2681) (p= 0.01

—0.05) (Figure 42C).
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Figure 42. Basal levels of p-CREB (A), t-CREB (B), and p-CREB : t-CREB ratio (C) in DG area. The basal levels
of p-CREB in AP rats are significantly reduced compared to other groups while the levels of t-CREB are
similar across all groups. Thus, the p-CREB : t-CREB ratio of AB rats is significantly smaller than those of
control, exercise, and Ex/AB rats. Regular treadmill exercise prevent impaired phosphorylation of p-CREB
and reduction in p-CREB : t-CREB ratio caused by amyloid infusion. (*) indicates significant difference from
control, exercise, and Ex/AB (p <0.05). Values are mean * S.E.M.,, n = 4-6 rats/group. Insets are
representative blots.
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4.3.2.4. Basal levels of CaMKIV

Ca2+/calmodulin—dependent protein kinase IV is known to be involved in the
CREB-related transcription process. In fact, CaMKIV activates CREB via phosphorylation
at Serl33 and has been implicated in long-term memory consolidation and L-LTP
expression (Kang et al., 2001, Kasahara et al., 2001, Smolen et al., 2006). Our findings
indicated that the basal level of CaMKIV in CA1 area of AP rats was markedly decreased
(p=0.001) compared to all other groups (control: 0.9216 + 0.2001, AB: 0.4485 + 0.0815,
exercise: 0.9746 + 0.1501, Ex/AB: 1.068 + 0.0712) (Figure 43).

Similarly, in DG area, the basal level of CaMKIV in Ex/AB rats was 0.6146 +
0.1366, which was not different from those of control (0.7075 + 0.050) and exercise
(0.6914 + 0.1479) rats but significantly higher than that of AB rats (0.2728 + 0.0303) (p=
0.01 — 0.05) (Figure 43). Altogether, these results indicate the neuroprotective effect of
moderate treadmill exercise against deleterious alterations that AD pathology has on

total CaMKIV protein pool.
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Figure 43. Western blot analysis of the basal levels of CaMKIV in the CA1 area. Continuous amyloid
infusion decreases the basal level of CaMKIV and this reduction is prevented by treadmill exercise. The
basal level of CaMKIV in Ex/AP rats is normal compared to those of control and exercise rats while this
level is significantly lower in A rats. (*) indicates significant difference from control, exercise, and Ex/AB
groups, (p <0.05). Values are mean + S.E.M., n = 4-6 rats/group. Insets are representative blots.
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Figure 44. Basal levels of CaMKIV in DG area. In our rat model of Alzheimer’s disease, the basal level of
CaMKIV is markedly reduced and this deleterious reduction is prevented by 4 weeks of treadmill exercise.
The basal level of CaMKIV in Ex/AP rats is similar to those of control and exercise rats. (*) indicates
significant difference from control, exercise, and Ex/AB groups (p <0.05). Values are mean + S.E.M., n = 4-
6 rats/group. Insets are representative blots.
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4.3.2.5. Basal levels of phosphorylated and total ERK1/2

Extracellular signal-regulated kinases (ERK) signaling cascade has been shown to
associate with cognitive brain function, particularly learning and memory process (Peng
et al.,, 2010). In order to investigate the role of ERK1/2 signaling pathway in AD
pathology and exercise, we measured the basal levels of both phosphorylated (p-) and
total (t-) ERK1/2 in the hippocampus. Surprisingly, our data revealed that in CA1, the
basal levels of p-ERK1/2 remained unchanged across all groups (control: 1.0 + 0.2659,
AB: 0.9245 + 0.3049, exercise: 1.145 + 0.3389, Ex/AB: 0.9538 + 0.3393) (Figure 45A).
Also, neither amyloid infusion and/or exercise training altered the basal level of t-
ERK1/2 in CA1 area as this level was similar among all groups (control: 1.0 + 0.204, AB:
0.8983 + 0.1512, exercise: 1.086 + 0.3048, Ex/AB: 0.8713 + 0.2212) (Figure 45B). As a
result, the p-ERK1/2 : t-ERK1/2 ratios of control (1.025 + 0.3046), AB (1.086 + 0.5007),

exercise (0.9514 + 0.3404), Ex/AB (1.098 + 0.29) were not different (Figure 45C).
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Figure 45. Basal levels of p-ERK1/2 (A), t-ERK1/2 (B), and p-ERK1/2 : t-ERK1/2 ratio (C) in CA1l area. There
are no differences in the basal levels of p-ERK1/2, t-ERK1/2, and p-ERK1/2 : t-ERK1/2 ratio across all
groups. Values are mean + S.E.M., n = 4-6 rats/group. Insets are representative blots.
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Western blot analysis of DG total homogenates indicated the same trend seen in
the CA1 area. The basal levels of p-ERK1/2 in the DG sub-region for control, AB, exercise,
and Ex/AB were 0.9675 + 0.2414, 0.8819 + 0.2531, 0.9661 + 0.1503, 0.9651 + 0.1201
respectively (Figure 46A). The total pool of ERK1/2 protein in DG area was also
unaffected by amyloid infusion or treadmill exercise (control: 1.0 + 0.23, AB: 0.9632 +
0.2611, exercise: 0.9503 + 0.2178, Ex/AB: 0.8446 + 0.1157) (Figure 46B). Thus, the p-
ERK1/2 : t-ERK1/2 ratios of all groups were closely similar (control: 1.027 + 0.1432, AB:

0.9004 + 0.3077, exercise: 0.9595 + 0.1442, Ex/AB: 1.037 + 0.2296) (Figure 46C).
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Figure 46. Basal levels of p-ERK1/2 (A), t-ERK1/2 (B), and p-ERK1/2 : t-ERK1/2 ratio (C) in CAl area. There
are no differences in the basal levels of p-ERK1/2, t-ERK1/2, and p-ERK1/2 : t-ERK1/2 ratio across all
groups. Values are mean * S.E.M., n = 4-6 rats/group. Insets are representative blots.
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4.3.2.6. Basal levels of BDNF

Brain-derived neurotrophic factor (BDNF) can exert a pleiotrophic effect in the
central nervous system as BDNF can affect neuronal growth, synaptic transmission and
plasticity as well as pathogenesis of psychiatric disorders (Hong et al., 2011). While the
basal level of BDNF in AP rats was similar to that of controls, those of both exercise and
Ex/AB rats were significantly increased compared to that of control rats (control: 1 #
0.048, AB: 0.833 + 0.071, exercise: 1.568 + 0.136, Ex/AB: 1.565 + 0.141, p = 0.01) (Figure
47). Perhaps, exercise-induced BDNF increase might be beneficial to prevent behavioral

disturbances caused by AD pathology.
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Figure 47. Basal levels of brain-derived neurotrophic factor (BDNF) in CA1 area. Exogenous administration
of AB14, peptides does not significantly affect BDNF levels. Moderate treadmill exercise significantly
upregulates the basal levels of BDNF in exercised animals including Ex/AP rats. Values are mean + S.E.M.,
n = 4-6 rats/group. # indicates significant difference from exercise and Ex/Ap rats (p < 0.05). Insets are
representative blots.
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The dentate gyrus (DG) is one of the brain regions in which neurogenesis occurs.
This critical area of the brain houses numerous neurotrophic factors including BDNF.
Our data revealed that in DG area, regular exercise significantly increased the basal
levels of BDNF in exercised rats (exercise: 1.758 + 0.5121, Ex/AB: 1.806 * 0.6664).
However, the basal level of BDNF was similar to that of control sedentary controls

(control: 1.0 + 0.1601, AB: 0.9145 + 0.1682) (Figure 48).
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Figure 48. Basal levels of brain-derived neurotrophic factor (BDNF) in DG area. Exogenous administration
of AB1.4; peptides does not affect BDNF levels. Moderate treadmill exercise significantly upregulates the
basal levels of BDNF in exercised animals including Ex/AB rats. Values are mean + S.E.M., n = 4-6

rats/group. (#) indicates significant difference from exercise and Ex/AP rats (p < 0.05). Insets are
representative blots.
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4.3.3. Levels of signaling molecules during E-LTP in CA1 area
4.3.3.1. Levels of phosphorylated and total CaMKII after E-LTP expression in CA1 area
After activity i.e. E-LTP, the levels of p-CaMKII increased in control animals. We
reported that in CAl area, the levels of phosphorylated (p)-CaMKIl in unstimulated
control (1.0 + 0.152) were significantly different compared to those of stimulated (S-)
Control, S-Exercise, and S-Ex/AB groups (S-Control: 1.575 + 0.152, S-Ex: 1.889 + 0.153, S-
Ex/AB: 1.825 * 0.18, p= 0.01-0.05) but were not significantly different from those of S-
AB rats (0.578 + 0.122) (Figure 49A). Total (t)-CaMKII levels were similar across all
stimulated groups in being markedly higher than those of unstimulated control
(unstimulated control: 0.956 + 0.028, S-Control: 1.404 + 0.096, S-AB: 1.301 + 0.138, S-
Exercise: 1.648 + 0.175, S-Ex/AB: 1.453 + 0.137, p= 0.05 (Figure 49B). This result
indicates that CaMKIl phosphorylation is inhibited in AR rats, which is prevented by
treadmill exercise. Furthermore, it is supported by the finding that the ratio of p-CaMKI
I: t-CaMKIl was markedly lower in S-AB rats compared to all other stimulated groups and
even the unstimulated control (p=0.01-0.05, Figure 49C). These data suggest that
although the total pool of CaMKIl is unaltered, phosphorylation of this protein is

negatively affected and that this effect is prevented by 4 weeks of treadmill exercise.
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Figure 49. Levels of phosphorylated (p)-CaMKIl (A), total (t)-CaMKIl (B), and the p-CaMKII:t-CaMKII ratio
(C) in area CA1 after E-LTP induction. Compared to the unstimulated control group, HFS increases the
level of p-CaMKIl in all groups except the AP rats and significantly increases the levels of t-CaMKIl in all
groups. Thus, after HFS, the p-CaMKII : t-CaMKII ratio is significantly lowered in AB rats compared to all
other groups including unstimulated control rats. Regular exercise prevents AD-induced reduction in p-
CaMKIl level. (*) indicates significant difference from stimulated (S)-Control, S-Exercise, and S-Ex/AB, (#)
indicates significant difference from all other groups, p= 0.01- 0.05. Values are mean = S.EIM., n = 4-6
rats/group. Insets are representative blots. S: septal portion, T: temporal portion of CA1 area.
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4.3.3.2. Levels of calcineurin after E-LTP expression in CAl area

Calcineurin (PP2B) is a protein phosphatase important for dephosphorylation of
CaMKIIl. One hour after HFS application, the level of calcineurin in S-Control (1.404 +
0.107) and S-AB (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/AB (0.974 +0.113) rats were similar to those in unstimulated

controls suggesting that exercise prevents upregulation of PP2B by HFS (Figure 50).
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Figure 50. Levels of calcineurin in area CA1 after E-LTP induction. HFS application increases the expression
of calcineurin in S-Control and S-AP rats which are significant higher than those of S-Exercise, S-Ex/AB, and
unstimulated control rats. (*) indicates significant difference from unstimulated control, S-Exercise, and S-
Ex/AB, p =0.05. Values are mean + S.E.M., n = 4-6 rats/group. Insets are representative western blots. S:
septal portion, T: temporal portion of CA1 area.
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4.3.3.3. Levels of BDNF after E-LTP expression in CAl area

Brain-derived neurotrophic factor (BDNF) is a neurotrophic factor critical for
neurogenesis, cognition, and synaptic plasticity (Vivar et al., 2013). BDNF can exist in
both monomeric and homodimeric forms in cells (Shen and Maruyama, 2012). The
present protocol of HFS 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-AB rats (monomer level: 1.093 + 0.116, dimer level: 1.149 + 0.134).
However, treadmill exercise significantly increased both BDNF monomer (Figure 51A)
and dimer protein (Figure 51B) levels in exercised animals including S-Ex (monomer
level: 1.679 + 0.179, dimer level: 1.854 + 0.195) and S-Ex/AB 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 + 0.134) (p= 0.01 - 0.05). Thus, in our rat model
of AD, treadmill exercise markedly up-regulated both forms of BDNF, even in the

presence of AB (Figure 51 A,B).
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Figure 51. Monomeric (m) (A, 14 kDa) and dimeric (d) (B, 28KDa) BDNF in area CA1 after HFS induction.
HFS does not increase the level of BDNF monomers or dimers in S-Control and S-AB rats but significantly
elevates those of S-Exercise and S-Ex/AB rats. (*) indicates significant difference from unstimulated
control, S-Control, and S-AB, p = 0.01 — 0.05. Values are mean * S.E.M., n = 4-6 rats/group. Insets are

representative western blots. S: septal portion, T: temporal portion of CA1l area.
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4.3.4. Levels of signaling molecules during E-LTP in DG area
4.3.4.1. Levels of phosphorylated and total CaMKII after E-LTP expression in DG area

In the DG area, we found that single train of HFS robustly increased the level of
p-CaMKIll in S-Control (1.629 + 0.115), S-Exercise (1.911 + 0.238), and S-Ex/AB rats (2.023
+ 0.268) compared to unstimulated control (1.03 + 0.151) (p= 0.01 — 0.05) (Figure 52A).
However, the same E-LTP induction protocol failed to appreciably increase the p-CaMKII
level in AB rats (0.603 + 0.175). After HFS the levels of t-CaMKIl in stimulated groups
were equally elevated (S-Control: 1.779 + 0.5043, S-AB: 1.731 £ 0.292, S-Exercise: 1.965
+ 0.4194, and S-Ex/AB: 1.869 * 0.6925) but compared to that of the unstimulated
control (0.8717 + 0.2421) (p= 0.05 — 0.01) (Figure 52B). As a result, the p-CaMKII : t-
CaMKIl ratio in DG area of S-AP rats (0.3933 + 0.2784) was significantly lower than those
of all other groups (S-Control: 1.223 + 0.1201, S-Exercise: 1.432 + 0.3682, and S-Ex/AB:
1.256 £ 0.2239) including unstimulated control (1.041 £ 0.3477) (p= 0.01 - 0.05) (Figure

520).
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Figure 52. Levels of phosphorylated (p)-CaMKII (A), total (t)-CaMKIl (B), and the p-CaMKII : t-CaMKII ratio
(C) in the DG area after E-LTP induction. Compared to the unstimulated control group, HFS increases the
level of p-CaMKIl in all groups except the AB rats and significantly increased the levels of t-CaMKII in all
groups. Thus, after HFS, the p-CaMKII : t-CaMKII ratio was significantly lowered in AR rats compared to all
other groups including unstimulated control rats. Regular exercise prevented AD-induced reduction in p-
CaMKIl level. (*) indicates significant difference from stimulated (S)-Control, S-Exercise, and S-Ex/AB, (#)
indicates significant difference from all other groups (p < 0.05). Values are mean + S.E.M., n = 4-6
rats/group. Insets are representative blots. S: septal portion, T: temporal portion of DG area.
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4.3.4.2. Levels of calcineurin after E-LTP expression in DG area

There was an increased levels of calcineurin (PP2B) after E-LTP induction via HFS
in the perforant synapses in S-Control (1.601 + 0.3312) and S-AB (1.539 + 0.3317) rats
compared to unstimulated control (1.017 + 0.1626) (p= 0.05) (Figure 53). The levels of
PP2B during E-LTP expression in the DG area of exercised rats including the Ex/AB group
were similar to that of unstimulated control (S-Exercise: 1.041 + 0.4078, S-Ex/AB: 1.083

+0.2347).
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Figure 53. Levels of calcineurin in DG area after E-LTP induction. HFS application increases the expression
of calcineurin in S-Control and S-AB rats which are significantly higher than those of S-Exercise, S-Ex/AB,
and unstimulated control rats. (*) indicates significant difference from unstimulated control, S-Exercise,
and S-Ex/AB, p =0.05. Values are mean * S.E.M., n = 4-6 rats/group. Insets are representative western
blots. S: septal portion, T: temporal portion of the hippocampal DG area.
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4.3.4.3. Levels of BDNF dafter E-LTP expression in DG area

Neurogenesis is known to occur in the DG sub-region of the hippocampus, thus
making this area a storage pool of neurotrophins including BDNF. In this section, we
examined the effect of AD pathology and/or moderate treadmill exercise on the levels
of BDNF in the DG area after E-LTP expression. We found that exercise and/or amyloid
infusion exerted similar effects on levels of BDNF monomer and dimer in CAl area. We
suspect that similar trend will be observed in DG area, thus we measured only BDNF
dimers levels in the DG area after E-LTP induction. Our data showed that HFS
significantly up-regulated the BDNF levels in S-Exercise (2.315 + 0.6279) and S-Ex/AB
(2.067 + 0.5055) groups compared to unstimulated control (1.0 + 0.1959), S-Control
(1.196 + 0.4989), and S-AB (1.155 + 0.5027) groups (p= 0.05) (Figure 54). Thus, it seems
that BDNF might be a potential factor in the mechanism behind the beneficial effect of

exercise on cognition.
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Figure 54. Levels of BDNF after HFS induction in DG area. HFS does not increase the level of BDNF in S-
Control and S-AB rats but significantly elevates those of S-Exercise and S-Ex/AB rats. (*) indicates
significant difference from unstimulated control, S-Control, and S-AB, p = 0.01 — 0.05. Values are mean *
S.E.M., n = 4-6 rats/group. Insets are representative western blots. S: septal portion, T: temporal portion.

4.3.5. Levels of signaling molecules during L-LTP in CA1 area
4.3.5.1. Levels of phosphorylated and total CREB after L-LTP expression in CAl area
Long-lasting changes at the synapses and L-LTP expression depend heavily on the
activation status of CREB via phosphorylation (Bengtson and Bading, 2012). In this
section, we investigated the influence of amyloid infusion and/or exercise training on
the activity-dependent Schaffer collateral synapses. Compared to unstimulated control
(0.9995 + 0.0554), in CA1 area multiple train of HFS (MHFS) failed to increase the level
of p-CREB in S-AB rats (0.8082 + 0.2027) as seen in other groups (S-Control: 1.536 +
0.3153, S-Exercise: 1.554 + 0.3199, S-Ex/AB: 1.697 + 0.2415) (p= 0.001 - 0.01) (Figure
55A). In contrast, 5 hrs after L-LTP induction, the levels of t-CREB in all stimulated groups

were similar (S-Control: 1.711 + 0.3665, S-AB: 1.991 + 0.3188, S-Exercise: 2.051 + 0.5934,
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S-Ex/AB: 1.748 + 0.4387) but markedly higher than that of unstimulated control (0.9973
+ 0.0604) (p= 0.01 — 0.05) (Figure 55B). Thus, the p-CREB : t-CREB ratio of S-Ap rats
(0.3908 + 0.1744) was much lower than those of stimulated (S-Control: 1.043 + 0.3672,
S-Exercise: 0.9333 + 0.3673, S-Ex/AB: 1.005 + 0.2468) and unstimulated control (1.004 +
0.1004) groups (p= 0.01 - 0.05) (Figure 55C). Together, these findings indicated that AD
pathology impaired stimulation-induced CREB phosphorylation process and this

impairment was prevented by prior exercise.
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Figure 55. Levels of phosphorylated (p)-CREB (A), total (t)-CREB (B), and the p-CREB : t-CREB ratio (C) in
the CA1l area after L-LTP induction. Compared to the unstimulated control group, MHFS increases the
level of p-CREB in all groups except the AP rats and significantly increases the levels of t-CREB in all groups
compared to unstimulated controls. Thus, after MHFS, the p-CREB : t-CREB ratio is significantly lower in
APB rats compared to all other groups including unstimulated control rats. Regular exercise prevents AD-
induced reduction in p-CREB level. (*) indicates significant difference from stimulated (S)-Control, S-
Exercise, and S-Ex/AB, (#) indicates significant difference from all other groups (p < 0.05). Values are mean
+ S.E.M.,, n = 4-6 rats/group. Insets are representative blots. S: septal portion, T: temporal portion of CA1
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4.3.5.2. Levels of CaMKIV after L-LTP expression in CA1 area

Five hours after L-LTP induction via MHFS of the Schaffer/collaterals pathway,
the levels of CaMKIV were significantly increased in S-Control (1.835 + 0.5041), S-
Exercise (2.099 + 0.4852), and S-Ex/AB (1.842 + 0.2535) rats compared to unstimulated
control (1.191 + 0.1246) (p= 0.01 - 0.05). However, the MHFS-induced increase in

CaMKIV level in the CA1 area was absent in S-AB rats (0.7295 + 0.3429) (Figure 56).
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Figure 56. Levels of CaMKIV in area CA1 after L-LTP induction via MHFS. MHFS fails to increase the level of
CaMKIV S-AB rats but significantly elevates those of S-Control, S-Exercise and S-Ex/AP rats. (*) indicates
significant difference from S-Control, and S-Exercise and S-Ex/AB groups, p = 0.01 — 0.05. Values are mean
+ S.E.M., n = 4-6 rats/group. Insets are representative western blots. S: septal portion, T: temporal
portion.
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4.3.5.3. Levels of BDNF after L-LTP expression in CA1 area

In this section, we investigated the effect of exercise in AD pathology by
measuring the level of BDNF in CA1 area after L-LTP induction. Multiple trains of HFS
significantly elevated BDNF levels in all animals (S-Control: 1.808 + 0.8429, S-Exercise:
1.755 + 0.5874, S-Ex/AP: 1.482 + 0.4118) except S-AB rats (0.7847 + 0.2873) compared
to unstimulated control (0.8265 + 0.2566) (p= 0.05) (Figure 57). Perhaps by increasing
the availability of BDNF, which involves in long-lasting changes at the synapses, regular
treadmill exercise is able to prevent deleterious alterations of BDNF downstream

regulators such as CREB and CaMKIV as reported in our study.
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Figure 57. Levels of BDNF in the Schaffer collateral pathway after MHFS application. MHFS fails to increase
the level of BDNF in S-AB rats but significantly elevates those of S-Control, S-Exercise and S-Ex/AB rats. (*)
indicates significant difference from S-Control, and S-Exercise and S-Ex/AB groups (p < 0.05). Values are
mean * S.E.M., n = 4-6 rats/group. Insets are representative western blots. S: septal portion, T: temporal
portion of the CA1 area.

4.3.6. Levels of signaling molecules during L-LTP in DG area
4.3.6.1. Levels of phosphorylated and total CREB after L-LTP expression in DG area

As CREB is a transcription factor regulating neurotrophic factors synthesis, CREB
is known to play a role in L-LTP expression in the DG area where neurogenesis takes
place during and after development. Thus, in this section, we evaluated the changes in
CREB levels in AD pathology and/or exercise training 5 hours after induction of L-LTP in
the DG area. Compared to unstimulated controls (0.8951 + 0.1984), MHFS induced a
marked increase in levels of p-CREB in S-Control (1.451 + 0.4355), S-Exercise (1.466 +

0.167), S-Ex/AB (1.541 + 0.3384) but failed to produce the same effect in S-AB rats
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(0.7651 + 0.2018) (p= 0.05) (Figure 58A). Our L-LTP protocol resulted in equally
increased levels of t-CREB among all stimulated groups (S-Control: 1.798 + 0.3589, S-AB:
1.855 + 0.1114, S-Exercise: 1.868 + 0.4975, S-Ex/AB: 1.81 + 0.4599) compared to the
unstimulated control group (0.887 + 0.218) (p= 0.01 - 0.05) (Figure 58B). Therefore, the
p-CREB : t-CREB ratio of S-AB rats (0.3692 + 0.1536) was significantly lower than all other
groups (unstimulated control: 0.9815 + 0.3242, S-Control: 0.9261 + 0.276, S-Exercise:

0.778 + 0.1751, S-Ex/AB: 0.9344 + 0.2832) (p= 0.05) (Figure 58C).
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Figure 58. Levels of phosphorylated (p)-CREB (A), total (t)-CREB (B), and the p-CREB : t-CREB ratio (C) in
the DG area after L-LTP induction. Compared to the unstimulated control group, MHFS increases the level
of p-CREB in all groups except the AP rats and significantly increases the levels of t-CREB in all groups.
Thus, after MHFS, the p-CREB : t-CREB ratio is significantly lower in AP rats compared to all other groups
including unstimulated control rats. Regular exercise prevents AD-induced reduction in p-CREB level. (*)
indicates significant difference from stimulated (S)-Control, S-Exercise, and S-Ex/AB, (#) indicates
significant difference from all other groups (p < 0.05). Values are mean * S.E.M., n = 4-6 rats/group. Insets
are representative blots. S: septal portion, T: temporal portion of the DG area.

138



4.3.6.2. Levels of CaMKIV after L-LTP expression in DG area

Multiple trains of repetitive HFS induces L-LTP in the perforant synapses creating
long-lasting changes in the biochemical pathway, one of such is CaMKIV, a kinase that
phosphorylates CREB. Our data indicated that 5 hrs after L-LTP expression in the DG
area, the levels of CaMKIV were markedly elevated in S-Control (2.328 + 0.324), S-
Exercise (2.521 * 0.2638) and S-Ex/AB (2.565 + 0.5888) rats compared to unstimulated
control rats (1.577 £ 0.1521) (p= 0.05). In contrast, MHFS failed to appreciably increase
the level of CaMKIV in AB rats (1.52 + 0.5949) which could possibly explain the lower p-
CREB level in S-AB rats after L-LTP expression compared to all other stimulated groups

(Figure 59).
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Figure 59. Levels of CaMKIV in DG area after MHFS application. MHFS fails to increase the level of CaMKIV
S-AB rats but significantly elevates those of S-Control, S-Exercise and S-Ex/AB rats. (*) indicates significant
difference from S-Control, and S-Exercise and S-Ex/A groups (p < 0.05). Values are mean + S.E.M., n = 4-6
rats/group. Insets are representative western blots. S: septal portion, T: temporal portion.

4.3.6.3. Levels of BDNF after L-LTP expression in DG area

Previous data showed that our E-LTP protocol did not increase the level of BDNF
in the hippocampus of control rats (Figure 51 and Figure 54). However, MHFS induced L-
LTP in DG area successfully produced a robust increase in BDNF levels in the perforant
synapses. Five hours after L-LTP induction, we observed significant changes in levels of
BDNF in the DG area of S-Control (1.499 + 0.2836), S-Exercise (1.646 + 0.5465), and S-
Ex/APB rats (1.803 + 0.4495) compared to unstimulated control rats (0.8168 + 0.2208) (p=
0.01 - 0.05) (Figure 60). However, this effect was not seen in AB rats (0.8131 + 0.3337)
indicating the possible role of BDNF in mediating the protective effect of exercise

against AD-induced impairments.
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Figure 60. Levels of BDNF in the DG area after L-LTP induction via MHFS. MHFS fails to increase the level
of BDNF in S-AB rats but significantly elevates those of S-Control, S-Exercise and S-Ex/AP rats. (*) indicates
significant difference from S-Control, and S-Exercise and S-Ex/AB groups (p < 0.05). Values are mean +
S.E.M., n = 4-6 rats/group. Insets are representative western blots. S: septal portion, T: temporal portion
of the DG area.
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5. DISCUSSION

Accumulating evidence suggests that exercise has profound benefits on physical
and mental health. Human and animal studies show that regular exercise training plays
an important role in correcting cognitive deficits associated with aging and various brain
insults. In contrast, Alzheimer’s disease is well-documented to progressively affects the
integrity of the brain structures involved in learning and memory, which eventually
results in irreversible memory loss. However, the impact of exercise on symptoms of AD
pathology has yet to be thoroughly tested. Thus in this study, we investigated the
effects of 4 weeks of regular moderate treadmill on cognitive and non-cognitive
functions in a rat model of AD-like pathology utilizing behavioral, electrophysiological,
and molecular approaches. The aim of this project is to evaluate whether exercise could
potentially prevent spatial learning and memory and anxiety-like behaviors in this AD rat
model. The study also reveals the synaptic changes associated with AD pathology and/or
exercise training, which may correlate with signaling cascades deficits involved in the
disease pathogenesis.

Previous data from our lab reported that a 1:1 mixture of AP proteins (AP0 :
AB1i4,, 300 pmol/day, 2 weeks) produced spatial learning and memory deficits
accompanied by basal synaptic transmission impairment, E-LTP and L-LTP inhibition, LTD
facilitation and deleterious changes in key signaling pathways (Srivareerat et al., 2009,
Alkadhi et al., 2011). In the present study, we utilized the same model with a full dose of
amyloidogenic AB14, (250 pmol/day, 2 weeks) as APi4, peptide is believed to be

extremely prone to accumulation forming the major component of senile plaques
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(Harigaya et al., 2000). Our behavioral, electrophysiological, and molecular data
consistently confirm that 4 weeks of moderate treadmill exercise prevents the
detrimental effect of amyloid infusion on the brain. In particular, regular exercise
prevented spatial learning, short-term and long-term memory deficits as shown by
results in the RAWM task. Additionally, basal synaptic transmission impairment and E-
LTP and L-LTP suppression associated with AP pathology were alleviated by prior regular
exercise. In correlation with behavioral and electrophysiological findings, molecular
analyses revealed that AB-induced deleterious changes in levels of synaptic plasticity-
related molecules (CaMKIl, PP2B, CaMKIV, CREB, BDNF) were absent in AR animals that
had been exercised for 4 weeks. Furthermore, failure of repetitive stimulation to
increase the levels of p-CaMKIl, p-CREB, CaMKIV, BDNF in the CA1 and DG areas of AB
rats is prevented by our exercise regimen. Perhaps, by restoring kinase-phosphatase
balance with an increase in BDNF availability, regular exercise prevents impairment of
basal synaptic transmission and LTP induced by amyloid infusion, which eventually
translates to normal behaviors as seen in the RAWM and anxiety-like behavior tests.

5.1. Alzheimer’s disease-like pathology rat model:

Alzheimer’s disease remains incurable partly due to the lack of animal models
that can represent the full-blown symptoms observed in humans. Nevertheless, animal
research has been successful in reproducing neuropathological hallmark (i.e. amyloid
plagues) and cognitive impairments in both transgenic and non-transgenic models. Most
transgenic mice express mutations in one or all of APP, PS1, and PS2 genes, which result

in deficient learning and memory with evidence of amyloid deposits but not of fibrillary
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tangles formation and neuronal death (Irizarry et al., 1997, Higgins and Jacobsen, 2003).
Additionally, genetic component of AD accounts mainly for the early onset type of the
disease (familial AD), which is less than 5% of all AD cases (Alzheimer’'s disease
Association). The rat models of AD, including exogenous administration of amyloid
peptides directly into certain brain areas, provide an alternative to those transgenic
models.

We utilized the AD model generated by continuous i.c.v. infusion of AB14, at a
dose of 250 pmol/day for two weeks in rats that may represent the sporadic type of AD
(Nitta et al., 1994, Itoh et al.,, 1996, Nakamura et al., 2001, Srivareerat et al., 2009,
Alkadhi et al., 2011). Studies from this lab have shown that a concentration of 160
pmol/day of APi4 does not produce AD symptoms (Tran et al.,, 2010) while a
concentration of 300 pmol/day of AB1.40: AB142in a 1:1 ratio reproduces AD symptoms
such as cognitive impairment and synaptic plasticity deficits (Srivareerat et al., 2009).
These findings suggest that there is a threshold, which marks the maximal ability of
neurons to withstand the insults. The advantages of using exogenous administration of
amyloid peptides include: 1) Intracerebral ventricular (i.c.v.) infusion of amyloid peptide
models the sporadic type of AD, which accounts for more than 95% of AD cases, 2) The
ability to infuse a specific length peptide with a predetermined amount and duration
allows the identification as well as revealing the role of that specific peptide in AD
pathogenesis (Stephan and Phillips, 2005), 3) Experiments can be accelerated rather
than waiting for the animal to age, 4) The rat brain is more extensively studied

compared to that of the mouse (Martinez and Kesner, 1998), and 5) Bigger rat brain
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allows easier manipulation, especially with in vivo electrophysiological recordings.
Additionally, the group housing is cost and space effective. Nevertheless, the i.c.v.
infusion of amyloid in rat as an AD model also has its own disadvantage as it is an
invasive procedure, which may cause unexpected inflammation and injuries at the
infusion site. Also, the vehicle that carries the peptide may produce adverse effects.
However, these obstacles can be overcome by adjusting the infusion rate, better
hygiene, and choosing the appropriate vehicle.

5.2. Moderate treadmill exercise protocol:

Current consensus views the effect of exercise on cognitive function as an
inverted U-shape in which too much or too little exercise does not benefit the brain
health (Kamijo et al., 2004). In accessing the benefits of exercise, our lab has used a
forced treadmill running protocol at moderate duration and intensity. The treadmill
system delivers a mild electric shock (~ 0.5 mA) if the rat stops running. The electrical
shock is strong enough to encourage the animals to run but not intense enough to cause
significant stress to the animals (Vollert et al., 2011). The influence of environmental
stress was also eliminated by placing the sedentary animals on the treadmill without
running for the same period of exercise training time. This particular forced exercise
regimen was utilized for two main reasons. Unlike wheel running, animals were forced
to run a predetermined distance facilitating quantification and extrapolation into human
exercise regimens. Furthermore, animals run with cagemates, which avoids isolation
stress inherent to singly housed animals using voluntary running wheels. It is

noteworthy that our behavioral, electrophysiological, and molecular findings
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consistently indicated that the exercise regimen used in this study did not enhance
learning and memory in cognitively normal rats while it is neuroprotective in the context
of infusing amyloidogenic peptides.

5.3. The behavioral effects:

Due to the multi-factorial nature of the disease, so far AD remains incurable.
Extensive evidence suggests the benefits of exercise on both cognitive and non-
cognitive functions. In fact, clinical studies of residents of nursing home diagnosed with
dementia associated with neurodegenerative disorders (e.g. Alzheimer’s disease) have
shown promising results with exercise as a potential treatment of these incurable
diseases (Venturelli et al., 2011, Cheng et al., 2012a, Mclaren et al., 2013). These AD
patients exhibited a better memory performance in cognitive testing tasks after regular
exercise training (Venturelli et al., 2011). In addition, these clinical studies have shown
several advantages in using regular exercise as a possible AD treatment. For example,
regular exercise is a non-pharmacological approach, which is inexpensive with no major
adverse effects. Additionally, exercise allows flexibility where the individuals can decide
to exercise at their own leisure time.

5.3.1. Learning and memory - the water maze paradigm

Spatial learning and memory can be tested in animals using various maze
models. Among these, radial arm water maze (RAWM) is considered to be an effective
tool that allows quantification of learning and memory. RAWM is a hybrid of Morris
water maze (MWM) and radial arm maze (RAM), which utilizes the advantages of both

paradigms while eliminating their drawbacks (Diamond et al., 1999, Shukitt-Hale et al.,
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2004, Alamed et al., 2006). Unlike the MWM where the animal may swim around the
walls or reluctantly float until hitting the platform, the design of the RAWM forces the
animals to navigate through the arms or the opened center area of the pool and
presumably using spatial cues. The complexity of the task in the RAWM requires the
animals use their ability of spatial learning and memory instead of non-stoppable
swimming effort in search for the hidden platform. Additionally, overtraining
confounding effects seen with MWM can be completely abolished with the RAWM
procedure as the animal go through only 12 learning trials, one short-term memory, and
one long-term memory test with resting time in between. Previous studies have also
reported suitability of the RAWM in testing spatial learning and memory in models of
acute sleep deprivation (Zagaar et al., 2012), psychosocial stress (Tran et al., 2010), and
high-fat high-carbohydrate diet (Alzoubi et al., 2013).
5.3.2. Alzheimer’s disease and memory

The present study utilized a rat model of AD-like pathology generated by
continuous i.c.v. infusion of AP1.4, (250 pmol/day, 2 weeks) to mimic the progressive
accumulation of amyloid peptides seen in the sporadic type of AD. In agreement with
previous findings (Nitta et al., 1994, Nitta et al., 1997, Srivareerat et al., 2009), amyloid-
infused (AP) rats showed impairment of spatial learning, short-term and long-term
memory as indicated by poor performance in the RAWM compared to controls. During
behavioral assessment, we also observed that the AR rats spent significantly more time
in the central area of the pool appearing disoriented. Unlike other rats, the amyloid-

infused rats were reluctant to swim into the arms and failed to navigate using their tails.
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After being guided manually toward the platform at the end of each learning trial, these
rats simply sat on the platform and without any interest in visually exploring the
surroundings, which was not observed in rats of the other groups. This observation
leads us to several thoughts: 1) amyloid burden may interfere with synaptic connections
that require encoding and associating new information, 2) the toxic peptide infusion
results in lack of self-motivation with possible impairments of locomotor activity as
revealed by OF and EPM paradigms. Our behavioral findings are consistent with other
AD studies in which transgenic mice carrying AD-related genes mutations or animals
with lesions in the hippocampus, basal forebrain, and nucleus of Meynert displayed
both spatial and non-spatial learning and memory as shown in various behavioral
paradigms (Isomae et al., 2003, Nichol et al., 2007, Faraji et al., 2008, Hoveida et al.,
2011).

During the first set of learning trials, similar performance was seen across all
groups as the animals started to learn the task. As the learning trials continued, there
was a clear difference between AP rats and other groups (Figure 22A). Also, AP rats lost
the ability to retain the learned information inasmuch as during the short-term memory
test, 30 minutes after the last learning trials, these rats seemed unable to remember the
task; and thus, scored with higher number of errors compared to all other groups.
Similar trend was observed in the long-term memory test, given 24 hrs after the last
learning trial, AP rats performed poorly in the RAWM and they behaved like “first-

timers” being in the maze. Thus, it seems that continuous infusions of toxic APB;.4; affects
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the integrity of the hippocampus, which manifests as impairment in spatial learning and
memory task.

Investigations regarding the behavioral effects of exogenous administration of
various amyloid species have been varied. Some studies reported impairment in both
short-term and long-term memory (Nakamura et al., 2001, Srivareerat et al., 2009), and
objection recognition (Nag et al., 2001) while others showed that only short-term
memory was impaired (Stepanichev et al., 2003). Perhaps, this difference results from
the selection of peptide length, treatment duration, or brain regions targeted (Stephan
and Phillips, 2005). With this in mind, investigators should carefully decide the choice of
peptide, techniques employed in order to make the correct correlation between
biochemical changes, stages of the disease, and behavioral manifestations.

Behavioral mazes are designed based on the core assumption that animal
performance is the quantification of learning and memory. Hence, there are factors that
might interfere with the animal performance besides the effect of certain treatments.
For example, other factors such as impaired motor function and anxiety-like phenotypes
as well as stress (continuously being dropped in the water) might affect the animal
performance without actually altering cognitive function. We observed no visible motor
dysfunction as the amyloid-infused rats ran on the treadmill similarly to control
exercised rats. Additionally, resting time between two sets of learning trials avoids
muscle fatigue associated with swimming and allows familiarization of the animals to
the RAWM environment. Also, it is possible that stress contributes to the deficits seen at

the cellular and molecular levels. However, it is believed that stress affects the
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hippocampus differently than amyloid toxicity. For instance, psychological stress using
the intruder model does not disrupt learning acquisition and long-term memory, and L-
LTP in the DG area (Gerges et al., 2001, Alzoubi et al., 2005, Tran et al., 2010). Data from
this study support the notion that AD pathology destroys spatial learning and memory
which eventually manifests as global destructions of synaptic transmission and negative
alteration LTP-signaling pathways in both CA1 and DG areas.

5.3.2. Exercise, Alzheimer’s disease, and memory

The learning and memory impairment, seen in the rat model of AD in this study,
has been shown to reverse two weeks after cessation of the infusion (Nitta et al., 1997).
This observation suggests a transient effect of amyloid toxicity on cognitive function. A
substantial body of evidence proves that passive and active immunization against toxic
amyloid peptides can reverse memory impairment, probably by reducing the amount of
amyloid proteins and thus preventing its accumulation and aggregation (Lee et al., 2006,
Lemere and Masliah, 2010). Therefore, it is possible that coupling amyloid toxicity with
other risk factors such as aging, oxidative stress, and disruption of calcium homeostasis
may turn a transient phenomenon into a permanent memory loss, which is often
observed in the human AD pathogenesis.

Since it is first described in 1906 by Alois Alzheimer, AD remains incurable with
an unknown etiology and multifactorial nature. Non-pharmacologic intervention such as
exercise is an interesting prospect in preventing AD incidents and progression as several
randomized trials confirm that exercise can improve cognition in people with AD

(Lautenschlager et al., 2008, Yu and Kolanowski, 2009). Also, one year of exercise is able
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to prevent cognitive decline in nursing home residents with mild to moderate AD more
efficiently compared to patients receiving routine medications only (Rolland et al.,
2007). Hence, exercise can be a potential prophylactic treatment for those who are at
risk of developing AD, and a therapy to ameliorate the cognitive impairment in pre-
existing mild and moderate AD.

Similar results have been also reported in exercised animals affected by AD
pathology. Studies in transgenic mice reported an improvement of behavioral
performance after exercise. In the MWM, mice that ran either on the treadmill or
running wheel show decreased escape latencies and swimming distance to the target
platform compared with sedentary mice (Um et al.,, 2008). Additionally, in the MWM
task exercised mice or ibotenic-induced lesion (AD model) exercised rats spent a longer
time in the correct quadrant where the platform is located compared with their controls
(Adlard et al., 2005, Hoveida et al., 2011). Decreasing amyloid load and plaque
deposition probably are among the first findings of the beneficial effects of exercise in
AD models (Nichol et al., 2009, Adlard et al., 2005, Yuede et al., 2009, Um et al., 2008).
In agreement with these studies, our preset findings showed that exercise totally
prevented the negative effect of amyloid infusion on spatial learning and memory. The
learning curve of Ex/AP rats looked similar to those of control and exercise rats
throughout the training period (Figure 22A). Moreover, exercise seems to prevent AD-
induced inability of retaining information as Ex/AP rats performed similar to control rats
in the RAWM (Figure 22B, 22C). Interestingly, our exercise regimen does not improve

spatial learning and memory in cognitively normal rats, which seems to be in

151



discrepancy with other studies in which exercised normal animals perform better than
sedentary normal controls in behavioral tasks (Drumond et al., 2012, Cetinkaya et al.,
2013). Other studies confirm our findings as exercise exerts a neuroprotective rather
than neuroenhancing effect on cognitive function (Zagaar et al., 2012). This incongruity
maybe due to different exercise training protocols and sensitivity of the behavioral tests
employed.

Performance in the RAWM could be confounded by the fact that exercised
animals might swim faster and better as they were accustomed to physical training.
Even though we did not measure the swim speed of each rat, we did not observe
obvious differences in the swimming ability across all groups. Indeed, studies reported
that the improved performance of exercised animals is not due to variation in swimming
speed but rather to a better remembering of the task (van Praag et al., 1999, Adlard et
al.,, 2005, Um et al., 2008). Altogether, our findings suggest that 4 weeks of treadmill
exercise exerts neuroprotective effects on AP as seen in behavioral performance.

Exercise does not only improve behavioral performance in spatial learning and
memory tasks but also in non-spatial memory paradigms such as object recognition and
passive avoidance. Furthermore, in a model of Alzheimer’s disease induced by ibotenic
acid injection in the nucleus basalis magnocellularis, treadmill exercise significantly

improved passive avoidance learning (Hosseini et al., 2013).
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5.3.2. Non-cognitive functions
5.3.2.1 Alzheimer’s disease and non-cognitive functions

In addition to the progressive memory loss, the clinical population of AD patients
also experience a wide array of non-cognitive symptoms ranging from olfactory
impairment, gait and balance dysfunction to psychiatric problems (Raudino, 2013). A
population-based study reported that AD patients exhibited various psychiatric
phenomena including delusion, hallucination, mania, severe depression, agitation,
wandering, and apathy (Burns et al., 1990). Furthermore, AD pathology negatively
regulate sleep quality as the patients have reverse day-light cycle and increased
agitation, which create additional stress burden for their caregivers (Vitiello and Borson,
2001). Often considered as manifestations in later stages of the disease, behavioral and
psychological symptoms of AD such as social withdrawal, paranoia, and mood swings
actually appeared long before its clinical diagnosis (Jost and Grossberg, 1996). As the
pathology progresses, other non-cognitive disturbances (e.g. anxiety, irritability)
become more prominent. In fact, the majority of AD population (about 90%) develops
behavioral abnormalities, which highly correlate with the degree of cognitive decline
(Mega et al., 1996). Neuropsychological symptoms and behavioral disturbances place a
heavy psychologically and financial burden on the caregivers of AD patients (Moore et
al., 2001). Indeed, these non-cognitive deficits associated with the disease are
considered to be the most challenging yet distressing element of AD pathology

(Alzheimer’s Disease Association).
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The non-cognitive disturbances associated with AD are well-documented in
humans but have not been fully investigated in animal models of AD. Experimental
animals might not exhibit a whole spectrum of psychological behaviors similar to
humans. Additionally, appropriate evaluation of these symptoms has been challenged
due to the lack of sensitive behavioral testing. Recently, non-transgenic and transgenic
studies of AD in mice have reported depression-like behaviors, increased anxiety, and
apathy (Filali et al., 2012, Chen et al.,, 2013). In the current study, we also reported
neuropsychiatric symptoms (i.e. anxiety-like behaviors) in a rat model of sporadic AD as
shown in a battery of behavioral tests including open field (OF) apparatus, light-dark
(LD) box, and elevated plus maze (EPM). Compared to control rats, AP rats displayed
increased anxiety-like behaviors as they tend to move along the walls of the OF
apparatus, and stay longer in the dark compartment of the LD box and the closed arms
of the EPM. It seems that amyloid infusion not only exert a toxic effect on the
hippocampus, a depository of spatial memory, but also in other brain regions controlling
anxiety behaviors. We speculate that an overt amount of exogenous A;.4; peptides will
circulate in the cerebral spinal fluid (CSF) to all brain regions, and depending on the
vulnerability of specific neurons to chemical insults, certain brain areas accumulate
more of amyloid proteins than others; thus increasing the propensity of AP peptide
aggregation and eventually functional disruption in these brain regions. In the amygdala,
a limbic structure known to directly influence fear and anxiety-related behaviors (Shin
and Liberzon, 2010), there is prominent atrophy even in the early stage of AD and this

limbic atrophy is strictly correlated with the disease severity (Poulin et al., 2011). The
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atrophy of the amygdala associated with AD is probably due to a reduction in total
number of neurons, especially the medium and large neurons while the small neurons
undergo nucleus shrinkage (Scott et al., 1992). Neuropathological studies reveal the
presence of neuritic plaques and neurofibrillary tangles in the AD brains, which possibly
explain emotional and motivational disturbances in AD patients (Kromer Vogt et al.,
1990, Unger et al., 1991).

We also examined the effect of AD-like pathology on locomotor activity in the OF
and EPM. Both tests confirmed that amyloid infusion severely impaired locomotor
activity as shown by shorter total distance travelled and lesser total activity (Figure 23B,
23C, 25B, 25C). These AP rats have the tendency to confine to a certain area with no
interest to explore the whole open field or the arms of the EPM. This is likely due to the
effect of toxic amyloid on motor neurons by increasing threshold for firing or inducing
neuronal death. In our study, the impaired locomotor activity seen in AP rats seems not
to be the result from motor dysfunction as these rats run well on the treadmill with no
noticeable motor deficits but rather from lack of motivation. In contrast to our finding, a
study reports increased locomotor activity in triple transgenic mice model of AD, but
only detected at 10 months old (Knight et al., 2013). This can perhaps be explained by
different approaches used to create the model per se (amyloid infusion vs. gene
manipulation), which may potentially result in different effects on the same parameter

studied.
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5.3.2.2. Alzheimer’s disease, exercise, and non-cognitive functions

Ample evidence suggests that regular exercise is beneficial for learning and
memory impairment caused by sleep deprivation, maternal deprivation stress,
addiction, and toxic chemical insults (Vollert et al., 2011, Zagaar et al., 2012, Dimatelis et
al.,, 2013, Lynch et al., 2013, Zagaar et al., 2013). However, the impact of exercise on
non-cognitive dysfunctions, associated with AD has not been fully investigated.

Our data revealed that AD-like pathology produced non-cognitive disturbances
and these detrimental effects were prevented by 4 weeks of moderate treadmill
exercise. The anxiety-like behaviors observed in AP rats were totally prevented by prior
exercise. The Ex/AP rats spend a similar length of time in the center area of both OF
apparatus and EPM, the opened arms of EPM, and the light compartment of the LD box
compared to those of control and exercise rats. This result indicates the anxiolytic effect
of exercise on AD-induced cognitive-disturbance. In line with our findings, a recent study
showed that in a transgenic mouse model of AD, voluntary exercise prevented the
anxiety-like behavior, lack of exploration, and emotionality (Garcia-Mesa et al., 2012).
Nevertheless, the mechanism by which exercise exerts a neuroprotective effect on the
AD brains remains unclear. It has been postulated that by reducing the AD-induced
oxidative stress burden (i.e. decrease abnormal elevated lipid peroxidation), exercise
ameliorates non-cognitive symptoms associated with the disease (Cakir et al., 2010,
Garcia-Mesa et al., 2012). It appears paradoxical that exercise can effectively protect the
brain by this mechanism while at the same time, the production of reactive oxygen

species (ROS) gradually increases during exercise (Radak et al., 2008). Thus, with regular
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exercise, we speculate that by pre-conditioning the neurons to withstand initial
exercise-induced ROS, exercise progressively entrains the neurons to be more resistant
in face of toxicity such as amyloid infusion, probably via BDNF-related mechanism.

In this study, the impact of exercise training and/or AB;.4, infusion on locomotor
activity was also evaluated. Surprisingly, exercise did not prevent locomotor activity
impairment in amyloid-infused rats as these Ex/Ap rats displayed less total activity and
total distance travelled in both the OF apparatus and EPM paradigm similar to that of Ap
rats, which is significantly different from controls. Probably our exercise protocol is not
strong enough to rescue this AD-induced impairment.

5.4. Electrophysiological investigations

Memory consolidation and retrieval require the integrity of synaptic circuits
among neurons across from several brain regions including the hippocampus and
neocortex. The efficacy of encoding and storing new information depends heavily on the
strength of connections between neurons and its neural network. Long-term
potentiation (LTP) is well-recognized as the closest cellular analogue of learning and
memory. In various animal models of learning and memory impairments, LTP
suppression is also reported. For example, sleep deprivation results in spatial learning
and memory deficits, which correlate with hippocampal LTP suppressions (Zagaar et al.,
2012, Zagaar et al.,, 2013). Additionally, reduction or blockage of LTP-related key
signaling molecules produces impaired spatial learning and memory performance as
well as hippocampal LTP (Bach et al.,, 1995). In order to investigate the impact of

exercise training and/or AD pathology on the hippocampal synapses, we utilized in vivo
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extracellular recordings in the CA1 and DG areas, which gave us several advantages over
the intracellular recording technique. Compared to in vitro recording, extracellular
recording in live anesthetized animals allows the direct study of pharmacological
treatment under physiological conditions and thus more validity and applicability of the
results. Moreover, extracellular recording provides accurate information regarding the
status of interconnected circuits of neurons, which are implicated in mediating certain
behaviors.
5.4.1. Alzheimer’s disease and synaptic plasticity

Hippocampal synapses are quite vulnerable in AD pathogenesis and progression.
In experimental setting, LTP induced via repetitive stimulations is a valuable tool for
evaluating therapeutic treatments for disorders 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 (Huang et al., 2006, Srivareerat et al.,
2009, Ma et al., 2011, Srivareerat et al., 2011). Previous findings from this lab have
shown that amyloid peptides infusion can impair synaptic plasticity both in the
hippocampus and sympathetic ganglia (Srivareerat et al., 2009, Alkadhi et al., 2011,
Alzoubi et al., 2011). Experiments in area CA1 cultured neurons indicate that amyloid
proteins can induce depression of basal glutamatergic synaptic transmission via both
pre- and post- synaptic mechanisms (Yao et al., 2013) and suppress LTP through
oxidative damage (Kapay et al., 2013). Transgenic AD mice exhibit learning and memory
deficits in addition to impairment of the prefrontal and perirhinal cortex synaptic

plasticity (Tamagnini et al., 2012, Lo et al., 2013). Indeed, clinical studies in AD patients
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demonstrate an impaired 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
animal models of AD (Nalbantoglu et al., 1997, Chapman et al., 1999, Stephan et al.,
2001, Srivareerat et al., 2009). Consistent with these findings, we found that 2 weeks
infusion of ABi4, shifted the input/out (I/O) curves of AP rats to the right, which is
indicative of impaired basal synaptic transmissions. Under the effect of amyloid
infusion, Schaffer collaterals and perforant synapses require much higher voltage in
order to elicit the same response as from controls. We also observe suppression of E-
LTP and L-LTP in these synapses, which highly correlates with behavioral findings. Other
studies also demonstrate severe impairments of early and late phase LTP in
hippocampal slices of transgenic AD mice compared to wild-type controls (Dominguez-
del-Toro et al., 2004, Auffret et al., 2010, Chong et al., 2011). The mechanism of AD-
induced inhibitions of basal synaptic transmission and LTP remains unclear. 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 (Capone R,
2012a, b, Connelly et al., 2012), which in turn directly or indirectly alter ion fluxes and
membrane ion channel expression and activity (Calon et al., 2005, Dewachter et al.,
2009).

In addition to fEPSP slope measurement, we also evaluated the pspike
amplitude, which represents the number of neurons that reach threshold and fire in this
AD rat model. The CA1 pyramidal cells displayed significantly lower pspike amplitude

upon both E-LTP and L-LTP induction compared to all other groups indicating that
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amyloid accumulation probably interferes with the synapses raising the threshold for
neuronal firing. To our surprise, the pspike amplitude in the DG area of AB rats
remained unaltered after HFS. It seems that the resilience and different properties of
granule cells of the DG compared to the pyramidal cells of CA1 area may contribute to
this interesting effect of amyloid toxicity. This is discussed further in section 5.4.4.

At the molecular level, the inhibitory effect of AD pathology on the hippocampal
synapses is due to deleterious alterations in levels of LTP-related signaling molecules.
For example, we found a significant reduction in levels of p-CaMKIl with an aberrant
increase in levels of calcineurin in amyloid-infused rats under the basal and E-LTP
induction conditions in both CA1 and DG areas. Similarly, molecules involved in long-
term changes at the synapse including p-CREB and CaMKIV were also negatively
affected in AR rats. Further discussion on the impact of exercise and AD pathology will
follow in section 5.5.

5.4.2. Exercise and synaptic plasticity

Synaptic plasticity is an activity-driven change in the strength of the synapse
which can exist in two forms: long-term potentiation (LTP) and long-term depression
(LTD). While LTD is unaffected by exercise (Christie et al., 2008), LTP is considered to be
positively altered during exercise training. For instance, LTD expression is not
significantly different between exercise and control animals using the same stimulation
protocol (Vasuta et al., 2007).

In contrast, treadmill running increases LTP expression as seen through increases

in field excitatory post-synaptic potential (fEPSP) slope and population spike (pspike)
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amplitude in the DG both in vivo and in vitro (Farmer et al., 2004, O'Callaghan et al.,
2007). One of the proposed mechanisms attributed to this beneficial effect is the ability
of exercise to lower the threshold for LTP induction leading to increased neuronal firing
and eventually resulting in enhanced LTP magnitude (Farmer et al., 2004). Additionally,
exercise can also reverse LTP deficits in diabetic rats suffering from learning and
memory impairment (Reisi et al., 2010). Our exercise regimen per se does not seem to
alter basal synaptic transmission or LTP magnitude as exercise animals exhibit similar
synaptic plasticity phenomena compared to those of controls. Neither the I/O curve nor
fEPSP slopes during E-LTP and L-LTP induction in CA1 and DG areas were affected in
cognitively normal rats by exercise training. The present findings seem to be in
disagreement with other aforementioned studies, which could be explained by
differences in exercise duration, intensity, and paradigms. 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, and this effect is more prominent in
the perforant synapses (Figure 28B, 29B).

In addition to the enhancement of LTP, exercise can regulate the expression of
other molecules that are critical for synaptic plasticity including synapsin 1 and CREB.
The levels of synapsin 1, a protein that participates in vesicle pool formation and
neurotransmitter release, and CREB, a transcription factor that regulates expression of
the BDNF gene, positively correlate with the duration of exercise training (Ying et al.,

2005, Vaynman et al., 2006b). In fact, the favorable effects of exercise on synaptic
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plasticity are largely though to be mediated through BDNF signaling (Vaynman et al.,
2003, Kramar et al., 2004, Vaynman et al., 2004, Vaynman et al., 2006a).
5.4.3. Alzheimer’s disease, exercise and synaptic plasticity

In this study, we investigated the effects of treadmill exercise and/or amyloid
infusion on basal synaptic transmission, long-term potentiation (LTP) in the CA1 and DG
sub-regions of the hippocampus. LTP in these two regions can be evoked by multiple
trains of HFS and strictly depend on NMDA receptors. Given the opposite effects that
exercise and AD pathology have on synaptic plasticity, it is of great interest to
investigate how pre-conditioning the pathological brains with exercise training could
possibly prevent hippocampal synapses from being negatively altered by the disease
pathogenesis and progression.

At the synaptic level, our data indicated that 4 weeks of moderate treadmill
exercise protected the perforant and Schaffer collaterals synapses against the
deleterious effect of AD pathology. For example, the right side shift of the 1/O curve
observed in the CA1 and DG areas of AB rats was completely absent in animals with
exercise training as the I/O curve of Ex/AB rats was similar to those of control rats.
Furthermore, the voltages required to elicit minimal and maximal response in Ex/AB and
control rats were not different. Perhaps by increasing synaptic excitability and fostering
synaptic connections between neurons, exercise prepares the hippocampal synapses to
withstand amyloid toxicity and prime these synapses for activity-driven changes (i.e.
LTP). Indeed, we found that CA1 pyramidal cells of AB rats exhibited markedly lower

fEPSP slope and pspike amplitude throughout the E- and L-LTP recording periods while
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prior exercise abolished this negative effect (Figure 28). The HFS-evoked pspike
amplitudes of Ex/AB rats in area CAl1 seem to be lower compared to those of controls
but significantly higher than those of A rats. This interesting result signifies the partial
effect of exercise in rescuing amyloid-infused pyramidal neurons. Unlike the cells in area
CA1, DG granule neurons of AP rats showed lower fEPSP slope but normal pspike
amplitude during LTP compared to control rats and this decrease in fEPSP slope of
amyloid-infused rats was totally prevented by treadmill exercise.
5.4.4. Differences between the CA1 and DG areas

Even though the literature extensively discusses the role of the whole
hippocampus in learning and memory process, the function of each sub-region is not
adequately investigated. The unidirectional pathway of the hippocampal trisynaptic
circuit allows extensive connections between the CAl and DG areas. These two sub-
regions share the same laminar arrangement and have NMDA dependent LTP
mechanisms. However, the CA1 and DG areas are quite different in term of cell type
population, resilience to insults, distributions and regulations of neurotransmitters and
receptors. For example, in hippocampal rat slices, noradrenaline modulates the release
of glutamate via presynaptic B-adrenergic receptors in the dentate gyrus but not in area
CA1/CA3 (Lynch and Bliss, 1986). Furthermore, CA1 pyramidal cells but not DG granule
cells express a delayed rectifying inward current, which leads to difference in discharge
behaviors (Stabel et al., 1992). Application of tetraethylammonium (TEA) induces LTD
in the dentate gyrus but potentiates LTP in area CA1 suggesting differential drug effect

on each sub-region (Song et al., 2001). These differential responses are attributed to the
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higher density of T-type calcium channels of the CA1 area compared to the DG (Song et
al., 2002) and regional difference of GABAergic modulation between these hippocampal
areas (Suzuki and Okada, 2007). In addition, area CAl and DG also display different
functional roles in spatial learning (Okada et al., 2003). Most importantly, compared to
the CA1 pyramidal cells, the granule cells of DG area are quite resilient in various insults
such as chronic stress, hypothyroidism, anoxia, obesity, and transient cerebral ischemia
(Hsu et al., 1998, Yao et al., 1998, Gerges and Alkadhi, 2004, Alzoubi et al., 2005). The
resistant property of DG neurons is probably due to different kinase-phosphatase profile
compared to that of CA1 neurons (Gerges et al., 2005) and a stronger expression of
calbindin-positive interneurons in DG area compared to those of area CA1 (Snyder,
2010). Nevertheless, our data indicates that our AD rat model severely impaired basal
synaptic transmission and synaptic strength during E-LTP and L-LTP in both CA1 and DG
areas.

Another prime feature of the DG is neurogenesis, which takes place under both
physiological and pathological conditions (Sawada and Sawamoto, 2013). Thus, the DG
houses various neurotrophic factors including BDNF (Lee and Son, 2009). BDNF plays an
important role in growth, differentiation, and survival of neurons, which helps to protect
the brain from various insults. It is not coincidental that the levels of hippocampal BDNF
are highly up-regulated during exercise as found in our study and others (Cassilhas et al.,
2012, Bechara and Kelly, 2013, Dao et al., 2013). Not only exercise elevates the levels of
BDNF in the brain but also in the peripheral system even with pre-existing pathologies

(Coelho et al., 2013). Even though we did not measure DG neurogenesis, we speculate
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that infusion of AB protein in our AD rat model can stimulate neurogenesis as an initial
compensatory reaction against brain insult caused by continuous infusion of amyloid
peptides, which partly explains the finding we observed with the pspike amplitude
measurements during E- and L-LTP in the DG area. The pspike amplitude accounts for all
neurons including newborn neurons while the fEPSP slope is only a representation of
existing neurons with functional synapses in the circuit. Hence, we reported a low fEPSP
slope but normal pspike amplitude in the DG area of AP rats.

5.5. The molecular effects of exercise on the brain

AD is a multi-factorial disease with various risk factors, which complicates the
process of understanding AD pathogenesis and designing potential treatment. It has
been suggested that if the disease onset can be delayed by only one year, the number of
AD cases globally can be reduced by 9.2 million (Brookmeyer et al., 2007). In order to
understand how exercise can exert a beneficial effect on the brain, we also undertook
molecular analysis, which is necessary to identify targets that could serve as potential
treatments of AD.

5.5.1. AD-related molecules:
5.5.1.1. APP:

Currently, all AD theories fail to explain the full spectrum of AD phenotypes in
humans. Presence of plagues and tangles are often detectable only during the late stage
of AD, which makes it hard to pinpoint the exact cause and timing of the disease. Recent
experiments have investigated certain factors (e.g. diet, hormones, life-style) that

influence AD onset and its progression. Our behavioral and electrophysiological data
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consistently revealed that 2 weeks of ABi.42 infusion severely impaired spatial learning
and memory, produced anxiety-like behaviors in addition to inhibition of LTP in
hippocampal synapses. These detrimental effects could be the consequence of
abnormal regulation in levels of AD-related molecules such as APP.

We found a significant increase in APP levels in both CA1 and DG areas of
amyloid-infused rats compared to all other groups. It seems unconventional that
increasing the end products of APP (i.e. exogenous administration of amyloid peptides)
actually elevates the levels of APP. However, it is noteworthy that infusing toxic AB;.4;
might result in neuro-inflammation, which triggers the production of APP as an anti-
inflammatory mechanism via its soluble ectodomain (Allinson et al., 2003). In agreement
with our study, reports have shown that in a mouse model of AD, glucocorticoids
treatment enhance the production of A in vitro and in vivo possibly by increasing the
levels of both APP and APP cleaving enzyme (Green et al., 2006). The glucocorticoid
treatment-induced increase in AP is probably mediated by transcriptional activation of
APP as glucocorticoid-response elements are found on a sequence of APP promoter
(Lahiri, 2004). In the present study, we also evaluated whether treadmill exercise could
alter AD-induced increase in the basal levels of APP in CA1 and DG sub-regions. Western
blot analysis indicated the abnormal elevation in basal levels of APP was not seen in
Ex/AP rats. Exercise seems to be able to limit the availability of precursor materials for
AP synthesis, which in turn may eliminate the toxic effects of induced endogenous and
consequently exogenous AP on cognitive and non-cognitive functions by curtailing

suppression of the hippocampal synapses.
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5.5.1.2. BACE-1:

The processing of amyloid precursor protein (APP) is often regulated by a family
of secretases. Among these, BACE-1, which is most active in neurons and neuronal
tissues (Seubert et al.,, 1993), is an essential molecule in generating toxic amyloid
peptides. BACE-1 knockout mice show no neuronal AB production and AD-related
pathologies but increased death after birth, lighter weight, and hyperactivity
(Dominguez et al., 2005). The BACE-1 role in amyloid production is thought to be
modulated via GSK-3 signaling pathway as GSK-3 specific inhibitor abolishes BACE-1-
induced APP processing and AP production by negatively affecting transcriptional and
translational control of BACE-1, thus preventing AD phenotypes (Ly et al.,, 2013).
Overexpression of BACE-1 can substantially increase the production of Ap (Bodendorf et
al.,, 2002), but combined with APP mutation it produces neuropathological hallmarks
such as amyloid deposits and activated astrocytes (Mohajeri et al., 2004). Together,
these results suggest an important role of BACE-1 in amyloid proteins biosynthesis.

Various studies report elevated BACE-1 levels in the brains of both familial and
sporadic AD (Vassar et al., 1999, Holsinger et al., 2002, Tyler et al., 2002). In line with
these findings, we observed a significant increase in levels of BACE-1 in AB rats in CAl
and DG areas compared to all other groups. Because BACE-1 promoter contains binding
sites of several transcription factors (e.g. NFkB) (Sambamurti et al., 2004), it is likely that
altered BACE-1 expression is due to changes in activation of these transcription factors.
Indeed, it has been shown that physiological level of endogenous AP does not

transactivate BACE-1 promoter whereas overt Af production results in BACE-1 promoter
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transactivation, which depends on NFkB signaling (Buggia-Prevot et al., 2008). Thus, we
speculate that in our study, exogenous administration of AB;.4; results in the production
of inflammatory cytokines, which in turn enables NFkB to positively regulate the basal
levels of BACE-1 in the brain, which explains the increased basal levels of BACE-1 in AB
rats. Other studies also report increased mRNA, and protein expression as well as
increased activity of BACE-1 in AD patients (Coulson et al., 2010, Ewers et al., 2011).

The present study also revealed that 4 weeks of treadmill exercise prevented AD-
induced increase in basal levels of BACE-1 in both CA1 and DG areas, possibly by
reducing the levels of BACE-1, a rate-limiting step in the production of toxic AP peptides.
In amyloid-infused rats, exercise shifts the processing of APP toward a non-
amyloidogenic pathway in which shorter length of soluble AB proteins are formed and
thus decreasing propensity to aggregate.

5.5.2. The crosstalk between the CNS and PNS:

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 CA1l pyramidal cells and
interneurons increases (Czurko et al., 1999). Studies propose that muscle can secrete
numerous humoral factors that exert a protective effect on the brain (Pedersen et al.,
2007, Pedersen, 2011). 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
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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 (Vaynman et al., 2006a). In addition, UCP2 can also
modulate BDNF signaling and its downstream mediators such as CREB and CaMKII
(Vaynman et al., 2003). Second, interleukin-6 (IL-6), an immunomodulatory cytokine
may be responsible for the crosstalk between the periphery and CNS (see review by
Alkadhi, 2012). During exercise training, IL-6 increase is linked to reduced level of
glycogen (Steensberg et al.,, 2001), which in turn can positively regulate glucose
homeostasis in the brain.
5.5.3. Signal transduction pathways

There are two different phases of NMDA-dependent LTP in the perforant and
Schaffer collaterals synapses. Early phase (E-) LTP, lasting up to 3 hours, is evoked by a
single train of HFS and depends on levels of key molecules such as CaMKIl and
calcineurin. Meanwhile, later phase (L-) LTP lasts up to days and requires protein
synthesis with the involvement of CREB, CaMKIV, ERK1/2, and BDNF. In this study, we
evaluated the effect of exercise and/or AD pathology on protein expression of these
LTP-related signaling molecules in the CA1l and DG areas in order to correlate with
behavioral and electrophysiological observations.
5.5.3.1. CaMKIl

What are the possible mechanisms by which exercise would be protective of

brain damage caused by AD pathology? One of the potential candidates is probably
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preservation of molecules that exert effects on both the peripheral and central nervous
system; cardinal among them is CaMKII, particularly the subtype a. Even though a-
CaMKIl 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-CaMKII plays a key role in the learning and memory processes as
well as long-term potentiation (LTP) induction and persistency (Sanhueza and Lisman,
2013). For example, 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). Moreover,
mice that are heterozygous for a null mutation of a-CaMKII exhibited both memory
impairment and mood change-like behavior (Yamasaki et al., 2008). In our study, we
reported a significant reduction in basal levels of p-CaMKII in CA1 and DG areas of A
rats while this alteration was not seen in Ex/AB rats. In agreement with our finding,
other studies indicate that regular exercise increases expression of hippocampal CaMKII
mMRNA in rats (Egan et al., 2010) and CaMKIl expression and activity in human skeletal
muscles (Rose et al., 2007). These exercise-induced molecular effects seem to translate
into the ability of exercise to prevent learning and memory deficits and anxiety-like
behaviors caused by AD. Interestingly, overexpressing of a-CaMKIl in the mouse
forebrain produces increased anxiety-like behaviors coupled with offensive aggression
(Hasegawa et al., 2009). This discrepancy may be explained by the fact that the brain
functions in harmony in which too much or too little is considered to be detrimental. In
this study, we also found that the total pool of CaMKIl proteins remained unchanged

across all groups regardless of exercise or amyloid treatments.
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Additionally, studies reported during E-LTP induction the level of p-CaMKIl is
reduced due to AD-induced impairment of CaMKIl phosphorylation (Zhao et al., 2004,
Srivareerat et al., 2009, Alzoubi et al.,, 2011). In line with these studies, our data
revealed that HFS resulted in an increase in the levels of both phosphorylated and total
CaMKIl in normal rats but failed to appreciably increase the level of p-CaMKIl in AB rats
in both CA1 and DG areas. Furthermore, we reported the presence of HFS-induced
increase levels of p-CaMKIl in these two brain areas in Ex/AP rats, which is not different
from those of control and exercise rats. Again, the levels of t-CaMKIl were similarly
elevated upon HFS across all groups in both regions; thus leading to a significantly lower
p-CaMKIl : t-CaMKIl ratio in pyramidal and granule cells of S-AB rats but a normal p-
CaMKII : t-CaMKIlI ratio in S-Ex/AP rats. Together, these findings indicate that the disease
mainly targets the phosphorylation process enabled by CaMKII, which is a critical step
for LTP induction.
5.5.3.2. Calcineurin

In addition to LTP inhibition, amyloid exposure can result in up-regulation of
phosphatases that regulate CaMKII activation (Chen et al.,, 2002, Calon et al., 2005,
Knobloch et al., 2007, Jo J, 2011). Calcineurin (PP2B) is considered a gating mechanism
of LTP as it inactivates kinases and NMDA receptors, thus decreasing channel activity
(Lieberman and Mody, 1994, Tong et al., 1995). AD pathology negatively regulates the
protein expression of p-CaMKIl probably due to the enhanced PP2B levels. Indeed, we
found that amyloid-infused CA1 and DG neurons exhibited high basal levels of PP2B

compared to all groups. Other studies reported AP induces calcium overload and
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dysregulation, which eventually manifest as structural and functional disruption of the
neuronal networks involved in learning and memory through a calcineurin pathway.
PP2B hyperactivity can also result in inflammation, which is commonly observed in the
AD brains (Reese and Taglialatela, 2011). We also observed the aberrant increase in
basal levels of PP2B in AP rats, which were totally normalized by exercise training.
Perhaps, by driving the APP processing toward the non-amyloidogenic pathway,
exercise reduces amyloid production, which in turn prevents intracellular calcium
perturbation via PP2B.

Interestingly, PP2B hyperactivity can also turn on genes transcription that is
strictly relate to the late phase of LTP. For instance, oligomeric AP reduced p-CREB
expression and activity via PP2B-dependent mechanism as inhibition of PP2B normalizes
AB-induced reduction of p-CREB in the brain. Although the present study did not
examine PP2B activity, it is believed that by raising the basal levels of PP2B protein,
amyloid infusion can severely impair CaMKIl phosphorylation and thus leading to
disruptions of cognition and LTP.

In normal rats, HFS is expected to increase the level of PP2B, which is thought to
prevent LTP saturation and allow continuous learning. Our data showed that E-LTP
induction significantly elevated the levels of PP2B in stimulated control and AP rats in
both CA1 and DG areas but did not affect those of exercised rats. The inability of HFS to
increase PP2B levels in exercised rats, including the Ex/AB rats, implies the role of
phosphatase in intracellular signaling of learning and memory process, possibly through

a BDNF-dependent mechanism or by restoring normal phosphatase-kinase balance.
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5.5.3.3. CREB

CREB is an important transcription factor that is responsible for local protein
synthesis in order to produce long-lasting changes at the synapse (Lonze and Ginty,
2002). AD pathology negatively affects the protein expression of CREB as shown in
isolated hippocampal neurons of transgenic AD mice, cultured neurons exposed to
amyloid peptides, and AD post-mortem brains (Pugazhenthi et al., 2011, Ljungberg et
al.,, 2012); thus leading to reduction of downstream molecules, including neuronal
glucose transporter 3 (GLUT3), and resulting in decreased glucose uptake and
metabolism in the AD brains (Jin et al., 2013). In line with these findings, we observed a
significant reduction of p-CREB levels in both CA1 and DG areas of AP rats under basal
and L-LTP induction conditions. One possible explanation of AD-induced decrease in p-
CREB levels is negative modulation by the disease of CREB upstream regulators such as
ERK1/2 and CaMKIV. In contrast, regular exercise seems to prevent the deleterious
alterations of the CREB/CaMKIV pathway associated with AD pathology. For example,
the basal levels of p-CREB and CaMKIV in Ex/AP rats were similar to those of control and
exercise rats. Additionally, MHFS failed to induce a robust increase of p-CREB in AP rat
and this failure was prevented by exercise in both CA1 and DG areas. Neither exercise
training nor amyloid infusion altered the basal levels of t-CREB in pyramidal and granule
neurons suggesting a functional impairment of CREB (i.e. phosphorylation) rather than
its protein expression. In addition, our data indicated that MHFS induced a robust
increase of t-CREB in all groups including S-AB rats compared to unstimulated controls

leading to a lower p-CREB : t-CREB ratio in S- AP rats and this ratio is normalized in S-

173



Ex/AB rats. In fact, CREB plays an important role in mediating the beneficial effects of
exercise-induced upregulation of BDNF, which eventually manifest as better memory
performance in exercised animals (Vaynman et al., 2004, Chen and Russo-Neustadt,
2009).
5.5.3.4. ERK1/2 and CaMKIV

ERK1/2 and CaMKIV are known to strictly participate in long-term memory
consolidation and L-LTP by their ability to activate CREB via phosphorylation (Lonze and
Ginty, 2002). Mice carrying CaMKIV mutation display impaired long-term memory and L-
LTP in addition to attenuated CREB phosphorylation but intact E-LTP, learning
acquisition, and short-term memory (Kang et al., 2001). Parallel with the reduction in
the basal levels of p-CREB in CA1 and DG neurons, we reported a decrease in basal
levels of CaMKIV in these two hippocampal areas of A rats. Surprisingly, we found no
changes in the basal levels of phosphorylated and total ERK1/2 in both hippocampal
sub-regions across all groups; thus CaMKIV maybe a main kinase for activation of CREB.
Recent study also reported a reduced protein expression of CaMKIV in a double
transgenic mice model of AD (Arrazola et al., 2009) suggesting that by limiting CaMKIV
availability, amyloid infusion reduces CREB activation, hence suppresses L-LTP and
impairs spatial long-term memory. The fact that 4 weeks of treadmill exercise can
prevent AD-induced down-regulation of CaMKIV basal levels indicates that exercise can
maintain a normal CREB phosphorylation and intact L-LTP under the insults of APBi.4

toxicity.
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Similar trend was observed in both CA1 and DG areas after L-LTP induction. For
instance, MHFS failed to increase appreciably the levels of CaMKIV in S-A rats but not
in those of control and exercised rats including Ex/AB rats compared to unstimulated
controls. The activity-dependent expression of CaMKIV in the hippocampus of exercised
rats suggests that increasing CaMKIV availability will enhance CREB phosphorylation and
subsequent CREB-mediated transcriptions that may be beneficial for the AD synapses.

In the present study, we observed that both exercise and/or amyloid infusion did not
produce any changes in the basal levels of ERK1/2 (phosphorylated and total) in both
CA1 and DG areas, which resulted in similar p-ERK1/2 : t-ERK1/2 among all groups.
However, others have reported ERK1/2 signaling dysfunction specific to AD in fibroblasts
(zhao et al., 2002) while voluntary running can markedly up-regulate the expression of
ERK1/2 in exercised animals (Shen et al., 2001). This disagreement can be due to: 1) the
time at which the protein level is measured as exercise-induced increase in levels of p-
ERK1/2 is often delayed (Shen et al., 2001) and 2) Variations of technique employed in
each study.

5.5.3.5. BDNF

Brain-derived neurotrophic factor (BDNF), a member of the nerve growth factor
family, is a critical molecule for neuronal development and synaptic plasticity (Leal et al.,
2013). Our AD model does not show a reduction in the basal levels of BDNF in both CA1
and DG areas indicating a possible early compensatory mechanism to oppose the effect
of toxic amyloid peptides. However, in our study the exercised groups including exercise

alone and Ex/APB rats showed a significant elevation in the basal levels of BDNF in both
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hippocampal sub-regions compared to those of the sedentary controls. The pleiotropic
effects of exercise-induced BDNF are well-documented, thus suggesting that
upregulated BDNF might be a potential mechanism behind the neuroprotection of
exercise in AD. It is not coincidental that the level of BDNF, a potent mediator of
synaptic plasticity and memory, is highly elevated during exercise training (Castren et
al., 1993b, Kesslak et al., 1998, Silhol et al., 2007). 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” (Poduslo and
Curran, 1996, Pan et al., 1998, Lommatzsch et al., 1999, Zoladz and Pilc, 2010). In brain
tissues, BDNF exists in both monomeric and dimeric forms, which exert maximal effect
on neuronal survival as tested in dorsal root ganglion neurons (Kolbeck et al., 1994). We
observed that exercise altered the levels of monomers of BDNF in the same pattern of
BDNF dimers in area CA1l suggesting a common function of both monomers and dimers
at the pyramidal synapses. BDNF can act pre- or post-synaptically to modulate its own
signaling or other pathways that are important in the learning and memory process
including CaMKIV and CREB (Spencer et al., 2008, Williams et al., 2008, Cassilhas et al.,
2012). 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 (Gomez-Pinilla et al., 2008, Pedersen et al., 2009, Chaldakov, 2011).
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
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learning and memory function. The present findings showed that the levels of BDNF
after HFS were significantly elevated in the CA1l and DG areas of exercised rats
compared to the sedentary groups. However, we observed that HFS failed to increase
BDNF level in S-Control rats suggesting that the stimulation protocol is not strong
enough to cause a significant change in BDNF protein levels. Moreover, HFS and exercise
training seem to act in concert to increase the BDNF levels well beyond the normal
levels in both normal-exercised and AB/exercised rats. This increase in BDNF may lead
to improved performance in the RAWM and preservation of E-LTP in Ex/AB rats.
Interestingly, 5 hrs after induction, the L-LTP protocol successfully produced a robust
elevation in levels of BDNF in both CA1 and DG areas suggesting a prominent role of
BDNF in long-lasting changes. In contrast, disruption of BDNF or its receptor (TrkB)
impairs spatial memory and suppresses LTP expression (Zhou et al., 2000, Hennigan et
al., 2009). 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 (Shaw et al., 2003, Rex et al., 2006, Kline et al., 2010).

Moreover, the expression of BDNF mRNA significantly increases during physical
activity suggesting its crucial role in mediating the neurotrophic effect of exercise. BDNF
MRNA expression is directly proportional with training duration and inversely
proportional with the detraining period (Widenfalk et al., 1999, Radak et al., 2006).
Although both exercise paradigms are reported to enhance hippocampal BDNF levels
(Khabour et al.,, 2010, Kim et al.,, 2010), voluntary exercise seems to increase BDNF

expression to a higher extent compared to forced exercise (Leasure and Jones, 2008).
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5.5.4. Is BDNF a potential mechanism for preventing the toxic effects of AG?

The level of BDNF is highly up-regulated in exercised animals which correlate
with exercise-induced hippocampal neurogenesis in these animals. The pre- and post-
synaptic actions of BDNF not only allow the enhanced LTP expression but also positively
modulate intracellular molecular targets that are critical in maintain LTP expression,
learning and memory (i.e. synapsin-1, CAMKII, CREB). In addition, acetylcholine- and
mitochondrial proteins-mediated plasticity are also thought to involve action of BDNF
(Massey et al.,, 2006, Vaynman et al., 2006a, Fernandes et al., 2008). Together, these
lines of evidence signify a pivotal role of regular exercise in preventing AP toxicity via
multiple cellular and molecular mechanisms that translate to the beneficial effect of

exercise on cognitive and non-cognitive functions.
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6. SUMMARY AND CONCLUSIONS

1.

4.

Our moderate exercise regimen per se did not produce a significant effect in
cognitively normal rats. However, 4 weeks of treadmill exercise prevented
cognitive and non-cognitive disturbances, basal synaptic transmission
impairment, long-term potentiation (LTP) suppression and deleterious changes
in LTP-related signaling pathways caused by i.c.v. infusion of AB;.4,. Hence, it
seems that the exercise training protocol in this study is neuroprotective rather
than neuroenhancing in the context of amyloid toxicity.

Our rat model of AD produces anxiety-like behaviors, which are totally
prevented by regular exercise possibly by modulating cellular and molecular
mechanisms of the synapses of pyramidal and granule cells. Interestingly, the
model produces locomotor impairment but this deleterious effect is not
removed by prior exercise suggesting our exercise regimen might not be strong
enough to overcome and rescue motor neurons that have been chronically
intoxicated with AB;.4;.

At the molecular level, by decreasing the basal levels of APP and BACE-1 in CA1
and DG neurons, exercise drives the processing of APP more toward the non-
amyloidogenic pathway, which contributes to the beneficial effect of exercise in
AD pathology.

The reduction in the basal levels of p-CaMKIl in AP rats suggests a functional

disruption of AD pathology, which probably leads to impaired E-LTP in both CA1
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and DG areas. Regular exercise counteracts this deleterious effect by restoring
the basal level of p-CaMKIl in AP rats back to normal.

. The aberrant increase in basal levels of calcineurin in AP rats correlates with
impaired phosphorylation of CaMKIl upon amyloid infusion. This negative
regulation of calcineurin is not seen in Ex/AP rats may indicate that by re-
establishing the kinase-phosphatase balance, regular exercise prevents E-LTP
inhibition, which probably is due to limited p-CaMKIl and increased calcineurin
availability.

Our electrophysiological findings show suppressed E-LTP in both CA1 and DG
areas but pyramidal neurons of area CA1 seem to suffer the damage to higher
extent compared to the granule cells of DG area. Perhaps, physiological and
exercise-induced neurogenesis in the DG explains partly this regional effect of
exercise. The E-LTP suppression caused by ABi.4; infusion maybe due to inability
of HFS to appreciably increase the level of p-CaMKIl in AP rats. In contrast, S-
Ex/AP rats displayed a normal protein expression of p-CaMKIl after E-LTP
induction similar to those of control and exercise rats, possibly by preventing
the abnormal HFS-induced increase in levels of calcineurin.

Continuous amyloid infusion negatively regulates the basal protein expression
of p-CREB in both CA1 and DG areas, which is attributed to an impaired signaling
of CREB upstream modulator such as CaMKIV. 4 weeks of treadmill exercise

prevents this CREB/CaMKIV signaling impairment by normalizing the basal levels
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9.

of both p-CREB and CaMKIV in CA1 and DG areas in Ex/AP rats, which in turn
results in intact spatial long-term memory in these animals.

MHFS induces a robust elevation in levels of p-CREB and CaMKIV in all groups
except the AP group suggesting that by positively regulating the levels of these
key signaling molecules, exercise training produces normal L-LTP in AP rats.
Additionally, MHFS-induced increase in levels of CaMKIV in S-Ex/Ap rats also
explains the preservation of p-CREB levels and thus normal L-LTP in these
animals.

Altogether, these behavioral, electrophysiological, and molecular findings
consistently demonstrate the neuroprotective role of regular exercise in AD-like
pathology, which could be very useful for possible development of exercise
mimetic strategies for the disease itself and other learning and memory deficit

pathologies.
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Primary antibody Secondary antibody
Mouse monoclonal antibody Anti-mouse antibody
P-CaMKII anti-P-CaMKII (1:500; Santa Cruz (1:5000; Santa Cruz
Biotechnology, Inc. CA) Biotechnology, Inc. CA)
T- CaMKIl Rabbit polyclonal antibody anti- Anti-rabbit antibody
CaMKII (1:1000; Santa Cruz (1:5000; Santa Cruz
Biotechnology, Inc. CA) Biotechnology, Inc. CA)
Calcineurin Rabbit polyclonal anti- Anti-rabbit antibody
calcineurin antibody (1:1000; (1:5000; Santa Cruz
Upstate Biotechnology, NY) Biotechnology, Inc. CA)
BDNF Rabbit polyclonal anti-BDNF Anti-rabbit antibody
(1:500; Santa Cruz (1:5000; Santa Cruz
Biotechnology, Inc. CA) Biotechnology, Inc. CA)
Anti- . -
P-CREB Rabbit polyclonal antibody anti- (;t;(;ggblsgi::tész
P-CREB (1:1000; Milipore, MA) Biotechnology, Inc. CA)
T- CREB Rabbit polyclonal antibody anti- Anti-rabbit antibody
CREB (1:100; Santa Cruz (1:5000; Santa Cruz
Biotechnology, Inc. CA) Biotechnology, Inc. CA)
CaMKIV Rabbit polyclonal anti-CaMKIV Anti-rabbit antibody
(1:1000; Cell Signaling (1:5000; Santa Cruz
Technology, MA) Biotechnology, Inc. CA)
Rabbit monoclonal anti-P- or T- Anti-rabbit antibodyHRP
P/T- ERK1/2 ERK1/2 (1:1000; Cell Signaling (1:5000; Santa Cruz
Technology, MA) Biotechnology, Inc. CA)
GAPDH Rabbit monoclonal antibody Anti-rabbit antibody
against GAPDH (1:2000; (1:5000; Santa Cruz
Millipore, MA) Biotechnology, Inc. CA)
APP Rabbit monoclonal antibody Anti-rabbit antibody
against APP (1:5000; Santa Cruz
(1:1000; Abcam, MA) Biotechnology, Inc. CA)
BACE-1 Rabbit monoclonal antibody Anti-rabbit antibody
against APP (1:5000; Santa Cruz
(1:500; Abcam, MA) Biotechnology, Inc. CA)

Table 1. Antibodies, dilutions, and sources. Summary of primary and secondary
antibodies used in detecting the levels of the given molecules.
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Group E-LTP E-LTP L-LTP L-LTP
expression | expression | expression | expression

in CAl in DG in CAl1 in DG
fEPSP-141 fEPSP-142 fEPSP-156 fEPSP-138
Control pSpike-185 pSpike-226 pSpike-210 pSpike-217
fEPSP-107 fEPSP-100 fEPSP-109 fEPSP-97
AB pSpike-93 pSpike-255 pSpike-91 pSpike-225
fEPSP-139 fEPSP-136 fEPSP-140 fEPSP-138
Exercise pSpike-169 pSpike-231 pSpike-230 pSpike-219
fEPSP-140 fEPSP-138 fEPSP-146 fEPSP-157
Ex/ AB pSpike- 133 pSpike-233 pSpike-139 pSpike-196

Table 2. The effects of amyloid infusion and/or exercise training on E-LTP and L-LTP
expression in the CAl and DG areas. The numerical value is compared to baseline
(100%). fEPSP slope and pspike amplitude represent synaptic strength and the number
of neurons that reach threshold and fire respectively. Red indicates significant

difference from all groups.
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“

p-CaMKII N2 N2 No change No change No change No change

Area

t-CaMKIlI No change No change No change No change No change No change

p-CaMKIl: t-CaMKII N2 N2 No change No change No change No change

1 M No change No change No change No change
- No change  No change 1 1 0 0N
- N2 N2 No change No change No change No change
- No change No change No change No change No change No change
p-CREB:t-CREB N2 N2 No change No change No change No change
CaMKIV N2 N2 No change No change No change No change
p-ERK1/2 No change No change No change No change No change No change
t-ERK1/2 No change No change No change No change No change No change
P ERKI/2E=ERKT/2NENN [ Yo 13T No change No change No change No change No change
APP 1 1 No change No change No change No change
» M No change No change No change No change

Table 3. The effects of amyloid infusion and/or exercise training on the basal levels of
signaling molecules in the CA1 and DG areas compared to control rats.
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p-CaMKIl + + No No + + + +
change change

t-CaMKili + + + + + + + +
Calcineurin + + + + No No No No
change change change change

No No No No + + + +
change change change change

Table 4. The effects of amyloid infusion and/or exercise training on the levels of
signaling molecules in the CA1 and DG areas after E-LTP induction via single HFS
compared to unstimulated control rats. (+) indicates increased expression compared to
unstimulated controls.
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p-CREB + + No No + + + +
change change

t-CREB + + + + + + + +

CaMKIV + + No No + + + +
change change

+ + No No + + + +
change change

Table 5. The effects of amyloid infusion and/or exercise training on the levels of
signaling molecules in the CA1 and DG areas after L-LTP induction via MHFS compared
to unstimulated control rats. (+) indicates increased expression compared to
unstimulated controls.
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