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ABSTRACT

Tauopathies are a group of neurodegenerative disorders characterized by
severe cognitive and motor deficits that are associated with the development of
neurofibrillary tangles (NFTs), intracellular protein aggregates composed of
hyperphosphorylated tau (a microtubule associated protein). The accumulation of
NFTs (along with senile plaques) is one of the neuropathological hallmarks of
Alzheimer's disease (AD), and there is evidence that NFT accumulation is
positively correlated with the severity of AD symptoms (Arriagada et al., 1992;
Ghoshal et al.,, 2002; Mitchell et al., 2002). Current FDA-approved
pharmacological treatments do not alter AD progression and only temporarily
alleviate symptoms. However, recent evidence suggests that physical exercise
may slow the progression of AD and other tauopathies. The following dissertation
project investigated the impact of treadmill exercise in a transgenic mouse model
of neurodegenerative tauopathy. The central hypothesis was that endurance
treadmill exercise would slow the development of neurodegenerative tau
pathology and associated behavioral impairments in the P301S-tau transgenic
mouse model of tauopathy. Old (7-month old) and young (3-month old) P301S
mice were subjected to 12- and 24-weeks of exercise, respectively. Following
exercise, mice were given behavioral assessments. Immunohistochemical and

biochemical analysis was also performed to assess the impact of exercise on



behavior and pathology. When old P301S mice with advanced tau pathology
where introduced to treadmill exercise for 12 weeks: 1) enhanced exploratory
locomotion, 2) a decrease in pathological tau hyperphosphorylation and 3)
reduction of aggregated (insoluble) tau, which was confirmation of the central
hypothesis. When young P301S without advanced pathology where introduced to
treadmill exercise for 24 weeks, the following changes were observed: 1)
reduced hyperactivity, 2) enhanced muscular strength, 3) restoration of normal
anxiety-like behavior, 3) improved associative memory 4) a decrease in
pathological tau hyperphosphorylation and 5) reduction of aggregated (insoluble)
tau, which also confirmed the central hypothesis. Despite the numerous benefits
of this exercise regimen before and after the onset of significant tau pathology
and behavioral dysfunction, exercise had no impact on cell loss. Additionally, it
was observed that the majority of changes associated with therapeutic exercise
occurred in the spinal cord, whereas preventative exercise appeared to have
greater benefits in the brain.

These observations offer insight on the impact of consistent and regular
exercise in tau-related dementias. Moreover, these observations add to the
growing body of literature on the importance of incorporating physical activity into

a healthy lifestyle, to help combat the onset and progression of dementia.
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CHAPTER 1: LITERATURE REVIEW AND INTRODUCTION TO
DISSERTATION PROJECT
1.1 Neurodegenerative Disease
Among the elderly, neurodegenerative diseases are a major cause of
cognitive and motor disability, of which amyotrophic lateral sclerosis (ALS),
Parkinson’s disease (PD), Alzheimer's disease (AD), and frontotemporal
dementias (FTDs) are among the most common. Despite tremendous
heterogeneity in clinical presentation, these diseases share characteristic
pathologies: intra- and extracellular accumulation of insoluble protein aggregates
that become toxic to neurons and glia (Hasegawa et al., 2006; Keirnan et al.,
2011; Beitz, 2014). In ALS, the accumulation of the superoxide dismutase-1
(SOD-1) protein leads to a selective loss of upper and lower motor neurons in the
cortex and spinal cord, respectively (Kiernan et al., 2011). Alpha-synuclein
accumulation in the form of Lewy bodies in PD, results in dopaminergic neuron
loss in the substantia nigra (Beitz, 2014). In other dementias, like AD, the
progressive neurodegeneration observed in the temporal and frontal regions of
the brain is due to the extracellular accumulation of amyloid-beta (AB) and
intraneuronal accumulation of the microtubule-associated protein tau (MAPT),
while in FTDs, only intracellular accumulation of tau is present.
Although a significant amount of research has been devoted to

understanding the pathological mechanisms of the aforementioned diseases, no



successful drug therapies have been developed that mitigate or halt disease
progression in the clinical population. Current available pharmacotherapies aid in
attenuating symptoms initially, but fail as neurodegeneration becomes more
pronounced. Therefore, there is intense scientific and public interest in
developing therapies that will slow or stop progressive neurodegeneration. In
fact, caring for patients with dementias is extremely costly; Americans spent
between $157 and $215 billion dollars in 2010, with Medicare paying $11 billion
of that cost (Delavande et al.,, 2013). Additionally, current projections by
Alzheimer’s Disease International estimate that the worldwide prevalence of
dementia will more than triple by 2050, with roughly 135 million people expected
to have some form of dementia (Prince et al., 2013). As the aging population
continues to increase, it is imperative that we develop or discover successful
therapies to treat symptoms, prevent or mitigate disease progression, and
improve quality of life for the men and women who are currently suffering from or
will eventually develop some form of dementia.
1.2 Tauopathies

AD and some FTDs are classified as tauopathies. All tauopathies are
characterized by the intraneuronal or glial accumulation of fibrillar deposits, which
are comprised of hyperphosphorylated and aggregated tau protein (Goedert,
2005; Hasegawa, 2006; Goedert and Spillantini, 2011). Tau is microtubule-

associated protein preferentially localized to the axons of neurons and it
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facilitates axonal transport and microtubule stability (Binder et al., 1985;
Trojanowski et al., 1989; Lee et al.,, 2001). There are several types of
tauopathies, each having distinct clinical, histological, and biochemical features.
These diseases include AD, FTLD-Tau with MAPT mutations, Pick’s disease,
progressive supranuclear palsy, and corticobasal degeneration.

While tauopathies share one common pathological feature (accumulation
of aggregated tau protein), these diseases are clinically, histologically, and
biochemically distinct. They can be either familial or sporadic in etiology, and
encompass a wide range of symptoms from memory loss to motor impairments.
More importantly, there are no disease-modifying pharmacological treatments for
any tauopathy, with FDA-approved symptomatic treatments currently available
for only AD.

1.2.1 Alzheimer’s disease

AD is the leading cause of dementia in the United States, affecting
approximately 5 million Americans aged 65 years or older (Hebert et al., 2013).
The most notable features of AD are the progressive decline in cognitive
functions related to memory, coupled with pronounced neurodegeneration in the
medial-temporal and parietal regions of the brain. In 1907, Dr. Alois Alzheimer
first described the disease, which was a recorded account of his observations of
Auguste D, a 51-year old patient that displayed many of the hallmark symptoms

of AD: impaired memory, aphasia, disorientation, and psychosocial impairment
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(Alzheimer, 1907). In addition to her symptomology, Alzheimer described several
histopathological features of her brain following her death in 1906. Alzheimer
noted the presence of neurofibrillary tangles (NFTs) within neurons, which he
described as fibrils with “characteristic thickness” and “peculiar impregnability.”
He also described typical AR plaques as “numerous small miliary foci,” spread
throughout the cortex. His pioneering discoveries of extracellular amyloid plaques
and intracellular NFTs are still used today to definitively determine an AD
diagnosis post-mortem.

Following Alzheimer’s discovery, one of the major questions in the field was
how and why senile plaques and NFTs develop. Seminal work by Glenner and
Wong (1984), who discovered that AB was present in the blood vessels of AD
patients, and Masters et al. (1985) who established AB as the primary constituent
of neuritic plaques in AD brains, spurred greater research focus on the A
protein. Those pioneering studies, in addition to the discovery that mutations in
the amyloid precursor protein and presenilins were linked to the development of
early onset AD (EOAD), provided a framework for the amyloid cascade
hypothesis (Hardy and Higgins, 1992; Hardy and Selkoe, 2002; Hardy, 2009).
Hardy and Higgins (1992) posited: “AB itself, or APP cleavage products
containing AB are neurotoxic and lead to NFT formation and cell death.” While
Hardy and colleagues contend that sporadic late-onset AD (LOAD) also follows

similar amyloid-cascade pathology, there are others who argue that LOAD may

12



be attributable to a variety of other factors including mitochondrial dysfunction,
oxidative stress, and deficits in bioenergetics (Swerdlow et al., 2004; Swerdlow et
al., 2014). In essence, accumulation of AR may not be what initiates disease
progression and tau pathology in LOAD (Swerdlow et al., 2012; Herrup et al.,
2015). Nonetheless, for both EOAD and LOAD it is generally accepted that the
progression of tau pathology causes neurodegeneration and is also tightly
correlated with the decline in cognitive abilities (Braak and Braak, 1991;
Duyckaerts et al., 1997; Bennett et al., 2004; Murray et al., 2015)

The tau pathology present in AD follows a stereotypic pattern of progression
that is associated with symptom severity (Braak and Braak, 1991). Initially, tau
protein aggregates develop in the locus coeruleus, and then in transentorhinal
cortex, entorhinal cortex, hippocampus, basal temporal lobe, and then finally in
the neocortex (Braak and Braak, 1991; Braak et al., 2006). The aforementioned
areas are anatomically interconnected, which may explain why tau pathology
progresses in a stereotypical pattern. In fact, several recent studies support the
idea of cell-to-cell propagation of aggregated or misfolded tau, which give
mechanistic insights as to how tauopathy may progress in AD and other
tauopathies (Clavaguera et al., 2009; Frost et al., 2009; de Calignon et al., 2012;

Kfoury et al., 2012).
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1.2.2 Frontotemporal dementias

FTDs are the second most cause of pre-senile or midlife dementia, which
primarily affect individuals younger than 65 years of age (Ratnavalli et al., 2002;
Knopman et al., 2011). The prevalence of FTD in the United States is
approximately 20,000-30,000 individuals (Knopman et al., 2011). FTD s
comprised of a heterogeneous spectrum of clinical syndromes with stereotypical
patterns of neuropathology, termed frontotemporal lobar degeneration (FTLD).
Cell loss in the frontal and temporal lobes of the brain—and also the brainstem—
results in a loss of cognitive and motor abilities. Unlike AD, the major symptoms
do not include memory impairments; instead, difficulties with planning and
judgment; emotions, language/speech, and movement are the most common
symptoms (Pick, 1892, Stertz, 1926; Onari and Spatz, 1926; Steele et al., 1964;
Rebeiz et al, 1968; Liu et al., 2004;Yokota et al., 2009; Rascovsky et al., 2011).
Dr. Arnold Pick first described FTD in a 71-year old man with dementia,
behavioral abnormalities and aphasia (Pick, 1892). Upon autopsy, he observed
atrophy of the left temporal lobe that was markedly different from the diffuse
atrophy observed in senile dementia (e.g. AD). Subsequently, additional cases of
similar temporal cortical atrophy were reported and the clinical condition was
termed “Pick’s disease” (Stertz, 1926; Onari and Spatz, 1926). Pick’s disease
was considered a distinct entity from other neurodegenerative diseases, and

eventually other cases of tau-related FTDs were observed: FTLD-Tau with MAPT
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mutations, progressive supranuclear palsy, and corticobasal degeneration. While
FTLD-Tau with MAPT mutations is hereditary, Pick’s disease, corticobasal
degeneration and progressive supranuclear palsy are considered sporadic
tauopathies.
1.2.2.1 Frontotemporal dementia with MAPT mutations

In 1998, three separate research groups identified nine families that suffered
from a dementia syndrome associated with mutations in the MAPT gene (Poorkaj
et al., 1998; Hutton et al., 1998; Spillantini et al., 1998). The most common
symptomology associated with frontoemporal dementia with MAPT mutations
(FTLD-Tau MAPT) is behavioral variant FTD (bvFTD). BvFTD comprises 3
categories of features: behavioral, cognitive and motor. The behavioral features
include apathy, disinhibition, lack of empathy, loss of other- or self- awareness,
hyperorality and anxiety (Rascovsky et al., 2011; Liu et al., 2004). Poor lexicon
generation, episodic memory, and set shifting (shifting attention from one task to
another) are the major cognitive features (Rascovsky et al., 2011; Liu et al.
2004), whereas motor neuron disease (MND) and parkinsonism, which both
result in a significant loss of motor function, are major syndromes of the motor
features (Le Ber et al., 20006).

The primary cause of bvFTD in FTLD-Tau MAPT is the development of

tau pathology as a result of missense, silent, or deletion mutations in the MAPT

gene. In the adult human brain, alternative splicing of MAPT mRNA results in six

15



tau isoforms (Goedert et al., 1989). Alternative splicing of exon 10 results in 3
isoforms with 3 microtubule binding repeats (3R) and 3 isoforms with 4
microtubule-binding repeats (4R). The microtubule-binding repeats are located
near the carboxyl-terminus of the tau protein. Additionally, at the amino-terminus,
alternative splicing of exons 2 and 3 results in 1 (1N), 2 (2N), or 0 (ON) inserts of
each 3R and 4R tau. Many of the MAPT mutations associated with FTLD occur
in the coding region where the microtubule binding repeats are located. These
mutations produce mutant tau proteins that have a reduced affinity to
microtubules (Hasegawa et al., 1998; Hong et al., 1998; Dayanandan et al.,
1999). Other types of mutations increase the ratio of 4R to 3R tau, which are
usually present at equal amounts in non-diseased individuals (Goedert and
Jakes, 1990). Both pathological consequences of MAPT mutations appear to
result in the toxic aggregation of tau, development of NFTs, astrocytic tangle-like
inclusions, oligondendroglial inclusions, dystrophic neurites and subsequent
neurodegeneration. These inclusions are largely comprised of either 3R or 4R
tau, or a combination of both, which contributes to the wide range of tau
pathology observed in FTLD-Tau MAPT (Hong et al., 1998; Forman, 2004).
Macroscopically, gross atrophy due to neurodegeneration typically occurs in the

frontal and temporal lobes.
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1.2.2.2 Pick’s disease

In 1892, Dr. Arnold Pick first described a set of symptoms and neuropathology
that is now termed Pick disease (PiD; Pick, 1892). Unlike FTLD-Tau MAPT, PiD
is not hereditary and has not been associated with any mutations in the MAPT
gene. However, similar clinical presentations are observed in individuals with
PiD: disinhibition, impairments in speech, apathy, and some motor disturbances
(Yokota et al., 2009).

PiD is a 3R predominant tauopathy (Hasegawa et al., 2006), and is
characterized histologically by the presence of Pick cells and Pick bodies. Pick
cells are chromatolytic “ballooned” neurons (Tomlinson, 1992) and Pick bodies
are round or oval argyrophillic inclusion bodies that can be present in the
cytoplasm of neurons (Love et al., 1988) or extracellularly as “ghost” Pick bodies
(lzumiyana et al., 1994). Both of these inclusions are predominantly comprised of
3R tau, and this has been confirmed biochemically (Hasegawa et al., 2006), and
histologically (Takeda et al., 2012). Typically, Pick cells and Pick bodies are
found in the hippocampus and entorhinal, frontal, temporal, cingulate, and insular
cortices, which correspond to the areas with prominent neurodegeneration as the
disease progresses. Currently, there are no established disease-modifying

treatments for PiD.
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1.2.2.3 Corticobasal degeneration

In 1968, Dr. Jean J. Rebeiz and colleagues first described corticobasal
degeneration (CBD) in three late middle-aged individuals. Each of the patients
had an asymmetric and progressive motor syndrome that was characterized by
Parkinsonism, limb apraxia, and dystonia and became more generalized as the
disease progressed (Rebeiz et al, 1968). Interestingly, cognitive function was
relatively spared until later stages of disease. Gross atrophy was observed in the
frontal and parietal cortices, which was characterized histologically by neuronal
loss and swollen achromatic neurons (Rebeiz et al., 1968) that are typically
present in FTDs. The researchers also observed a distinct pallor of the
substantia nigra, reminiscent of the loss of dopaminergic cells of this region in
PD. Glial inclusions were also present in the form of astrocytic plaques, which
are now considered a significant pathological hallmark of CBD. Most of the initial
clinical and histopathological observations made by Rebeiz et al. still hold true,
however, CBD patients can also develop cognitive dysfunction (language deficits,
visuospatial dysfunction, and impaired social cognition) at early stages (Kertesz
et al., 2000; Kertesz et al., 2010), rather than only later stages (Rebeiz et al.,
1968) of disease.

CBD is classified as a 4R tauopathy, as all of the neuropathological
inclusions are mostly immunoreactive for 4R tau (Hasegawa et al., 2006). The

inclusions that are observed post-mortem in CBD patients occur predominantly in
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the forebrain (Dickson, 1999; 2004), basal ganglia, diencephalon, rostral
brainstem, and cortical gray and white matter (Dickson et al., 2002). Biochemical
analysis of CBD brains shows the presence of 4R tau isoforms in the insoluble
tau fraction (Hasegawa et al., 2006), which is indicative of protein aggregates
and inclusions. As with PiD, there are no approved pharmaceutical treatments
designated for CBD.
1.2.2.4 Progressive supranuclear palsy

Progressive supranuclear palsy (PSP; Steele-Richardson-Olszewski
syndrome) was first described by Dr. John C. Steele and colleagues in 1963.
They described 9 male patients who developed ocular, motor, and cognitive
dysfunction in their 50s and 60s, with death occurring within 10 years of disease
onset (Steele et al., 1964). Clinically, supranuclear opthalmoplegia (particularly
vertical gaze palsy), pseudobulbar palsy, dysarthria, dystonia of the upper
extremities and also dementia were observed. Their clinical observations were
accompanied by extensive histological observations including NFTs, gliosis and
cell loss in the basal ganglia (globus pallidus, subthalamic nucleus and
substantia  nigra), brainstem (superior colliculi, nuclei cuneiformis,
subcuneiformis, periaqueductal gray and pontine tegmentum) and cerebellum
(dentate nucleus; Steele et al., 1964). These clinical and histological findings are
still recognized as the cardinal features of PSP. Additionally, the pathological

hallmark of PSP is the tufted astrocyte (Nishimura et al., 1992) and is usually
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observed in the motor cortex and striatum (Matsusaka et al., 1998). The tufted
astrocyte has been histologically differentiated from the astrocytic plaques
observed in CBD (Komori et al., 1999), which may be a reflection of minute
differences in the tau biochemistry of these diseases (Arai et a., 2004; Hasegawa
et al., 20006).
Like CBD, PSP is also classified as a 4R tauopathy (Hasegawa et al.,

2006) and is not biochemically distinct from CBD. However, a study by Arai et al.
identified differential banding patterns on Western blots of insoluble tau in brains
from CBD and PSP patients. While samples from both sets of patients displayed
the typical 68 and 64 kDa 4R tau bands, in PSP patients a 33 kDa cleaved tau
band was predominant, whereas in CBD patients, doublet bands at 37 kDa were
predominant (Arai et al., 2004). This difference may explain why these diseases
are neuropathologically different, and may relate to differences in the
pathological proteolytic cleavage of tau in CBD versus PSP. To date, there are
no approved disease-modifying treatments for PSP.
1.3 Physiological Role of the Tau Protein

Neurons are characterized by two cytoplasmic extensions: axons and
dendrites. Both of these structures are essential for neurotransmission, and
changes in their morphology are determined by either physiological or
pathological events. These changes are produced by the rearrangement of the

neuronal cytoskeleton, which is comprised of microtubules, microfilaments, and
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intermediate filaments. Microtubules are vital to neuronal function, as they are
involved in axoplasmic transport of mitochondria, lipids, synaptic vesicles,
proteins, and various organelles. While there are several types of microtubule-
associated proteins (MAPs), tau is preferentially localized to the axons of
neurons and facilitates axonal transport and microtubule stability (Binder et al.,
1985; Trojanowski et al., 1989; Lee et al., 2001).

Alternative mRNA splicing of the MAPT gene results in six isoforms of tau
(ON3R, 1N3R, 2N3R, ON4R, 1N4R, and 2N4R; Goedert et al., 1989). Structurally,
tau has two major domains: an N-terminal projection and microtubule-binding
domain (MBD; Gustke et al., 1994). The N-terminal projection contains an acidic
amino-terminal region, which is thought to regulate the spacing between
microtubules (Chen et al., 1992; Frappier et al., 1994; Maas et al., 2000; Al-
Bassam et al., 2002). Additionally, the projection domain has a proline-rich region
that contains multiple phosphorylation sites (Biernat et al., 1992; Augustinack et
al., 2002). There are more than 45 known phosphorylation sites in the proline-
rich region (Hanger et al., 2007), which can be modified by several proline-
directed kinases including glycogen synthase kinase 3 beta (GSK3p), cyclin-
dependent kinase 5, mitogen-activated protein kinases, and c-Jun N-terminal
kinases. In particular, modification by GSK3p plays an important role in the

physiological and pathological phosphorylation of tau. Microtubule binding of tau

21



is regulated by its phosphorylation: dephosphorylated tau readily associates with
tubulins, whereas phosphorylation prevents this interaction.

Tau was discovered as the protein that lowered the effective concentration
at which a- and B-tubulin polymerize into microtubules in the brain (Weingarten et
al., 1975; Cleveland et al., 1977a,b), supporting its important role in microtubule
dynamics. The tandem-repeat sequences of the MBD are thought to bind to
microtubules through a net positive charge, which interacts with negatively
charged amino acid residues near the paclitaxel binding site on B-tubulin (Kar et
al., 2003; Jho et al., 2010). When tau is phosphorylated, this neutralizes the
positive charge from the MBDs (Jho et al.,, 2010), causing a conformational
change (Fischer et al., 2009) that results in detachment from microtubules. Thus,
in order to maintain microtubule stability and dynamics, a proper balance
between tau kinase and protein phosphatase (PP; PP1, PP2A, PP2B
[calcineurin]; Gong et al., 19944, b, c) activity is essential.

In addition to its involvement in microtubule dynamics, tau may also
participate in neuronal DNA protection, signaling pathways, and synaptic
regulation. In cortical neurons, tau can translocate to the nucleus when exposed
to heat stress and may function to protect DNA from damage (Sultan et al.,
2011). Also, tau may play a role in signaling pathways involving the tyrosine
kinase, Fyn. Tau’s association to Fyn and the neuronal cell membrane is

regulated by its phosphorylation (Pooler et al., 2012). Moreover, tau could exert
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physiological roles in the synapse. Recently, Ittner and colleagues discovered
that localization of tau in the postsynaptic compartment mediates the targeting of
Fyn to NMDA receptors (Ittner et al., 2010). In accordance with this evidence,
Chen et al. (2012) discovered that tau localization in dendritic spines is vital to
brain derived neurotrophic factor (BDNF)-induced synaptic plasticity, and more
recently, pharmacological synaptic activation and long-term potentiation (LTP)-
induced localization of tau to the post-synaptic density was observed
(Frandemiche at al., 2014). These data suggest a functional role for tau at
excitatory synapses, which may explain why tau dysfunction contributes to the
synaptic dysfunction observed in neurodegenerative tauopathies.
1.4 Pathological Role of Tau in Neurodegenerative Disease
1.4.1 Tau mutations and their effects

Much of what is understood about tau dysfunction in neurodegenerative
disease came from the discovery of disease-associated MAPT mutations. There
are 42 known MAPT mutations (Goedert et al., 2012) and most of them occur in
exons 9-12, which encode the MBD. MAPT mutations can produce effects
primarily at the protein level or the pre-mRNA level. Most missense mutations
affect tau at the protein level and reduce the ability of tau to interact with
microtubules. There is evidence of this, as cell-free assays indicate that tau
mutations G272V, P301L, V337M, and R406W affect the ability of tau to interact

with microtubules (Hasegawa et al., 1998; Hong et al., 1998), and these same
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mutations also affect microtubule binding in living cells (Dayanandan et al., 1999;
Matsumura et al., 1999; Lu and Kosik, 2001; Nagiec et al., 2001). Since many
missense mutations do not result in the removal or addition of phosphates (which
would reduce microtubule affinity), it is thought that these mutations induce a
conformational change (Jicha et al., 1999), which makes tau a more favorable
substrate for hyperphosphorylation (Alonso et al., 2004). As stated above,
GSK3B has been designated as the major kinase involved in the pathological
phosphorylation of tau. GSK3p co-localizes with NFTs in AD (Pei et al., 1999)
and other tauopathies (Ferrer et al., 2002) and conditional expression of GSK3[3
in mice recapitulates some features of tauopathies including behavioral deficits,
tau hyperphosphorylation and neurodegeneration (Lucas et al., 2001; Hernandez
et al., 2002). All of these pathological features are reversed if GSK3[3 expression
is attenuated (Engel et al., 2006), supporting the role of GSK3 in tauopathy in
Vivo.

In addition to effects on hyperphosphorylation and microtubule binding, there
are several mutations that promote tau aggregation in vitro: P301S, P301L,
V337M, R406W R5L, K257T, G272V, AK280, and Q336R. These mutated
forms of tau were shown to promote heparin- and arachadoic acid-induced
filament formation of tau relative to wild-type tau (Goedert et al., 1999; Nacharaju

et al., 1999; Barghorn et al., 2000; von Bergen et al., 2001; Pickering-Brown et

24



al., 2004). In particular, P301S and P301L mutations appear to be the most
potent at promoting tau aggregation (Goedert et al., 1999).

The final set of mutations affect tau at the pre-mRNA level, by increasing
alternative splicing of exon 10: 24L, AN296, N296N, N296H, S305N, and S305S.
These mutations result in an increased ratio of 4R to 3R tau (Hutton et al., 1998;
D’Souza et al., 1999; Hasegawa et al., 1999; Spillantini et al., 2000; Grover et al.,
2002), which are normally present at equal amounts physiologically (Goedert and
Jakes, 1990). Intuitively, an increase in 4R tau would seem to increase
microtubule stability. However, it has been hypothesized that an overproduction
of 4R tau results in an excess of tau surrounding microtubule-binding sites,
causing a significant accumulation of unbound 4R tau in the cytosol (Goedert and
Jakes, 2005). Over time, the accumulation of 4R tau in cells can result in its
hyperphosphorylation, aggregation, assembly into filaments, and subsequent cell
death.

As indicated above, the primary pathological consequence of tau
mutations is the development of tau aggregates, which can be present in the
form of small soluble oligomers, flaments, and NFTs. It has been hypothesized
that tau aggregation may progress from oligomeric forms to filaments, which
comprise NFTs (Cowan and Mudher, 2013). Small soluble oligomers have been
described in vitro (Sahara et al., 2007) and in vivo (Lasagna-Reeves et al.,

2012), and can contain 6 to 8 tau molecules (Sahara et al., 2007). There is
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evidence that phosphorylation of tau may precede oligomer development
(Lasagna-Reeves et al., 2012) and that tau oligomers are toxic, as subcortical
injections of recombinant full-length human tau oligomers into mice caused
impaired memory, hippocampal cell loss, and synaptic dysfunction (Lasagna-
Reeves et al., 2011).

The next stage of tau aggregation involves the polymerization of tau
dimers and/or oligomers into straight filaments (SF) and paired helical filaments
(PHF). Filament formation requires 2 hexapeptide motifs [PHFG6:
(306)VQIVYK(311) and PHF6*: (275)VQIINK(281)] located in the MBD of tau
(von Bergen et al., 2000; 2004). These motifs are important for the transition of
tau from a random coil structure to the B-sheet structure that is found in SF and
PHFs (von Bergen et al., 2000; 2004; Berriman et al., 2003). Filaments can
contain all 6 tau isoforms in humans (Kosik et al., 1998), whereas single isoforms
have been observed in vitro (Kosik et al., 1998).

The last stage of tau aggregation is the formation of NFTs from PHFs.
NFTs are “flame-shaped,” heavily phosphorylated structures that can fill the
entire cell cytoplasm (Bancher et al., 1989). It is thought that large bundles of
PHFs and SFs spontaneously clump together to form NFTs, as this has been
observed in vitro (Rankin et al., 2008). Thus, the progression of tau pathology
from small soluble oligomers to NFTs is one of the defining characteristics of tau-

associated dementias.

26



1.4.2 Autophagy and tau pathology

It is possible that in addition to significant accumulation of insoluble tau
protein, deficient protein degradation systems can also contribute to the
perturbed proteostasis observed in tauopathies, particularly in sporadic cases.
The inefficient clearance of protein aggregates could result from defects in the
ubiquitin proteasome system (UPS; Petrucelli and Dawson, 2004) or autophagy
(Nixon, 2006). Of particular interest is how a disruption in autophagy may
contribute to tau pathology, as protein aggregates are primarily cleared through
this mechanism (Reggiori and Klionsky, 2002), and the UPS may not be the
major degradation machinery for tau (Brown et al., 2005; Feuillette et al., 2005).

Autophagy is a general term for the cellular mechanism by which cytoplasmic
contents are catabolized through lysosomal degradation (Levine and Klionsky,
2004). Its primary role is to maintain homeostasis by protecting cells from
aggregated or misfolded proteins, as well as damaged organelles. There are
three forms of autophagy: macroautophagy, microautophagy, and chaperone-
mediated autophagy. Macroautophagy is the most common and most widely
studied, and will be referred to as autophagy, hereafter. Once autophagy is
initiated, a double membrane autophagophore—possibly generated de novo or
from the endoplasmic reticulum (Axe et al., 2008; Hayashi-Nishino et al., 2009;
Yla-Anttila et al., 2009)—engulfs a portion of the cytoplasm that contains the

substrate(s), such as aggregated tau protein. After fully encompassing the
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substrate(s), the autophagophore becomes an autophagosome, which is
trafficked and fuses to a lysosome to form an autophagic vacuole. Finally,
lysosomal enzymes (e.g. cathepsins) fully degrade the vacuolar contents. The
entire autophagic process is facilitated by 15 essential autophagy related genes
(Atgs), which are necessary for the initiation and elongation of the
autophagosomal membrane. In particular, microtubule-associated protein 1 light
chain 3-II (LC3-Il; Atg8) participates in autophagosome formation (Kabeya et al.,
2000; Tanida et al., 2004), and increased levels of this protein serve as a useful
marker for autophagy induction (Klionsky et al., 2008; Tanida and Waguri, 2010).
In addition to LC3-Il, p62/sequestosome 1 (p62/SQSTM1) is typically used as a
marker for autophagic degradation (Bjorkoy et al., 2009). p62/SQSTM 1 interacts
with LC3-Il (Pankiv et al., 2007) and may also facilitate the autophagic clearance
of ubiquitin-positive protein aggregates (Bjorkoy et al., 2005). Since
p62/SQSTM1 is also degraded via autophagy, a decrease in its levels is an
indicator of autophagic activity (Bjorkoy et al., 2009).

While the study of autophagy in the central nervous system is relatively new,
there are several pieces of evidence that support the notion that
neurodegenerative tauopathy may result from dysfunctions in autophagy. In
patients with AD, post-mortem pathological analyses suggest deficits in
autophagy (Nixon et al., 2005; Boland et al., 2008), indicated by the

accumulation of autophagic vacuole pathology. In animals, neuronal loss of
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either Atg7 or Atg5 (essential proteins for autophagy) results in abnormal protein
aggregation, neurodegeneration and behavioral dysfunction that are reminiscent
of pathological phenotypes observed in AD and FTD mouse models (Hara et al.,
2006; Komatsu et al., 2006). Interestingly, autophagy dysfunction may be
mediated through a phospho-tau pathway, as Atg7-deficient mice display
increased levels of phospho-tau typically associated with tauopathy (Inoue et al.,
2012). Moreover, pharmacological inhibition of GSK3B and crossing Atg7-
deficient mice with Tau knockout mice, both result in attenuation of
neurodegenerative pathology (Inoue et al., 2012).
1.4.3 Synaptic dysfunction and tau pathology

Tau may also participate in synaptic function and plasticity. Conversely, tau
pathology could mediate some of the synaptic deficits observed in post-mortem
brains of patients with AD and FTD (Davies et al., 1987; Dekosky et al., 1990;
Terry et al., 1991). In fact synapse loss—quantified by assessing synaptophysin
levels—is increased in AD brains (Gutala and Reddy, 2004), positively correlated
with NFT-bearing neurons (Callahan and Coleman, 1995), and is thought to be
the best correlate of symptom severity in AD (Dekosky and Scheff, 1990). While
there are very few clinical studies of synapse loss in FTD, a decrease in
synaptophysin levels has been observed in the frontal (Brun et al., 1995) and

temporal (Clare et al., 2010) cortices.
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In recent years, there has been significant interest in understanding how
tauopathy may facilitate synaptic dysfunction in AD and FTD. Employing
transgenic animal models of tauopathy has been a useful tool for this
undertaking. In 2007, Virginia Lee and colleagues were one of the first groups to
identify significant synaptic loss and dysfunction, even before overt
neurodegeneration and NFT formation, in P301S tau transgenic mice, a mouse
model of neurodegenerative tauopathy (Yoshiyama et al., 2007). Similarly, other
groups have observed synaptic dysfunction in other transgenic tau models
including htau mice (Polydoro et al., 2009; Alldred et al., 2012), rTg4510 mice
(Kopeikina et al., 2013), and SHR24 rats (Jadhav et al., 2015). Functional
synaptic deficits include a decline in excitatory neurotransmission and long-term
potentiation in the hippocampus (Yoshiyama et al., 2007; Polydoro et al., 2009).
In accordance with the aforementioned clinical studies, P301S mice (Yoshiyama
et al., 2007) and htau mice (Alldred et al., 2012) also display significantly lower
synaptophysin levels than their non-transgenic counterparts, supporting a role for
tau pathology in synaptic loss in FTDs.

Several of the animal studies mentioned above indicate the presence of
synaptic deficits before any gross NFT pathology or neurodegeneration is
observed, supporting the idea that NFTs may not necessarily contribute to
synaptic dysfunction. Interestingly, recent evidence indicates that soluble tau

oligomers (and not monomers and filamentous tau), injected into the
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hippocampus of wild-type mice results in memory impairments,
neurodegeneration and mitochondrial dysfunction (Lasagna-Reeves et al. 2011).
Tau oligomers also reduce synaptophysin immunofluorescence and protein
levels in the hippocampus, providing a possible explanation for reduced
synaptophysin levels observed in AD and FTD brains. There is also evidence
that non-fibrillar and fibrillar forms of tau may spread from cell to cell in a prion-
like manner (Clavaguera et al., 2009; Lasagna-Reeves et al., 2012; De Calignon
et al., 2012; Peeraer et al., 2015 Stancu et al., 2015), which elucidates a
potential mechanism by which synaptic dysfunction and cell loss spreads in
neurodegenerative tauopathies.
1.5 Animal Models of Tauopathies

Since the discovery that several mutations in the MAPT gene caused familial
FTDs (Poorkaj et al., 1998; Hutton et al., 1998; Spillantini et al., 1998), animal
models have been developed to help understand the underlying mechanisms of
disease progression, and utilized as tools to design potential disease-modifying
therapies. There is a diversity of models ranging from Caenorhabditis elegans (C.
elegans, nematode) to sophisticated murine models that recapitulate various
behavioral and pathological features of tauopathies. Additionally, over the years
several phospho-specific and conformational-specific antibodies have been

developed to identify abnormal or pathological forms of tau clinically and in
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animal models of tauopathy. These antibodies, along with the phospho-sites and

conformational states they recognize, are shown in Table 1.

Table 1. Tau Antibodies

Antibody

TAUS5 (Ohsawa et al., 2008;
Wilcock et al., 2008; Demars et
al., 2010)

AT8 (Colton et al., 2006; Luo et
al., 2007; Yuan et al., 2008;
Gandhi et al., 2015)

AT100 (Clavaguera et al., 2009;
Kosmidis et al., 2010)

AT180 (Eckermann et al., 2007;
Luo et al., 2007; Wilcock et al.,
2009; Zhang et al., 2010)

PHF-1 (Roberson et al., 2007;
Polydoro et al., 2009)

MC-1 (Wittmann et al., 2001;
Eckermann et al. 2007)

CP13 (Herskovits et al., 2006;
Roberson et al., 2007; Polydoro
et al., 2009)

Alz50 (Kopeikina et al., 2013)

Specificity

Cytoplasmic; NFTs; non
phosphorylated and phosphorylated
forms of tau

Tau phosphorylated at serine 202
(Ser202) and threonine 205 (Thr205);
does not cross react with non
phosphorylated tau

PHF tau phosphorylated at Ser212
and Thr214

PHF tau and NFTs phosphorylated at
Thr231

Tau phosphorylated at Ser396 and
Ser404

Reactivity depends on both the N
terminus (amino acids 7-9), and an
amino acid sequence of tau (amino
acids 313-322) in the third
microtubule binding domain; NFTs
Tau phosphorylated at Ser202

Recognizes a misfolded conformation
of tau. 68 kDa Tau. Stains neuronal
components of AD brain specimens
but not normal brain specimens

1.5.1 Non-murine transgenic models

Immunogen/Epitope
Middle of tau

Partially purified human
paired helical filament
(PHF) tau

Around phosphorylated
Ser212 and Thr214
Around phosphorylated
Thr231

Around phosphorylated
Ser396 and Ser404
Conformation dependent
antibody (epitope within
aa 312-322)

Around phosphorylated
Ser202

Raised against human
basal forebrain
homogenate. Epitope
subsequently determined
to include amino acids 2-
10 and 312-342 of tau.

Non-murine transgenic models of tauopathy are particularly useful for

elucidating key biological pathways underlying tauopathy, and are useful for

screening potential pharmacological agents. Drosophila melanogaster (common
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fruit fly) models of tauopathy typically do not show significant tau aggregation, but
tau is still hyperphosphorylated. In 2000, Williams and colleagues discovered that
expression of bovine tau-green fluorescent protein (GFP) using the galactisodase
4 (GAL4) system in Drosophila produces a wide range of defects in neurons.
These defects include axonal swelling, budding, and loss of sensory neurons,
indicating that elevated tau levels can be deleterious (Williams et al., 2000).
Another Drosophila tau transgenic model overexpresses human 4R tau, which
results in an abnormal eye phenotype (Jackson et al., 2002). This model
develops progressive tau pathology including hyperphosphorylation,
neurodegeneration, and the presence of AT100-positive NFT-like inclusions in
dystrophic neurites.

Due to their optical transparency and small size, zebra fish larvae are used
for in vivo imaging and genetic modifier identification. In order to study the
functional consequences and trafficking patterns of pathological tau in neurons,
Tomasiewicz et al. (2002) developed transgenic zebra fish that express human
2N4R tau. Expression is neuron-specific in the brain, retina, and spinal cord. Not
surprisingly, the zebra fish develop NFT-like pathology accumulation of tau in cell
bodies, with cytoskeletal disruption of filaments in axons (Tomasiewicz et al.,
2002). More profound defects are observed in another zebra fish model using a
bidirectional GAL4 system with neuronal expression of 2N4R tau with the P301L

mutation. As expected, transgene expression results in tau hyperphosphorylation
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(identified by AT180, AT8, and PHF-1 histological immunoreactivity and western
blots), neurodegeneration, and motor deficits (Tomasiewicz et al., 2002).
Pathological conformations of tau (visualized by MC-I immunoreactivity) are also
observed in neurons.

While not as widely used, C. elegans is a useful tool to study the functional
consequences of tau mutations because a vast number of mutations can be
made. One model overexpresses human 1N4R with either the P301L or V337M
mutations (Kraemer et al., 2003). This results abnormall/insoluble tau
aggregation, impaired cholinergic transmission and neurodegeneration.
Additionally, severe and progressive uncoordinated motions are also observed,
probably caused by a presynaptic cholinergic deficit.

1.5.2 Murine transgenic models

Transgenic mice are the most widely used animal models of tauopathy. This
is because of the cornucopia of models that have been developed over the past
15 years, and because these models are better at recapitulating various aspects
of tauopathy at genetic, histological, biochemical, and behavioral levels. Peter
Davies and his colleagues developed one of the first transgenic mouse models in
2000. Designated as 8c mice, this model expresses all 6 isoforms of human tau
in addition to endogenous mouse tau (Duff et al., 2000). 8¢ mice accumulate tau
in neurites and synapses, but lack accumulation in cell bodies. Diffuse MC-1

immunoreactivity and PHF-1 protein levels are present in the brain and spinal
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cord, but gross neuropathology is not present. The same group later developed a
better version of this model by crossing 8c mice with tau knockout (KO) mice,
resulting in the htau model (Andorfer et al.,, 2003). This model exclusively
expresses 6 isoforms of non-mutant human tau, which results in tau
hyperphosphorylation and accumulation in neuronal cell bodies and dendrites.
Additionally, accumulation of both soluble and insoluble CP13 tau is observed in
the brain. Htau mice also develop some neuronal cell loss in the brain (Andorfer
et al., 2005) and deficits in spatial memory (Polydoro et al., 2009). Another tau
model was developed in 2000 that expresses human ON4R tau mutant P301L, at
approximately twice the levels of mouse tau (Lewis et al., 2000). These mice
develop NFTs and neuronal loss in the brain and spinal cord, which leads to
behavioral and motor problems by 10 months of age. These behaviors include
limb weakness, hunched, posture, and a decline in grooming and vocalization.
Soon after the development of the aforementioned models Frank LaFerla
and colleagues developed an innovative triple transgenic mouse model that
recapitulated features of AD, including the development of A and tau pathology.
These mice overexpress mutations in the amyloid precursor protein, presenilin 1,
and tau (P301L). Development of AB plaques occurs around 3-4 months of age
and subsequent NFT pathology by 12-15 months of age in the cortex and
hippocampus (Oddo et al., 2003a). These neuropathological changes are

accompanied by deficits in memory (Billings et al., 2005; Stover et al., 2015) and
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LTP (Oddo et al., 2003b). The pathological and behavioral characteristics of
these mice make them an ideal model for AD, which is why it is one of the most
widely used AD transgenic mouse models.

, The P301S mutation causes FTD in the clinical population, and promotes
tau aggregation, hyperphosphorylation, and neurodegeneration. Thy-Tau22 mice
harbor mutations in 2N4R tau: P301S and G272V (Schindowski et al., 2006).
Extensive tau neuropathology is present at 9 months of age, with expression of
the mutant tau 4- to 5-fold higher than mouse tau in the brain. This causes an
array of behavioral deficits, including spatial, social and contextual learning (Van
der Jeugd et al., 2013), however no motor deficits are observed (Schindowski et
al., 2006). This is in contrast to P301S mice that overexpress P301S human
mutant tau, developed by Virginia Lee, John Trojanowski, and colleagues in
2007. The mutant gene is expressed under the control of the mouse prion
promoter, which allows for 5-fold higher expression of human mutant tau versus
mouse tau in neurons (Yoshiyama et al., 2007). These mice develop a severe
progressive neurodegenerative syndrome, characterized by deficits in spatial
learning and memory, decreased anxiety-like behavior and motor dysfunction
beginning at around 5-6 months of age (Yoshiyama et al., 2007; Dumont et al.,
2011; Takeuchi et al., 2011). NFT-like pathology, accumulation of insoluble tau,
and deficits in hippocampal LTP begin around this age as well, however, a

decline in synaptophysin immunoreactivity is observed at about 3 months of age
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(Yoshiyama et al., 2007). Additionally, these mice have a reduced lifespan, with
80% mortality occurring at 12 months of age. Because this model recapitulates
the behavioral, histological, and biochemical characteristics of tauopathies,
P301S mice were used in this project to investigate the effects of exercise on
neurodegenerative tauopathy.
1.6 Exercise and the Brain

The brain is inherently moldable and malleable; its plasticity allows for it to
adapt to a multitude of external stimuli and experiences. So it is not surprising
that its capability and plasticity can be modified by exercise. There are numerous
epidemiological and clinical studies that argue for the long-term benefits of
physical activity and its inverse relationship with mental disorders (Taylor et al.,
1985; Beebe et al.,, 2005; Scheewe et al., 2012), risk of type Il diabetes
(Laaksonen et al., 2005; Colberg et al., 2010), some cancers (Lee, 2003), and
cardiovascular disease (Shiroma et al., 2010). Despite knowledge of the benefits
of physical activity, we are becoming an increasingly sedentary society: less than
5% of adults are physically active for the recommended 30 minutes a day
(Troiano et al., 2008). Because of the benefits of exercise to overall health, there
is significant scientific and clinical interest in understanding the impact of

exercise on brain function and cognition.
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1.6.1 Epidemiological and Clinical Studies
1.6.1.1 Exercise effects in children

There is a wealth of evidence in support of the notion that aerobic exercise
improves brain and cognitive function across the lifespan. Early studies on the
benefits of exercise in children focused on the correlations between physical
education and academic achievements (Sibley and Etnier, 2003); however, it
was the work of Charles Hillman and colleagues that first investigated the
relationship between aerobic fitness and cognitive function in preadolescent
children. They discovered that aerobic fitness, assessed by the Fitnessgram test,
was positively correlated with performance on the visual odd-ball task and a
higher P3 amplitude [recorded by an electroencephalogram (EEG)] during that
task (Hillman et al., 2005). An increase in P3 amplitude indicated greater
neuronal activity associated with the task. Additionally, the children in the high-fit
group had a faster P3 latency, an indicator of faster neurocognitive processing
(Hillman et al., 2005). Other studies have investigated the effects of aerobic
fitness on brain structure, with increased hippocampal and basal ganglia volume
observed in higher fit children versus lower-fit children (Chaddock et al., 2010a,
b). Recently, Hillman’s group investigated the effects of 9 months of treadmill
exercise in children that were 8-9 years of age. By recording EEG measurements
during a modified Eriksen flanker task (measuring attentional inhibition) and a

color-shape switch task (measuring cognitive flexibility), the authors observed
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significantly higher P3 amplitudes from pre-test to post-test in the exercise
intervention group (Hillman et al., 2014). Since both tasks measure an element of
executive function, the authors concluded that regular and consistent treadmill
exercise could enhance brain function in children.
1.6.1.2 Exercise effects in young adults

For young adults, there is some evidence that exercise may enhance
cognitive ability, but the observations have been mixed. For example, one of the
first studies to investigate the relationship between physical fithess and cognitive
performance observed no difference between high-fit and low-fit males between
the ages of 18 and 28 (Shay and Roth, 1992). Another study also found no
difference in performance between high-fit and low-fit subjects in an executive
control task (Scisco et al., 2008). While the aforementioned studies investigated
prior aerobic fitness, other studies have observed that acute or long-term
exercise training administered prior to testing can enhance cognitive and brain
function in young adults (Stroth et al., 2009; Stroth et al., 2010). Moreover, there
is also evidence that higher aerobic fitness at age 18 is associated with a lower
risk of early onset dementia (Nyberg et al., 2014), supporting the notion that the
benefits of engaging in consistent physical activity early in life could reap more
benefits later in life, by helping to protect the brain from future neuropathological

insults (Valenzuela et al., 2008; Nithianantharajah and Hannan, 2009).
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1.6.1.3 Exercise effects in older adults

Much of the research on exercise and the brain has been focused on
understanding how physical activity can impact cognitive abilities as we age. In
1979, R.J. Young conducted one of the earliest studies that demonstrated the
beneficial impact of aerobic exercise in healthy middle aged (49-61 years old)
individuals. After a 10-week exercise program consisting of jogging and
calisthenics (for 1 hour, 3 times per week), significant improvements were
observed on a variety of tasks that tested intelligence, memory and learning
(Young, 1979). Similar observations were noted in a different study around that
time, where 4 weeks of fast walking improved cognitive function assessed by a
variety of tasks in healthy older individuals (Dustman et al, 1984). While there
were some studies that have showed no beneficial impact of aerobic exercise on
cognitive function in older adults (Barry et al., 1966; Madden et al., 1989; Hill et
al., 1993), a majority of more recent literature supports the contrary. For
example, several studies reported the cognitive benefits of both short-term
(Kamijo et al.,, 2009; Chapman et al, 2013) and long-term exercise
(Lautenschlager et al., 2008). Moreover, two large-scale meta-analyses indicated
greater benefits in cognition including executive function, attention and
processing speed, and memory (Colcombe and Kramer, 2003; Smith et al.,

2010) in older adults introduced to aerobic exercise, with even greater benefits
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when strength training was incorporated concurrently (Smith et al., 2010;
Anderson-Hanley et al., 2010).

In addition to better performance on tests of cognitive function, positive
changes in brain structure and function have also been reported. In a
randomized clinical trial, Arthur Kramer and his group observed that 6 months of
aerobic exercise in older adults (60-79 years old) resulted in an increase in grey
and white matter (measured by MRI), particularly in the prefrontal and temporal
cortices (Colcombe et al., 2006). Another study also observed increases in
cortical white matter integrity after aerobic exercise (Marks et al., 2010). In
support of those findings, a recent study indicated that higher fit older adults (55-
82 years old) had increased white-matter integrity compared to their lower-fit
counterparts (Hayes et al., 2015), while Gow et al. showed that self-reported
physical activity beginning at 70 years of age is associated with increased gray
and white matter volumes at age 73 (Gow et al., 2012). Physical fitness (Erickson
et al, 2010) and aerobic exercise training (Erickson et al., 2012) in older adults
are also associated with increased hippocampal volume. The above observations
are intriguing since the brain regions impacted by exercise in those studies are
frequently reported to display substantial age- and disease-related deterioration.
In terms of brain function, aerobic exercise has been reported to reduce P3
latencies (Dustman et al., 1990; Kamijo et al., 2009) and increase P3 amplitude

(Dai et al., 2013; Fong et al., 2014) in older adults, as measured by event-related
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potentials (ERP). Aerobic exercise can also increase cerebral blood flow (CBF) in
the anterior cingulate (Chapman et al., 2013) and hippocampus (Chapman et al.,
2013; Maass et al., 2015), which may reflect greater connectivity in the frontal
executive network (FEN) and default mode network (DMN; Voss et al., 2010).
These networks are thought to play critical roles in executive function and also
participate in memory retrieval, envisioning the future, and conceiving the
perspectives of others (Buckner et al., 2008).

There are very few studies that have investigated the biological
mechanisms that underlie exercise-induced changes in the brain in older adults,
and Arthur Kramer and his lab have implemented much of this work. They first
showed that when introduced to a 1-year aerobic exercise-training regimen,
healthy adults (55-80 years old) displayed a positive correlation between
increased hippocampal volume and increased serum brain-derived neurotrophic
factor (BDNF; Erickson et al., 2012). BDNF is a polypeptide growth factor that
belongs to a larger group of structurally related neurotrophins. These
polypeptides are involved in nervous system growth and differentiation
(McAllister, 2001; Binder and Scharfman, 2004). In the adult brain, BDNF
promotes neurogenesis (Scharfman et al., 2005) and dendritic spine
reorganization in the hippocampus (Kramar et al., 2010), which supports the role

of BDNF in synaptic plasticity (Vaynman et al., 2004). Thus, the cognitive and
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functional effects of exercise in the human brain could be mediated, in part, by
BDNF.

In a more recent study, Kramer and colleagues investigated other
potential neurobiological markers of exercise-related brain plasticity in addition to
BDNF. Older adults (65-80 years old) were subjected to a 1-year aerobic walking
program (controls participated in non-aerobic stretching, toning, and balance
exercises). Using scans from MRI and functional MRI (fMRI), Kramer and
colleagues were able to perform a functional connectivity analysis of brain areas
in the FEN and DMN. Results indicated an association between increased
plasma levels of BDNF, insulin growth factor-1 (IGF-1) and vascular endothelial
growth factor (VEGF), and a positive change in functional brain connectivity in
the medial and temporal cortices (Voss et al., 2013). IGF-1 is a peptide that is
known to promote neuronal survival (Vincent and Feldman, 2002), synaptic
transmission (Blair and Marshall, 1997; Wang et al., 2000; Maher et al., 2006),
neurogenesis (Aberg et al., 2000) and angiogenesis (Lopez-Lopez et al, 2004),
while VEGF is a homodimeric glycoprotein whose primary role in the CNS is to
promote angiogenesis (Josko et al., 2000). The observations by Kramer and
colleagues point to three putative mechanisms—via BDNF, IGF-1 and VEGF—of

the exercise-induced benefits on the aging brain.

43



1.6.2 Animal Studies

The known neurobiological mechanisms underlying the effects of exercise in
the brain have been identified through exercise studies in animal models. Most
investigations involve exposing rats or mice to either voluntary or forced exercise
paradigms. Voluntary exercise protocols involve placing a rodent running wheel
in the home cage of the animal, and allowing free access to the wheel over a
defined period of time. Typically, rodents run between 2-5km/day, depending on
the duration of the exercise regimen (Harri et al., 1999; Binder et al., 2004; van
Praag et al., 2005; Stranahan et al., 2006; Hopkins et al., 2011) or strain (Festing
et al., 1977). Unlike voluntary exercise, treadmill exercise regimens are “forced”
and have a defined distance, duration (per session), frequency, and intensity
(Fordyce and Farrar, 1991; O’Callaghan et al., 2007; Trejo et al., 2008; Ferreira
et al.,, 2011; Bayod et al.,, 2011). Both forms of aerobic exercise models have
shown to produce functional neuroadaptations, and are the basis for much of the
current understanding of the neurobiological mechanisms of aerobic exercise.

As in humans, aerobic exercise in rodents can improve performance on a
variety of tasks that assess cognitive abilities. Spatial memory, which is primarily
hippocampal-dependent, is significantly improved in adult rodents after voluntary
(van Praag et al., 2005; Berchtold et al., 2010; Gibbons et al., 2014) and forced
(Fordyce and Farrar, 1991; Ang et al., 2006; Terjo et al., 2008; Ni et al., 2011)

exercise. Exercise can also improve hippocampal-independent memory, as there
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is evidence that forced (O’Callaghan et al., 2007; Griffin et al., 2009) and
voluntary (Garcia-Capdevila et al., 2009; Hopkins et al., 2011) exercise increases
time spent with a novel object in the novel object recognition task. Associative
memory (the ability to remember the relationship between unrelated items) is
also improved with exercise. Voluntary and forced exercise both enhance
performance in the contextual and cued fear conditioning task (Falls et al., 2010;
Bhattacharya et al., 2015; Gibbons et al., 2014; Kohman et al., 2012; Lin et al.,
2012), a test of associative memory that is amygdala and hippocampal-
dependent. Furthermore, exercise can either increase (Leasure and Jones, 2008;
Garcia-Capdevila et al., 2009; Costa et al., 2012), decrease (Binder et al., 2004;
Dubreucq et al., 2015) or have no impact (Chaouloff, 1994; Nguyen et al., 2013;
Patki et al., 2014) on anxiety-like behavior in rodents, which may be a reflection
of the model (mouse versus rat), type of exercise (forced versus voluntary),
duration/intensity of exercise, or type of test (open field test, light/dark box or
elevated-plus maze) used in the study.

Neurogenesis, the process by which new functional neurons are generated
from neural precursors, is a consistent neurobiological correlate of aerobic
exercise. Historically, it was thought that neurogenesis only occurred during
embryonic and perinatal development, but it was not until the seminal work of
Joseph Altman and Gopal Das that the first evidence of postnatal neurogenesis

could occur in adult mammals was reported (Altman and Das, 1965). It was later
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confirmed that newly born cells in the adult mammalian hippocampus were in fact
neurons (Cameron et al., 1993) and in 1996, the use of the nucleotide tag
bromodeoxyuridine (BrdU)—a marker of proliferating cells (Kuhn at al., 1996)—to
visualize proliferating neurons sparked a wealth of research on postnatal
neurogenesis. It is now generally accepted that adult neurogenesis occurs in all
mammals, including humans (Eriksson et al., 1998).

There are numerous studies that support exercise-induced neurogenesis in
the brain, particularly in the hippocampal subgranular zone of the dentate gyrus
(DG). Henriette van Praag and colleagues reported the first evidence of exercise-
induced neurogenesis in mice. They observed that 43 days of voluntary wheel
running resulted in a significant increase in the number of BrdU-positive cells in
the DG (van Praag et al.,, 1999a; van Praag et al., 2005). Other groups have
reported similar observations with both voluntary (Leasure and Jones, 2008;
Marlatt et al., 2012; Siette et al., 2013; Gibbons et al., 2014) and forced (Leasure
and Jones, 2008; Lou et al, 2008; Trejo et al., 2008; Wu et al., 2008) exercise
resulting in increased hippocampal neurogenesis.

Exercise-increased neurogenesis in the DG can also enhance LTP in that
region (van Praag et al.,, 1999b) and these changes are associated with
enhanced spatial memory. Others have also shown enhanced LTP after
voluntary (Farmer et al., 2004) and forced (O’Callaghan et al., 2007; O’Callaghan

et al., 2009) exercise, confirming the notion that exercise beneficially impacts
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synaptic function in the hippocampus. In agreement with this observation,
exercise increases protein levels of synapsin | (Gomez-Pinilla et al., 2002;
Cassilhas et al., 2012; Bechara et al., 2013; Hong et al., 2015), synaptophysin
(Bayod et al., 2011; Ferreira et al., 2011; Garcia et al., 2012) and post-synaptic
density 95 (PSD-95; Hu et al., 2009; Dietrich et al., 2005), which are proteins
known to be involved in synaptic plasticity. In addition to changes in synaptic
protein levels and synaptic function, modifications in synaptic plasticity can also
induce morphological changes in neurons (Nagerl et al., 2004). Given its impact
on synaptic proteins and function, it is not surprising that exercise can also
increase the length, complexity and spine density of neurons in the hippocampus
(Eadie et al., 2005; Stranahan et al., 2007; Lin et al., 2012) and entorhinal cortex
(Stranahan et al., 2007). Collectively, the aforementioned observations confirm
the important roles that exercise plays in maintaining and enhancing synaptic
plasticity in the brain, particularly in the hippocampus..

Exercise may provide benefits in humans by increasing circulating levels of
BDNF, IGF-1 and VEGF (Voss et al., 2013) Through this work and extensive
animal research, BDNF is considered one of the most important factors
upregulated by exercise (Cotman et al., 2007). Neeper and colleagues were the
first to observe exercise-induced increases in neurotrophins in the rodent brain,
particularly BDNF mRNA in the hippocampus and caudal areas of the neocortex

(Neeper et al., 1995; Neeper et al, 1996). Since then, this phenomenon has been
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replicated in several studies, with both BDNF gene and protein expression
elevated after voluntary (Berchtold et al., 2005; Vaynman and Gomez-Pinilla,
2005; Bertchtold et al., 2010) and forced exercise (O’Callaghan et al., 2007; Lou
et al., 2008; Griffin et al., 2009). Interestingly, BDNF levels can remain
upregulated for up to two weeks after voluntary exercise cessation (Bertchtold et
al., 2010).

As with BDNF, the effects of exercise on IGF-1 and VEGF have also been
reported, albeit to a lesser extent. Treadmill exercise increases circulating levels
of IGF-1 (Carro et al., 2000; Bayod et al., 2011) and its uptake by the brain
mediates some its beneficial effects (Carro et al., 2000; Carro et al., 2001).
Additionally, exercise induced-increases in VEGF have been observed in the
hippocampus (Tang et al., 2010), while peripheral blockade of VEGF prevents
exercise-induced hippocampal neurogenesis (Fabel et al., 2003). Thus, such
evidence implicates VEGF as another important factor for the benefits of exercise
in the brain.

It is quite obvious that exercise is beneficial for brain and cognitive health
across the life span. The extent to which exercise is beneficial can not be
overstated, as clinical and pre-clinical research points to a variety of benefits of
exercise in the brain, including enhanced neurogenesis, neurotropic factors, and
synaptic plasticity which are important for maintaining the structural and

functional integrity of the brain. Because of the numerous benefits of exercise on
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brain health and cognition, a growing sector of research has begun to understand
how exercise may help mitigate the progression of neurological disorders,
particularly its impact on neurodegenerative diseases.
1.7 Exercise and Tauopathy
1.7.1 Epidemiological and Clinical Studies
1.7.1.1 Alzheimer’s disease

It is generally accepted that incorporating physical activity—as part of a
healthy lifestyle—is associated with prolonged life (Scarmeas et al., 2011). While
the impact of exercise in healthy older adults has been researched since the late
1960s, investigating the potential benefits of exercise in dementia patients is a
more recent occurrence. AD has been the most studied tauopathy in regards to
exercise, probably as a consequence of higher prevalence rates for AD versus
FTLD-Tau MAPT, PD, CBD and PSP (Knopman et al., 2011). In fact, the risk of
AD incidence is inversely correlated with self-reports of daily exercise (Hamer
and Chida, 2009) and objective measures of physical fithess (Buchman et al.,
2012). One of the earliest clinical studies on exercise and AD by Palleschi and
colleagues explored the effects of 3 months of aerobic exercise (via cycle
ergometer) in 15 AD patients. A significant improvement in cognitive abilities was
observed, including a higher score on the Mini Mental State Examination (MMSE;
Palleschi et al., 1996), one of the assessments used to assess global cognition

and help diagnose dementia. Subsequent studies also indicated benefits to long-
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term aerobic exercise in AD patients. Dr. Sharon Arkin observed that AD patients
experienced elevated mood and increased physical fitness after 1 year (Arkin,
1999) and 10 months (Arkin, 2003) in a multimodal exercise regimen that
included aerobic exercise. Other studies have shown similar benefits (Teri et al,
2003; Winchester et al., 2013), with exercise-induced effects lasting up to 2 years
after exercise cessation (Teri et al., 2003). Additionally, exercise can beneficially
affect memory function in AD patients, with just 2 weeks of daily walking positive
correlated with improved performance on the Scenery Picture Memory Test
(Tanigawa et al., 2014).

Aerobic exercise programs can also benefit the activities of daily living (ADL)
index in AD patients. The ADL index is used to assess the relative independence
a patient has in performing daily activities, such as taking a shower or getting
dressed. Generally, individuals with dementia experience a decline in their ADL
score as the disease progresses. A randomized, controlled study by Rolland et
al. observed that one-year of exercise (walking, strength, balance and flexibility)
in AD patients resulted in a slower rate of decline in ADL score, which was
calculated as a 6.7% clinically-relevant benefit (Rolland et al., 2007). Other
studies have also indicated the benefits of exercise on ADL scores after 24
weeks (Nascimento et al., 2014) and 12 weeks (Santana-Sosa et al., 2008;

Steinberg et al., 2009).
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1.7.1.2 Frontotemporal dementia

To date, there is only one clinical study that has investigated the effects of
long-term aerobic exercise in a patient with FTD. In a series of two case studies,
Steffen and colleagues outlined the effects of mat exercises and treadmill training
in an individual diagnosed with mixed CBD and PSP. Following 2.5 years in the
exercise program, the patient displayed reduced fall frequency and an increase
in functional balance, which prevented the patient's need for wheelchair
dependence (Steffen et al., 2007). An update 7 years later indicated that 10
years in the exercise program reduced fall frequency and attenuated declines in
general mobility (Steffen et al., 2014). Additionally, this patient’s brain volume
(assessed by MRI) indicated a slower rate of volume loss and ventricular
expansion compared to other individuals with CBD or PSP (Steffen et al., 2014).
1.7.2 Animal Studies

As with clinical population, much of the work on exercise and animal models
of dementia has focused on the impact of exercise in models that recapitulate
various aspects of AD, particularly AB-related pathology. Numerous studies have
shown that voluntary and forced exercise can reduce AB pathology in the whole
brain (Um et al., 2008) cortex (Adlard et al., 2005; Garcia-Mesa et al., 2011) and
hippocampus (Adlard et al., 2005; Nichol et al., 2008; Yuede et al., 2009; Um et
al., 2011; Liu et al., 2013; Lin et al., 2015; Tapia-Rojas et al., 2015) in transgenic

AD mice. Attenuation of cognitive deficits has also been observed after exercise,
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especially improvements in spatial memory (Adlard et al., 2005,Parachikova et
al., 2008; Garcia-Mesa et al., 2011; Liu et al., 2011; Um et al., 2011; Tapia Rojas
et al., 2015; Zhao et al., 2015). In parallel to improved spatial memory, exercise
can ameliorate hippocampal LTP impairments in AD transgenic mice (Garcia-
Mesa et al., 2011; Liu et al., 2011; Zhao et al., 2015), and a rat model of AD-like
pathology (Dao et al., 2013).

Surprisingly, as with clinical studies, there are few animal studies on the
impact of exercise on models of FTD. One study examined the impact of
intermediate and high intensity treadmill training on NSE/htau23 transgenic mice.
This particular tauopathy model expresses the neuron-specific enolase (NSE)-
controlled human wild-type tau (htau23; Shim et al., 2007). At 16 months of age,
NSE/htau23 mice display tau hyperphosphorylation in the brain; however, they
do not appear to have any robust behavioral impairments, insoluble tau
aggregation, neurofibrillary tangles, or gross cell loss (Shim et al.,, 2007).
Nonetheless, 12 weeks of treadmill exercise reduced AT8-positive
immunoreactivity (in the hippocampus) and hyperphosphorylated soluble tau
(whole brain: AT8, PHF-1, pSerd404, pSer202, pSer396, pThr231; Leem et al.,
2009) in these mice. There is also evidence that 9 months of voluntary wheel
running can reduce tau hyperphosphorylation immunofluorescence in the

hippocampus and reduce cholinergic cell loss in the medial forebrain in THY-
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Tau22 mice (Belarbi et al., 2011), which develop several pathological
characteristics of tauopathies.
1.8 Statement of Problem and Introduction to Dissertation Project

The aforementioned studies using mouse models of tau pathology indicate
the potential benefits of exercise in tau-associated diseases. Voluntary exercise
reduced tau hyperphosphorylation and cell loss in THY-Tau 22 mice (Belarbi et
al.,, 2011), while treadmill exercise reduced tau hyperphosphorylation in
NSE/htau23 mice (Leem et al., 2009). Since these studies either used mouse
models that do not develop NFTs and neurodegeneration (Shim et al., 2007;
Leem et al., 2009, Um et al., 2011) or did not evaluate the impact of exercise on
insoluble tau accumulation (Belarbi et al., 2011), there was a need to better
understand how exercise effects NFT development and associated behavioral
impairments in a mouse model that recapitulates those important facets of tau-
related dementias.

The overall objective of this dissertation project was to investigate the effects
of chronic exercise on the development of NFT-associated pathology and
behavioral impairments, as well as the potential mechanisms of exercise-induced
effects on NFT pathology. The central hypothesis was that endurance treadmill
exercise would slow the development of neurodegenerative tau pathology and

associated behavioral impairments in the P301S-tau transgenic mouse model of
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neurodegenerative tau pathology. This hypothesis was tested by investigating

the following specific aims:

Aim 1: To evaluate the effects of exercise after significant
impairments in the P301S mouse model of tau pathology and
before the development of NFT-associated behavioral
impairments. It was hypothesized that exercise would reduce the
severity of behavioral impairments in significantly impaired mice and
prevent the development of behavioral dysfunction in mice with no

overt impairments.

Aim 2: To study the effects of exercise before and after the signs

of NFT pathology in the brain and spinal cord of P301S mice. It
was hypothesized  that  exercise  would reduce  tau
hyperphosphorylation and neurodegeneration in mice with significant
NFT pathology prevent the progression of these pathological changes
in mice with significant NFT pathology.

Aim 3: To determine the biochemical changes that occur in the
brain and spinal cord as a result of exercise introduced before
and after the signs of NFT pathology in P301S mice. It was
hypothesized that exercise would attenuate insoluble tau

accumulation in mice with significant NFT pathology and prevent the
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significant accumulation of insoluble tau in mice without significant

NFT pathology.

This project is divided into two major studies, one examining the impact of
exercise intervention (after the onset of significant tau pathology) and another
examining the impact of exercise as a preventative therapy (before the onset of

significant tau pathology).
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CHAPTER 2: THE EFFECTS OF EXERCISE AS AN INTERVENING THERAPY
2.1 ABSTRACT

In this study, 7-month old PS19 mice were subjected to 12-weeks of
forced treadmill exercise and evaluated for effects on motor function and tau
pathology at 10 months of age. Exercise enhanced general exploratory
locomotion and resulted in reductions in full-length and hyperphosphorylated tau
in the spinal cord and hippocampus as well as a reduction in sarkosyl-insoluble
AT8-tau in the spinal cord. Exercise did not attenuate significant neuron loss in
the hippocampus or cortex. Key proteins involved in autophagy—LC3-Il and
p62/SQSTM1 —were measured to assess whether autophagy is implicated in
the exercised-induced reduction of aggregated tau protein. There were no
significant effects of forced treadmill exercise on autophagy protein levels in
P301S mice. Additionally, protein levels of BDNF and GSK-3 were measured to
assess the role these proteins may have in mediating the effects exercise on tau
pathology. No significant effects of exercise on BDNF and GSK-33 were
observed in the spinal cord and brain. The results suggest that exercise
intervention differentially affects tauopathy in the brain and spinal cord of aged

P301S mice, with greater benefits observed in the spinal cord versus the brain.
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2.2 MATERIALS AND METHODS
2.21 Animals

The P301S tau transgenic mouse expresses human tau (1N4R) with a
P301S mutation (Yoshiyama et al., 2007). These mice display progressive NFT
pathology and neurodegeneration in the brain and spinal cord, developing lower-
limb weakness around 5-6 months of age. PS19 mice (7-8 months old), and their
age-matched non-transgenic controls were individually housed in the animal
facility at the University of Houston. Mice were housed in a climate-controlled
room (25°C) on a 12/12h light/dark cycle and given food and water ad libitum. All
experiments were approved by the University of Houston Institutional Animal
Care and Use Committee and implemented following the National Research
Council’s Guide of The Care and Use of Laboratory Animals.
2.2.2 Endurance Treadmill Exercise Protocol

Mice were designated to four groups: exercised (Tg-EX) and sedentary
(Tg-SED) PS19 mice along with their non-transgenic exercised (NTg-EX) and
sedentary (NTg-SED) counterparts. Beginning at 7 months of age, mice ran on a
six-lane motorized treadmill (Columbus Instruments, Columbus, OH, USA) 5
days/week for 40 min/day for 12 weeks. The mice in the exercise groups were
trained on treadmill running with a speed up to 15m/min (5min at 6m/min, 5 min
at 9m/min, 20 min at 12m/min, 5 min at 15 m/min, and 5 min at 12m/min) with a

0° inclination. This protocol has been previously reported to produce similar
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cardiovascular, muscular and metabolic changes that occur during aerobic
activity in humans (Al Jarrah et al., 2007). The sedentary mice were brought to
the exercise facility in order to expose mice to the same conditions as the
exercised mice. In order to ensure that all mice were able to complete the
exercise protocol, mice were observed throughout the duration of exercise and
were qualitatively evaluated.
2.2.3 Open Field Activity

Mice were tested 48 h after completion of 12 weeks of endurance treadmill
exercise. Mice were placed in the center of a 60X40 cm Plexiglas box and
allowed to explore the area for 30 min. Open field activity was measured in
standard lighting conditions using a computer-operated Opto-Varimex Micro
Activity Meter v2.00 system (Optomax, Columbus Instruments; OH). Each
Plexiglas testing chamber contained sensors with 8-infared light emitting diodes
and 8 phototransistors that emit and detect infrared light beams. Movement was
detected by beam breaks, and the Opto-Varimex program recorded total activity
counts, distance traveled, ambulatory activity counts, rearing activity counts and
stereotypic activity counts. Time spent in the center was analyzed by defining a
25 cm x 25 cm square in the open-field arena so that the program defined this
space as the center zone. Time spent in the center verses the perimeter was

calculated for each mouse.
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2.2.4 Tissue Extraction

Mice were sacrificed under carbon dioxide (CO,) anesthesia and the
brains and spinal cords were dissected. Each hemibrain and spinal cord was
placed in Accustain (a proprietary formalin-free fixative from Sigma-Aldrich, St.
Louis, MO, USA) for tissue fixation for 48 hours at 4°C. After Accustain fixation,
the hemibrain and spinal cord were stored in 70% ethanol at 4°C for paraffin
processing. Automated paraffin processing was achieved using the Leica
TP1020 autoprocessor. Tissue was processed through the following solutions:
70% ethanol for 1 hour, 96% ethanol for 1 hour, 100% ethanol for 1 hour, 100%
ethanol for 1.5 hours (2x), 100% ethanol for 2 hours, VWR Aliphatic Xylene
substitute for 1 hour (2x), and in paraffin wax at 58°C for 1 hour (2x). Following
processing, tissues were embedded into paraffin wax at 58°C using a plastic
mold and then cooled for at least 30 minutes.

The other half of each brain and the cervical spinal cord were snap frozen
stored at -80°C for biochemical processing. Tissues were homogenized in cold
radioimmunoprecipitation assay (RIPA) lysis and extraction buffer containing
protease and phosphatase inhibitors (Thermo-Fisher Scientific, Rockford, IL,
USA). Samples were then centrifuged at 20,000 x g for 20 min at 4°C. The pellet
was discarded, and a portion of the RIPA lysate was used for biochemical
analysis of soluble tau, autophagy-related proteins, BDNF and GSK-38.

Sarkosyl-insoluble tau was isolated following a previously reported protocol

59



(Planel et al., 2011), with RIPA supernatants adjusted to 1% sarkosyl. Samples
were incubated for 1 hr. at room temperature and then spun at 100,000 X g at
room temperature. The supernatants were discarded and the pellets were
resuspended in O+ buffer (62.5 mM Tris-HCI, 10% glycerol, 5% 2-
mercaptoethanol, 0.1% SDS, phosphatase and protease inhibitors). Samples
were then boiled for 3 min and kept at -20 °C for Western blot analysis.
2.2.5 Immunofluorescence and Image Analysis

Paraffin processed brain and lumbar spinal cord tissue sectioned at a
10um thickness. Immunofluorescence was performed on the lumbar spinal cord
and hemibrain sections using the TAUS5 antibody (anti-TAU, 1:500, Life
Technologies, Grand Island, NY) that recognizes phosphorylated and non-
phosphorylated tau. Additionally, tau phospho-dependent antibodies were used:
AT8 (anti-pSer202/Thr205, 1:500, Life Technologies, Grand Island, NY), AT100
(anti-pSer212/Thr214, 1:500, Life Technologies, Grand Island, NY), and AT180
(anti-pThr231, 1:500, Life Technologies, Grand Island, NY). In order to reduce
endogenous biotin or biotin-binding activity, sections were incubated in avidin
blocking reagent (Life Technologies, Grand Island, NY) for 10 minutes, and then
incubated in biotin blocking reagent (Life Technologies, Grand Island, NY) for 10
minutes. Sections were then blocked with 5% goat serum [diluted in 1x Tris-
buffered saline with Tween 20 (TBST)] for 20 minutes. Subsequently, sections

were incubated in primary antibodies overnight at 4°C, followed by incubation for
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30 min in Dbiotinylated goat anti-mouse secondary antibody (1:200;
Jacksonlmmuno, West Grove, PA). Finally, the sections were incubated in
DyLight 649 streptavidin (1:100; Vector Laboratories, Burlingame, CA) for 10
minutes and cover slipped with Fluoro-Gel Il with DAPI (Electron Microscopy
Sciences, Hatfield, PA). Additionally, double immunofluorescence with a subset
of P301S mice (n=4 mice per group) with TAUS (1:500) and the T22 antibody
(1:200, kindly donated by Dr. R. Kayed), which specifically recognizes oligomeric
forms of tau (Lasgana-Reeves et al., 2012).

For image analysis, up to six equidistant sections were chosen per animal,
corresponding to plates 42 to 49 in the brain (Franklin and Paxinos, 2008), and
L1 to L6 of the spinal cord (Watson, 2009). Slides were coded to ensure that
measurements were not biased. Integrated density analysis was assessed using
NIH Image J software to quantify total immunofluorescence staining per relevant
area (spinal cord, cortex, or hippocampus) for each section. All images were
thresholded to ensure that only positive staining was measured. In the spinal
cord, for every 10" section a 700 um x 1000 um rectangle was placed around the
grey matter to measure integrated density of staining (the sum of the pixel values
in an image, or fluorescence intensity) per area. This method has been used
previously (Barbero-Camps et al., 2013). For the brain, every 10" section was
measured. The cortex was isolated from the rest of the brain and a 4000 pm x

4000 ym box was placed around the entire region to measure integrated density.
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A similar process was performed for the hippocampus, with a 2000 ym x 1000
Mm rectangle placed around the hippocampus for integrated density analysis.
2.2.6 Immunohistochemistry and Image Analysis

Brain and lumbar spinal cord tissue was paraffin processed and sectioned
at a 10 uym thickness and the same brain plate and spinal cord regions assessed
were identical to those in the immunofluorescence analysis.
Immunohistochemistry was performed on equidistant (every 10™) sections from
the lumbar spinal cord (n24 sections per animal; L1 to L6 regions) and hemibrain
(n=4 sections per animal; plates 42 to 49) using anti-neuronal nuclei (NeuN;
1:1000, Millipore) antibody. In order to reduce endogenous biotin or biotin-
binding activity, sections were incubated in avidin blocking reagent (Life
Technologies, Grand Island, NY) for 10 minutes, and then incubated in biotin
blocking reagent (Life Technologies, Grand Island, NY) for 10 minutes. Sections
were then blocked with 5% goat serum [diluted in 1x Tris-buffered saline with
Tween 20 (TBST)] for 20 minutes. Subsequently, sections were incubated in
primary antibodies overnight at 4°C, followed by incubation for 30 min in horse
radish peroxidase (HRP)- goat anti-mouse secondary antibody (1:200;
Jacksonlmmuno, West Grove, PA) at room temperature and stained with a 3,3’-
diaminobenzidine (DAB) staining kit (Vector Laboratories, Burlingame, CA). After
staining, sections were dehydrated through a series of solutions: 70% ethanol for

3 minutes, 95% ethanol for 3 minutes, 100 % ethanol for 3 minutes (2x) and

62



VWR Aliphatic Xylene substitute for 3 minutes (3x). Sections were cover slipped
with Histomount (National Diagnostics, Atlanta, GA) and allowed to dry overnight.
The number of positively stained neurons with a clearly identifiable nucleus were
quantified by a blinded observer using NIH Image J software to determine the
number neurons in the ventral horn of the spinal cord as well as neurons in the
cortex. For the hippocampus, a 200pum x 1000um rectangular region of the CA3
and CA1 was quantified.
2.2.7 Protein Quantification and Analysis

Spinal cord, hippocampus, and cortex samples from both RIPA and sarkosyl
extractions were resolved by SDS-PAGE or dot blot. Blots were probed with tau
antibodies [TAU5, (1:1000), AT8 (1:1000), AT100 (1:1000), AT180 (1:250)],
autophagy-related antibodies (anti-LC3, 1:500, Novus Biologicals, Littleton, CO;
anti-p62, 1:1000, BD Biosciences, San Jose, CA), anti-BDNF (1:500; Santa Cruz
Biotechnology, Dallas, TX) and anti- GSK-3B3(pSer9; 1:1000; Cell Signaling
Technologies, Danvers, MA). After overnight incubation at 4°C, blots were
incubated in horseradish peroxidase-labeled mouse or rabbit secondary
antibodies (1:10000; Jacksonlmmuno, West Grove, PA) for 1 hour at room
temperature. Blots were visualized with an enhanced Amersham ECL Prime (GE
Healthcare Life Sciences, Pittsburgh, PA) western blotting detection agent. Band
densities were analyzed with NIH Image J software and band values were

normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:3000,
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EMD Millipore, Billerica, MA). Dot blots were prepared by pipetting 1.2 ul of each
sample in each square of a nitrocellulose membrane and allowed to dry for 30
minutes. Blots were incubated with T22 (1:250), overnight at 4°C followed by
incubation with a rabbit horseradish peroxidase-labeled secondary and
visualization with ECL. Dot intensities were analyzed with NIH Image J software.
2.2.8 Statistical Analysis

A Student’s t-test was used to compare exercised and sedentary P301S
mice. A two-way ANOVA was used to compare all four groups (Tg-EX, Tg-SED,
NTg-EX, and NTg-SED). After the ANOVA, a Newman-Keuls post-hoc (for
behavioral tests; Bailey and Crawley, 2009) or Tukey’'s HSD post-hoc was used
to compare the significant effects between groups. All results are displayed as

mean + SEM.
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2.3 RESULTS
2.3.1 Effects of exercise on general exploratory activity

Exercise training resulted in enhanced total exploratory activity in Tg mice.
Two-way analysis of variance (ANOVA) revealed a main effect of exercise, [F(2,
32)=8.1829, p<0.01]. Newman-Keuls post-hoc indicated that Tg-EX mice had
significantly higher total activity versus the Tg-SED mice (p<0.01; Figure 2.3.1). A
significant main effect of exercise was observed for total distance traveled, [F(2,
32)=5.6585, p<0.05], where Tg-EX mice traveled more than Tg-SED mice
(p<0.05; Figure 2.3.2), and ambulatory activity [F(2,32)=7.9197, p<0.01], where
Tg-EX mice displayed increased ambulation versus Tg-SED mice (p<0.05;
Figure 2.3.3). Exercise-enhanced locomotor behavior in Tg-EX mice was not
attributed to either rearing activity, [F(2,32)=0.2072, p=0.652; Figure 2.3.4] or
stereotypic activity, [F(2,32)=0.0573, p=0.812; Figure 2.3.5]. Additionally,
increased locomotor and exploratory activity of Tg-Ex mice was not due to
decreased anxiety-like behavior, as all groups spent a similar amount of time in

the center of the testing chamber, [F(2,32)=0.1514, p=0.700; Figure 2.3.6].
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Figure 2.3.1 Total activity in the open field. Tg-EX mice displayed
improvements in total exploratory activity when compared to Tg-SED mice. The
groups were compared using a two-way ANOVA. Exercise did not impact total

activity in NTg mice (*p<0.05; n=6-10 per group).
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Figure 2.3.2 Total distance traveled in the open field. Tg-EX mice traveled
longer distances than Tg-SED mice. Exercise did not impact total distance

traveled in NTg mice (*p<0.05; n=6-10 per group).
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Figure 2.3.3 Ambulatory activity in the open field. Tg-EX mice displayed
greater ambulation than Tg-SED mice. Exercise did not impact ambulation in

NTg mice (*p<0.05; n=6-10 per group).
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Figure 2.3.4 Rearing activity in the open field. Exercise did not impact rearing
activity in Tg and NTg mice, as all groups displayed similar rearing activity

counts. (n=6-10 per group).
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Figure 2.3.5 Stereotypic activity in the open field. Exercise did not impact
stereotypy in Tg and NTg mice, as all groups displayed similar stereotypic activity

counts (n=6-10 per group).
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Figure 2.3.6 Center time spent in the open field. All groups displayed similar
anxiety-like behavior in the open field, an indication that exercise did not impact

% of total time spent in the center of Tg and NTg mice (n=6-10 per group).
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2.3.2 Effects of exercise on tau hyperphosphorylation
2.3.2.1 Exercise reduces total tau (TAUS) immunofluorescence in the spinal cord
and hippocampus, but not the cortex

A Student’s t-test to compare Tg-SED and Tg-EX groups revealed a
reduction in total tau immunofluorescence was observed in the spinal cord
(p<0.05; Figure 2.3.7; Figure 2.3.8) and hippocampus (p<0.05; Figure 2.3.9
Figure 2.3.10) of Tg-EX mice after exercise. No significant changes in total tau
were observed in the cortex (p>0.05; Figure 2.3.11, Figure 2.3.12).
2.3.2.2 Exercise reduces hyperphosphorylated tau immunofluorescence in the
spinal cord and hippocampus, but not the cortex in 10-month old P301S mice

A Student’s t-test to compare Tg-SED and Tg-EX groups for tau
hyperphosphorylation at sites AT8, AT100, and AT180. Tau phosphorylated at
sites Ser202 and Thr205 (AT8) was also significantly reduced in the spinal cord
(p<0.05; Figure 2.3.7) and hippocampus (p<0.05; Figure 2.3.9), in the Tg-EX
mice. Additionally, a significant reduction in tau phosphorylated at sites
Thr212/Ser214 (AT100) and Thr231 (AT180) was observed in the spinal cord
(p<0.05; Figure 2.3.7 Figure 2.3.8), while a reduction in AT180 in the
hippocampus almost reached statistical significance (p=0.058; Figure 2.3.9). No
significant changes were observed in hyperphosphorylated tau species in the

cortex (Figure 2.3.11).
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Figure 2.3.7 Tau immunofluorescence in the spinal cord. Exercise reduced

total (TAUS) and phosphorylated (AT8, AT100, AT180) tau in the spinal cord

(*p<0.05; n=6-8 per group).
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Figure 2.3.8. Representative images of tau immunofluorescence in the

spinal cord. Total (TAU5) and hyperphosphorylated (AT8, AT100, AT180) tau is
reduced after exercise in the spinal cord (dorsal horn). Scale bar represents 100

um. Green=TAUS, Red=AT8, AT100 or AT180; Blue=DAPI.
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Figure 2.3.9 Tau immunofluorescence in the hippocampus. Exercise reduced

total (TAUS) and phosphorylated (AT8) tau (*p<0.05; n=6-8 per group).
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Figure 2.3.10 Representative images of tau immunofluorescence in the

hippocampus. Total (TAUS) and hyperphosphorylated (AT8) tau is reduced after
exercise. Note the presence of intense staining in the CA3, which was reduced
after treadmill exercise training. Scale bar represents 200pum. Green=TAUS,

Red=AT8, AT100 or AT180; Blue=DAPI).
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Figure 2.3.11 Tau immunofluorescence in the cortex. Exercise did not impact
total (TAUS) and phosphorylated (AT8, AT100, AT180) tau (n=6-8 per group) in
the entire cortex, corresponding to plates 42 to 49 in the brain (Franklin and

Paxinos, 2008).
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Figure 2.3.12. Representative images of tau immunofluorescence in the
cortex. Exercise did not impact total (TAUS) and phosphorylated (AT8, AT100,
AT180) tau in the cortex (layers I-Il). Scale bar represents 100um. Green=TAUS,

Red=AT8, AT100 or AT180; Blue=DAPI).
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2.3.3 Effects of exercise on soluble and insoluble pathological tau
accumulation
2.3.3.1 Exercise produces marginal reductions in soluble tau in the spinal cord,
hippocampus and cortex

Student’s t-test was used to analyze differences between Tg-SED and Tg-
EX groups. No significant reductions in total soluble tau protein in the spinal cord
(TAUS: Figure 2.3.13; p=0.246), cortex (TAUS: Figure 2.3.14; p=0.398), and
hippocampus (TAUS: Figure 2.3.15; p=0.203) in Tg-EX versus transgenic
sedentary (Tg-SED) mice. Soluble AT8-tau was not significantly reduced in Tg-
EX versus Tg-SED mice in the spinal cord (Figure 2.3.13; p=0.260) and cortex
(Figure 2.3.14; p=0.680), or hippocampus (Figure 2.3.15; p=0.870). Exercise did
not appear to significantly influence the levels of soluble AT100-tau in the spinal
cord (Figure 2.3.13; p=0.480), cortex (Figure 2.3.14; p=0.124) and hippocampus
(Figure 2.3.15; p=0.491). No reductions were indicated in soluble AT180-tau in
the spinal cord (Figure 2.3.13; p=0.149), cortex (Figure 2.3.14; p=0.731) and
hippocampus (Figure 2.3.15; p=0.369).
2.3.3.2 Exercise does not affect the level of soluble oligomeric tau

Dot blot analysis revealed that exercise did not affect the levels of tau
oligomers in any region; mice from the Tg-EX group displayed similar levels of
oligomeric tau in the spinal cord (p=0.790), cortex (p=0.880) and hippocampus

(p=0.313; Figure 2.3.16).

79



2.3.3.3 Exercise has differential effects on insoluble tau in the spinal cord and
brain

Total insoluble-tau (TAUS) protein was not significantly reduced in the spinal
cord (76% decrease; p=0.152, Figure 2.3.17), cortex (41% decrease; p=0.309,
Figure 2.3.18), or hippocampus (p=0.513; Figure 2.3.19) of Tg-EX versus Tg-
SED mice. Insoluble AT8-tau was significantly reduced in the spinal cord
(p<0.05; Figure 2.3.17), but not in the hippocampus (p=0.703; Figure 2.3.18) or
cortex (p=0.470; Figure 2.3.19) after exercise. No significant changes were
observed in cortical insoluble AT100-tau (p=0.124; Figure 2.3.18), or in the spinal
cord (p=0.983; Figure 2.3.17) and hippocampus (p=0.445; Figure 2.3.19). No
changes in insoluble AT180-tau were observed in the spinal cord (p=0.822) and

brain (hippocampus: p=0.680; cortex: p=0.54; Figures 2.3.17-2.3.19).
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Figure 2.3.13 Western blot analysis of soluble tau protein levels in the
spinal cord. Exercise did not impact soluble total (TAU5) and phosphorylated

(AT8, AT100, AT180) tau protein levels in Tg mice (n=6-8 per group).
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Figure 2.3.14 Western blot analysis of soluble tau protein levels in the
cortex. Exercise did not reduce soluble total (TAU5) and phosphorylated (ATS,

AT100, AT180) tau protein levels in Tg mice (n=6-8 per group).
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Figure 2.3.15 Western blot analysis of soluble tau protein levels in the

hippocampus. Exercise did not change soluble total (TAUS) and phosphorylated
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(AT8, AT100, AT180) tau protein levels in Tg mice (n=6-8 per group).
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Figure 2.3.16. Dot blot analysis of soluble tau oligomers. Exercise did not

significantly impact protein levels of soluble tau oligomers in Tg mice (n=4 per

group).
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Figure 2.3.17 Western blot analysis of insoluble tau protein levels in the
spinal cord. Exercise reduced insoluble phosphorylated (AT8) tau protein levels
in Tg mice. Exercised mice displayed lower levels of insoluble TAUS, however

this effect did not reach statistical significance. (*p<0.05; n=6-8 per group).
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Figure 2.3.18 Western blot analysis of insoluble tau protein levels in the
cortex. Exercise did not significantly impact insoluble tau protein levels in Tg

mice (n=6-8 per group).
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Figure 2.3.19 Western blot analysis of insoluble tau protein levels in the

hippocampus. Exercise did not significantly impact insoluble tau protein levels in

Tg mice (n=6-8 per group).
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2.3.4 Effect of exercise on neuronal cell number in the spinal cord and
brain

Quantification of motor neurons in the spinal cord revealed no significant
difference in cell number between all 4 groups, with two-way ANOVA indicating
no main effect of genotype, [F(2,28)=0.2212, p=0.642] or exercise,
[F(2,28)=0.8274, p=0.371; Figure 2.3.20, Figure 2.3.21]. Cortical
neurodegeneration was observed in P301S mice, with a main effect of genotype,
[F(2, 27)=27.8664, p<0.01]. Tukey’'s HSD post hoc revealed that the Tg-SED
group had less NeuN-positive cells than the NTg-SED group (p<0.05; Figure
2.3.22, Figure 2.3.23). Similarly, the Tg-EX group had less NeuN-positive cells
than the NTg-EX group (p<0.01; Figure 2.3.22, Figure 2.3.23). Tg mice displayed
neurodegeneration in the cornus ammonis (CA) 3 of the hippocampus, with a
main effect of genotype, [F(2, 24)=41.5653, p<0.01]. Tukey’s HSD post hoc
revealed that Tg-SED mice had significantly fewer NeuN-positive cells than NTg-
SED mice (p<0.05; Figure 2.3.24, Figure 2.3.25) and the Tg-EX mice had fewer
NeuN-positive cells than the NTg-EX mice (p<0.01; Figure 2.3.24; Figure 2.3.25).
Neurodegeneration was also observed in the CA1 of the hippocampus of P301S
mice [F(2, 27)=57.0844, p<0.01] with both Tg-SED and Tg-EX mice displaying
significantly fewer NeuN-positive cells than their NTg counter parts (p<0.01;

Figure 2.3.26; Figure 2.3.27).
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Figure 2.3.20 Neuron quantification in the spinal cord. All groups displayed

similar neuron counts. (n=6-8 per group).
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Figure 2.3.21. Representative images of NeuN-positive cells in the spinal
cord. All groups displayed similar neuron counts in the spinal cord. Images were
taken of the ventral horn of the lumbar spinal cord, where lower motor neurons

are present. Scale bar represents 50um.
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Figure 2.3.22 Neuron quantification in the cortex. Transgenic mice displayed
fewer neurons than their non-transgenic counterparts, which reflects the effect of
P301S tau overexpression in Tg mice. Exercise was not able to prevent cell loss

as not significant increase in neuronal cell count was observed.(*p<0.01; n=6-8

per group).

91



Figure 2.3.23. Representative images of NeuN-positive cells in the cortex.
Tg mice displayed fewer neurons than NTg mice in the cortex corresponding to
plates 42 to 49 in the brain (Franklin and Paxinos, 2008). Scale bar represents

100pum.
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Figure 2.3.24 Neuron quantification in the CA3 of the hippocampus. Tg mice
displayed fewer neurons than NTg mice. Exercise did not significantly impact

neuronal cell count. (*p<0.01; n=6-8 per group).
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Figure 2.3.25. Representative images of NeuN-positive cells in the CA3 of
the hippocampus. P301S transgenic mice displayed fewer neurons than their
NTg counterparts. Exercise did not prevent cell loss in the Tg mice. Scale bar

represents 25um.
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Figure 2.3.26 Neuron quantification in the CA1 of the hippocampus. Tg mice
displayed fewer neurons than NTg mice. Exercise did not significantly impact

neuronal cell count. (*p<0.01; n=6-8 per group).
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Figure 2.3.27. Representative images of NeuN-positive cells in the CA1 of
the hippocampus. Tg mice displayed fewer neurons than NTg mice. Scale bar

represents 25um.
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2.3.5 Effects of exercise on autophagy-related proteins in the spinal cord
and brain

No significant effects of exercise on protein levels were observed of
microtubule-associated protein 1A/1B light chain 3-ll (LC3-ll) and
p62/sequestosome 1 (p62/SQSTM1) of the NTg and Tg groups. A two-way
ANOVA indicated significant differences across all 4 groups of LC3-Il in the
spinal cord [F(2, 13)=5.931, p<0.05], with a main effect of transgene (p<0.01)
and no main effect of exercise (p=0.701; Figure 2.3.28). Tg mice displayed
significantly lower levels of LC3-Il then the NTg mice in the spinal cord. For
hippocampal LC3-Il, there were no significant differences [F(2, 12)=0.406,
p=0.675; Figure 2.3.20]; a similar result was also observed in the cortex [F(2,
13)=1.248, p=0.319; Figure 2.3.28]. For p62/SQSMT1, a similar pattern of results
were obtained: significant differences were observed in the spinal cord [F(2,
12)=5.286, p<0.05; Figure 2.3.29] and a main effect of transgene (p<0.05) and
no main effect of exercise (p=0.141). Tg mice displayed significantly lower levels
of p62/SQSMT1 then the NTg mice in the spinal cord.

While not statistically significant, lower levels of both LC3-Il and
p62/SQSTM1 were observed in the spinal cord after exercise in NTg and Tg

mice. Strong LC3-I bands were not observed in the cortex and hippocampus
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(Figure 2.3.28), which could be due to the greater sensitivity of the anti-LC3
antibody to LC3-1l over LC3-l in some cases (Mizushuma and Yoshimori, 2007).
The presence of a stronger 37 kDa p62 band was observed in the spinal cord,
cortex, and hippocampus of Tg versus NTg mice (Figure 2.3.29). The 37 kDa
band is known to be a product of caspase cleavage in vitro (Norman et al., 2010;
El Khoury et al., 2014). Additionally, we also observed the presence of 25 and 20
kDa bands in the spinal cords of Tg, whereas these bands were not present in

the NTg (Figure 2.3.29).
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Figure 2.3.28. Western blot analysis of LC3-ll protein levels. Exercise did not
significantly impact protein levels in the spinal cord, cortex, and hippocampus. Tg

mice displayed lower levels of LC3-Il than NTg mice (*p<0.05; n=4 per group).
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Figure 2.3.29. Western blot analysis of p62/SQSTM1 protein levels

. Exercise did not significantly impact protein levels in the spinal cord, cortex, and

hippocampus. Tg mice displayed lower levels of p62 than NTg mice (*p<0.05;

n=3-4 per group). Intense 37, 25, and 20 kDa bands were observed in Tg mice

and indication of proteolytic cleavage.

100



2.3.6 Effects of exercise on BDNF and in the spinal cord and brain.
Western blot analysis of BDNF levels revealed no significant difference
across all groups in the spinal cord [F(2, 12)=0.187, p=0.831; Figure 2.3.30] and
hippocampus [F(2, 12)=0.635, p=0.547; Figure 2.3.31]. Exercise did not
significantly impact GSK3[ levels in the spinal cord [F(2, 12)=0.055, p=0.946;
Figure 2.3.32] or hippocampus [F(2, 12)=5.141, p<0.05; exercise main effect:
p=0.815; Figure 2.3.33], however, there was a main effect of transgene, with NTg

mice displaying lower levels than Tg mice (p<0.01)
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Figure 2.3.30 Western blot analysis of BDNF protein levels in the spinal
cord. Exercise did not significantly impact spinal protein levels of BDNF. Protein

levels were normalized to GAPDH (n=4 per group).
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Figure 2.3.31 Western blot analysis of BDNF protein levels in the
hippocampus. Exercise did not significantly impact hippocampal protein levels
of BDNF, as all groups displayed similar levels. Protein levels were normalized to

GAPDH (n=4 per group).
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Figure 2.3.32 Western blot analysis of GSK3pB protein levels in the spinal

cord. Exercise did not significantly impact spinal cord protein levels of GSK3p.

Protein levels were normalized to GAPDH. (n=4 per group).
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Figure 2.3.33 Western blot analysis of GSK3p protein levels in the
hippocampus. Exercise did not significantly impact GSK33, however, Tg mice
displayed higher protein levels than NTg mice. Protein levels were normalized to

GAPDH(*p<0.01; n=4 per group).
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2.4 DISCUSSION

The aim of this study was to investigate if exercise introduced at later
stages of disease could significantly impact behavior and pathology in P301S
mice. P301S tau transgenic mice develop extensive tau pathology in the spinal
cord at 6 months of age (Scattoni et al., 2010; Schaeffer et al., 2012)
accompanied by neurogenic muscle atrophy (Yoshiyama et al., 2007), which
results in a progressive decline in locomotor function. While our P301S mice had
slightly lower activity in the open field, no observable profound motor deficit was
displayed in general exploratory locomotion or in the challenging beam test in our
10-month old P301S mice compared to the non-transgenic mice, potentially due
to phenotypic drift that has been previously reported in this mouse line (Zhang et
al., 2012; Iba et al., 2013; Maruyama et al., 2013).
2.4.1 Exercise impacts general exploratory behavior in the open field

Significant tau pathology was observed in our 10-month old mice and
forced exercise training significantly enhanced general exploratory locomotion a
in Tg-EX versus Tg-SED mice. These observations are in accordance with recent
clinical evidence (Steffen et al., 2007; 2014) showing that a patient diagnosed
with mixed CBD and PSP that participated in a regular exercise program
(including treadmill training) for 10 years displayed reduced fall frequency, as
well as improved balance and ambulation after exercise training (Steffen et al.,

2014). The enhancement of general locomotor ability that was observed could
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be attributable to a variety of factors. First, there were reductions in tau
hyperphosphorylation and aggregation in the spinal cord, an indication that the
progression of tau pathology was attenuated by exercise in this region.
Hyperphosphorylation and aggregation of tau are associated with synapse loss
and altered synaptic function (Yoshiyama et al., 2007) in P301S mice, so it is
possible that treadmill exercise prevented these alterations in the spinal cord,
restoring adequate neurotransmission of lower motorneurons at the
neuromuscular junction. Treadmill exercise can elevate the expression of
synaptophysin and synapsin 1 (Ferreira et al., 2011; Garcia et a., 2012; Quirie et
al., 2012; Di Loreto et al., 2014; Toy et al., 2014) as well as post-synaptic density
protein-95 (Fang et al., 2013; Shih et al., 2013; Toy et al., 2014), supporting the
notion that exercise enhances synaptic neurotransmission. A reduction in tau
pathology via exercise could result in an increase in expression of synaptic
proteins, or this increase could occur directly via forced exercise, resulting in
enhanced synaptic transmission in the spinal cord and improved locomotor
function.
2.4.2 Exercise reduces tau pathology in the spinal cord and brain
Pre-neurofibrillary tangles are comprised in part, by pThr231 tau, while
extracellular and intracellular neurofibrillary tangles (comprised of mostly
filamentous tau) are stained with antibodies that recognize phosphorylation at

sites Ser202/Thr205 (AT8) and Thr212/Ser214 (AT100) in Alzheimer’'s disease
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(Augustinack et al., 2002). In this study, reduced total and hyperphosphorylated
tau was observed in the lumbar spinal cord and hippocampus, specifically a
reduction of phosphorylated tau Ser202/Thr205 (AT8) in the spinal cord and
hippocampus, and Thr231 (AT180) and Thr212/Ser214 (AT100) in the spinal
cords of Tg-EX mice. These findings indicate that forced treadmill exercise
attenuates the progression of neurofibrillary tangle formation in the spinal cord
and reduces filamentous tau in the hippocampus of P301S mice. Our data are
consistent with the results published by Leem et al. (2009) who reported a
reduction in AT8-positive immunoreactivity in the hippocampus after forced
treadmill exercise in Tg-NSE/htau23 mice. However, our results are in contrast
to that of previous studies using other mouse models of tauopathy, where a
reduction in AT100 (Belarbi et al., 2011) and not AT8-positive immunoreactivity
(Belarbi et al., 2011; Marlatt et al., 2013; Koga et al., 2014) was observed in the
hippocampus after voluntary wheel running exercise. The differences in
experimental outcomes could be attributed to different choices of exercise
modality (Leasure and Jones, 2008), where forced treadmill exercise maybe
more beneficial in tauopathy versus voluntary exercise. Additionally, different
choice of experimental mouse model used in the present study versus the
aforementioned reports could also be a source of the discrepancy in

observations.
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Despite evidence that exercise can reduce tau hyperphosphorylation in
transgenic mice (Leem et al., 2009; Belarbi et al., 2011), it is not known whether
forced treadmill exercise can reduce insoluble tau accumulation, which is a
pathological characteristic of tauopathies (Hasegawa, 2006). To address this
question, RIPA-soluble and sarkosyl-insoluble forms of tau protein were analyzed
in the spinal cord and brain of P301S mice. Sarkosyl protein extractions are
routinely used to isolate aggregated paired helical filaments of tau, which are the
primary constituents neurofibrillary tangles (Julien et al., 2012). While marginal
reductions in total tau for RIPA-soluble and sarkosyl-insoluble tau pools were
observed in the spinal cord, there was a significant reduction in sarkosyl-
insoluble AT8-tau, suggesting that forced treadmill exercise reduces filamentous
tau accumulation. Only marginal reductions in soluble or insoluble tau protein in
were observed the hippocampus and cortex. These observations are similar to
the histological data, where no significant changes in total or
hyperphosphorylated tau were observed in the cortex as well as in AT100 and
AT180 in the hippocampus.

The results suggest that forced treadmill exercise reduces total and
phosphorylated insoluble tau in the spinal cord, but only moderate changes occur
in the brain. In accordance with these results, there was a significant degree of
cell loss observed in the hippocampus and cortex that was not alleviated by the

exercise regimen. In the hippocampus, the CA1 and CA3 regions of P301S mice

109



displayed neurodegeneration, which is consistent with previous reports in this
mouse model (Crescenzi et al., 2014; Koga et al., 2014; Yoshiyama et al., 2007).
Both hippocampal regions have extensive connections with the entorhinal cortex
(EC; Witter et al., 2000; van Groen et al., 2003), where significant tau pathology
and cell loss are also observed (Yoshiyama et al., 2007). Significant
neurodegeneration in the CA regions could result from synaptic propagation of
tau pathology from the EC (de Calignon et al., 2012; Liu et al., 2012) and/or
degeneration of EC afferents (Poduri et al., 1995; Maurin et al., 2014). Since the
dentate gyrus also relies on its connections with the EC (Witter et al., 2000; van
Groen et al., 2003), it is plausible that tau propagation from the DG to the CA3
(and the CA1 via the Schaffer collaterals), or deafferentation could also impact
the neurodegenerative process in CA hippocampal regions.
2.4.3 Impact of exercise on autophagy-related proteins

Neurodegenerative diseases are characterized by the accumulation of
aggregated proteins, an indication that there is either increased production or
inefficient elimination of dysfunctional or misfolded proteins that results in
perturbed proteostasis. Both autophagy and the ubiquitin-proteasome system
have been implicated in abnormal protein accumulation associated with
neurodegenerative processes (Tan et al., 2014; McKinnon and Tabrizi, 2014).
Therefore, the aim was to investigate whether autophagy is a possible

mechanism by which tau pathology was mitigated by forced treadmill exercise.
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Autophagy activation is characterized, in part, by increased production of LC3-II
and increased degradation of p62/SQSTM1 (Bjorkoy et al., 2009; He et al., 2012)
relative to baseline levels. P301S and non-transgenic mice introduced to forced
treadmill exercise did not have significantly increased levels of LC3-Il in the
spinal cord and brain when compared to their sedentary counterparts. The levels
of p62/SQSTM1 were marginally reduced after exercise in the spinal cords of
both non-transgenic and P301S mice, while no changes were observed in the
hippocampus and cortex; therefore, the reduced levels of p62/SQSTM1 we
observed in the spinal cord of NTg-EX and Tg-EX mice could be an indication of
autophagy induction. Significant reductions of insoluble AT8-tau were observed
in the spinal cord, which could be a result of degradation of tau aggregates by
exercise-induced autophagy. In support of this notion, pharmacological activation
of autophagy via rapamycin (Ozcelik et al., 2013) and trehalose (Schaeffer et al.,
2012) reduces insoluble AT8-tau in P301S mice. In addition to aggregated tau,
autophagy is also known to promote the degradation of several aggregated
proteins associated with neurodegenerative disease, including AB (Spilman et al.,
2010), huntingtin (Sarkar et al., 2007a, b) and alpha-synuclein (Webb et al.,
2003; Sarker et al., 2007b). However, reductions in insoluble phosphorylated tau
or p62/SQSTM1 were not observed in the brains of P301S mice using this

exercise protocol.
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In this study, P301S mice displayed multiple lower molecular weight
p62/SQSTM1 bands (37, 25 and 20 kDa) in the spinal cord. This observation is
consistent with increased caspase or calpain cleavage (Norman et al., 2010; El-
Khoury et al., 2014), which suggests that the P301S mutation could result in a
selective disruption of the autophagic processes, potentially attributable to the
loss of polyubiquitin- and LC3-binding regions of p62/SQSTM1 following
proteolytic cleavage (Norman et al., 2010). The loss of the polyubiquitin-binding
region of p62/SQSTM1 may also disrupt proteasomal degradation of tau, as
p62/SQSTM1 participates in the shuttling of ubiquitinated tau to the proteasome
(Babu et al., 2005). It has been hypothesized that impaired proteasomal
degradation of soluble tau could lead to its toxic accumulation (Lee et al., 2010),
thus impairment in the ubiquitin-proteasome system in P301S tau mice is also
conceivable. Therefore, these observations are consistent with previous
hypotheses that disruptions in protein degradation systems may occur in
neurodegenerative tauopathy (Ambegaokar et al., 2012), which is in line with
previous reports of autophagy disruption in other neurodegenerative diseases
(Pickford et al., 2008; Lee at al., 2010; Nixon and Yang, 2011; Elrick and
Lieberman, 2013).

244 Exercise does not impact BDNF and GSK3pB protein levels
Since exercise is known to produce a variety of positive changes in the CNS,

one cannot exclude the possibility that other mechanisms may underlie the
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reductions in tau pathology that were observed. Several types of exercise are
known to increase the level of neurotrophins in the CNS, particularly, BDNF
(Neeper et al., 1995; Neeper et al., 1996; Berchtold et al., 2005; Rasmussen et
al., 2009), which increases neuronal survival and differentiation (Reichardt,
2006). Elevated levels of BDNF also decrease tau phosphorylation via the PI3K-
Akt pathway by decreasing the activity of GSK-3[3, a major tau kinase (Ortega et
al, 2010). For these reasons, BDNF and GSK-3 protein levels were measured in
the spinal cord and hippocampus. Surprisingly, no changes in BDNF protein
were observed across all groups in the spinal cord or hippocampus. It is possible
that the time between the end of the exercise regimen and the extraction of
tissue (about 2 weeks; due to incorporation of behavioral assays) could account
for the lack of changes that were observed. In fact, there is evidence that the
exercise-induced BDNF effect is transient in the brain, as hippocampal BDNF
has been shown to return to baseline levels after 2- (Ferreira et al., 2011) and 3
weeks (Bertchtold et al.,, 2010) of exercise cessation. Additionally, in other
transgenic models of neurodegeneration, there are reports of no changes in brain
BDNF protein levels after 1 month (Ke et al., 2011) and 24 months (Koo et al.,
2013) of treadmill exercise. There were also no exercise-induced increases in
the spinal cord and hippocampus of the inactive form of GSK-3p (pSer9), which
was expected to indicate a decline in GSK-3f activity after exercise. It may be

that exercise does not affect GSK-3[3 activity in neurodegenerative tauopathy, as
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it was recently shown that voluntary exercise does not alter inactivated GSK-383
in the whole brain of P301S mice (Koga et al., 2014). The aforementioned
observations could indicate that the BDNF- GSK-3p pathway is not implicated in
the exercise-induced effects on tauopathy.

Nonetheless, given the well-established effects of treadmill exercise on
BDNF mRNA and protein levels, it is still possible that exercise-induced
increases in BDNF levels (and decreased GSK-3f activity) may have resulted in
the attenuation of tau hyperphosphorylation that was observed. Perhaps more
robust effects on tau hyperphosphorylation in the brain would have been
observed if the time between exercise cessation and tissue collection was
shorter. Furthermore, given that recent evidence suggests that treadmill exercise
elevates the levels of inactivated GSK-3f in the brain through a BDNF-mediated
pathway (Bayod et al., 2011; Fang et al., 2013), it is not surprising that no effect
of exercise on GSK-3f protein levels was observed in this study. This may be a
reflection of unaltered BDNF levels in this study; GSK-3[ levels may have been
altered before and immediately after exercise cessation. Thus, one cannot
definitively rule out the role of this pathway on treadmill exercise-induced
decreases in tauopathy in this study. Taken together, prior evidence on the
exercise-induced effects on the BDNF- GSK-33 pathway gives credence to the
possibility of an alternate mechanism whereby exercise could reduce tau

pathology in P301S mice.
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2.4.5 Conclusion

In conclusion, this work demonstrates that 12 weeks of forced treadmill
exercise attenuates tau pathology in the spinal cord and has moderate effects in
the brains of older P301S tau mice, but that treadmill exercise does not prevent
the progressive underlying cell loss associated with tauopathy when introduced
at later ages. These results also support the possibility for a role of autophagy in
the exercise-induced reduction of tauopathy, and that autophagy and/or
proteasomal dysfunction in P301S tau mice may also contribute to the

development of tau pathology at later stages of disease.
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CHAPTER 3: THE EFFECTS OF EXERCISE AS A PREVENTATIVE THERAPY
3.1 ABSTRACT

In this study, 3- to 4-month old P301S mice were subjected to 24-weeks of
forced treadmill exercise and evaluated for effects on motor function and tau
pathology at 10 months of age. Exercise improved muscular strength, reduced
hyperactivity in the open-field, restored normal anxiety-like behavior, and
improved long-term associative memory. Reductions of full-length tau
immunofluorescence were observed in the cortex and hippocampus, as well as a
reduction in sarkosyl-insoluble AT180-tau in the hippocampus. Exercise did not
attenuate significant neuron loss in the hippocampus or cortex. Molecular
correlates of synaptic plasticity—synpatophysin and post-synaptic density 95
(PSD-95)—were measured to assess whether exercise altered their levels in the
brain and spinal cord. Surprisingly, this exercise regimen did not appear to
influence synaptophysin or PSD-95, however a reduction in PSD-95 was
observed in the hippocampus and spinal cord of P301S mice. The results
suggest long-term exercise prevention differentially affects tauopathy in the brain
and spinal cord, with greater benefits observed in the brain versus the spinal

cord.
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3.2 MATERIALS AND METHODS
3.2.1 Animals

P301S tau mice (3-4 months old), and their age-matched non-transgenic
controls were individually housed in the animal facility at the University of
Houston. Mice were housed in a climate-controlled room (25°C) on a 12/12h
light/dark cycle and given food and water ad libitum. All experiments were
approved by the University of Houston Institutional Animal Care and Use
Committee and implemented following the National Research Council’'s Guide of
The Care and Use of Laboratory Animals.
3.2.2 Endurance Treadmill Exercise Protocol

Protocol was followed as described in section 2.2.2, except all groups
began exercise at 3-4 months of age and exercised for 24 weeks. Following
exercise, mice were subjected to an array of behavioral tests. The order in which

the tests were administered is shown in Figure 3.2.1.
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Figure 3.2.1 Order of behavioral tests.
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3.2.3 Open Field Activity
Protocol was followed as described in section 2.2.3.

3.2.4 Motor Coordination and Balance

An observer blinded to treatment conditions evaluated each mouse on motor
learning, motor coordination, and balance on the Rotarod machine (Columbus
Instruments; Colombus, OH). Mice were placed on the horizontal accelerating
rod (4-40 rpm), 4 trails per day, for two days with 15-minute inter-trial intervals
(I'TT). A trial was terminated if the mouse fell off the rod, became inverted twice in
the same trial without falling, or time elapsed 300 seconds. The observer
recorded the length of time each mice was able to stay on the rod.
3.2.5 Muscular Strength

Muscular strength was evaluated by the longest suspension time (Aartsma-
Rus and van Putten, 2014) on a metal 2-mm thick wire. Each mouse, handled by
the tail, was allowed to grasp the middle of the wire and gently accompanied
while it turned upside-down along the axis of the wire. Once the mouse grasped
the wire with all four limbs, the tail was released and a timer started. Each mouse
was tested for 3 trials (maximum of 180 seconds/trial) with an ITIl of 30 seconds.

The time until the mouse released its grasp and fell down was recorded.

3.2.6. Light-Dark Avoidance
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Anxiety-like behavior was evaluated by a light-dark avoidance test. This test
consists of a light-dark Plexiglas box containing a light compartment (27 cm x 27
cm x 27 cm) and a dark compartment (27 cm x 18 cm x 27 cm) separated by a
partition with a single opening (7 cm x 7 cm) to allow passage between
compartments. An observer that was blinded to the group assignment of each
mouse recorded the amount of time spent in each compartment and the number
of transitions between each compartment (during a 5 minute session). A
transition was only recorded once the animal’s head and forelimbs crossed the
opening between the compartments. Standard lighting was used during testing.
3.2.7. Elevated-Plus Maze

Fear and anxiety-like behavior was assessed in the elevated-plus maze. This
test builds on the light-dark avoidance test by including additional elements of
height and openness in the arms of an X-shaped apparatus. The apparatus
consist of four 5 x 30 cm runways arranged perpendicularly and elevated about 1
m above the floor. Two opposing arms have tall grey Plexiglas walls (15.5 cm),
while the other arms are open to the light, with a central area between the four
arms that is also open. A test consisted of placing the mouse in the center area
facing an open arm, and the mouse was allowed to explore for 5 minutes. The
number of transitions made between compartments and an observer blinded to
the treatment conditions documented the time spent in either the open or closed

compartments manually.
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3.2.8 Morris Water Maze

The Morris water maze (MWM) is a memory test that relies primarily on
hippocampal function. It is a spatial navigation task that requires the animal to
learn the location of a hidden “escape” platform in a circular pool of white opaque
water (made with tempura paint powder). The animal is required to rely on distal
visual cues outside of the pool as a guide to find the hidden platform. Mice were
first trained to find the platform and given four trials a day (with an ITI of 30
minutes) for 4 days. Mice were released into the pool from 1 of four starting
positions (quadrants), with the location of the platform remaining constant
throughout all training trials. The latency to escape to the platform was
measured, with a maximum allotted time of 60 seconds. The starting position for
each trial was changed so that each animal received 4 trials a day. For the next
three days, the starting position for the first trial was alternated so that each
mouse started from a different position each day. One hour and 24 hours after
trial number 16 (day 4 and 5) each mouse was given a probe trial, where the
platform was removed and the animal was allowed to search the pool for 60
seconds. Time spent in each quadrant (%) was assessed to characterize search
behavior. After the last probe trial (day 5), a visual acuity test was performed. A
visual platform (marked by a black box on to of a 10 cm post extending above the
water) was positioned at various points (3 trials; excluding the position of the

hidden platform). Mice were allotted 60 seconds to find the visual platform. The
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visual acuity test was performed post-training in order to prevent the animals
from searching for the visual platform during the training/probe tests. All parts of
the test were assessed using Ethovision XT software and track system (Noldus,
Leesburg, VA, USA). Mice were excluded from the test groups if they could not
swim or did not move during the task.
3.2.9 Contextual and Cued Fear Conditioning

This task is used to assess associative memory, and requires hippocampal
and amygdala-dependent processing. Mice are conditioned to freeze to visual or
auditory cues that are associated with a foot shock and/or tone. The mice are
measured on their ability to learn and remember the association of the
environmental/auditory cues with the aversive stimulus. For the learning trial,
mice were placed in a 13 x 10.5 x 13cm conditioning chamber with a 28V house
light, loudspeaker, and metal rod floor with 19 equally placed rods (2.8 mm
diameter). For the learning session, mice were placed in the conditioning
chamber and allowed 2 minutes to explore the environment. Subsequently, a 30-
second tone (80 dB, 2kHz) preceded a 2 second foot shock (0.75 mA), which
was presented at 3 minutes, 4 minutes, and 6 minutes (with the preceding 30
second tone) after the session commenced. Sixty seconds after the last shock
the session ended. The amount of time the mouse spent freezing (defined as

immobility, except for movements associated with respiration) was measured
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automatically and detected by infrared cameras within the chamber. Mice were
then returned to their home cage.

Twenty-four hours after the learning session mice were first tested in a
contextual session. This consisted of placing the animal back into the
conditioning chamber and allowing it to explore for 7 minutes. No shocks or tone
were presented, to test the animal’'s contextually conditioned fear, which was
evaluated as learning and memory behavior. Time spent freezing was measured.
To test conditioning to the tone (cue), mice were placed in the same chamber,
but it was modified (different tactile, spatial, visual, and olfactory characteristics)
to simulated a novel environment. The mouse was allowed to explore the
environment during a 7-minute session, with the tone (and no shock) presented
the next 3 minutes of the session. Freezing behavior was also recorded for cue-
conditioned fear. All tests and measurements were carried out by computer-
controlled MED Associates system and software (St. Albans, VT, USA), which
has been used previously (Anagnostaras et al., 2010).

3.2.10. Pre-Pulse Inhibition of Startle Response

The pre-pulse inhibition (PPI) test was used to assess the startle response to
a sudden loud sound or stimulus. This startle response is diminished when a
softer sound is given before the loud sound, and this behavior has been
observed in mice and other mammals (Sweatt, 2003, 2010). The diminished

startle response represents a form of sensorimotor gating, which is a
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neurobiological process of filtering out redundant or unnecessary stimuli. Other
tauopathy mouse models appear to have reduced PPI (or an enhanced startle
reponse; Taniguchi et al., 2005; Tatebayashi et al., 2002; Egashira et al., 2005).
Mice were tested in the SR-LAB Startle Response System (San Diego
Instruments, San Diego, CA) testing apparatus, which consisted of a Plexiglas
cylinder enclosed in a sound-attenuated startle chamber. The mice were placed
in the Plexiglas cylinder and acclimated for 5 minutes. The entire test session
lasted for 10 minutes and consisted of the following trials presented in a
pseudorandom manner with an ITl of 10-20 seconds: a) no stimulus trial to
measure baseline movement; b) startle only trial (40 ms, 120dB) to measure the
maximum startle response and c) 5 additional trial types (20 ms each; 78, 82, 86
or 90 db) that preceded 100 ms before the120dB startle stimulus. An electrostatic
sensor that was located below the Plexiglas cylinder measured the startle
response of the mouse. In order to calculate percent PPI, the maximum startle
response was averaged for 6 trials for each mouse and was inserted into the

following formula (Paylor and Crawley, 1997):

100-[(startle response on acoustic prepulse + startle stimulus

trials/startle response alone trials) X 100]

3.2.11 Tissue Extraction
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Twenty-four hours after the final behavioral assay, mice were sacrificed
under carbon dioxide (CO;) anesthesia and the brains and spinal cords were
dissected. Fixation, paraffin processing, and tissue processing for biochemistry
was performed as described in Section 2.2.5.

3.2.12 Immunofluorescence and Image Analysis

Procedures were performed as described in Section 2.2.6.
3.2.13 Immunohistochemistry and Image Analysis

Procedures were performed as described in Section 2.2.7.
3.2.14 Protein Quantification and Analysis

Spinal cord, hippocampus, and cortex samples from both RIPA and
sarkosyl extractions were resolved by SDS-PAGE or dot blot. Blots were probed
with tau antibodies [TAUS5, (1:1000), AT8 (1:1000), AT100 (1:1000), AT180
(1:250)] and synaptic protein antibodies (anti-PSD95, 1:1000, Abcam,
Cambridge, MA; anti-synpatophysin, 1:5000, Abcam, Cambridge, MA).
Immunoblotting procedures were performed as described in Section 2.2.8.

3.2.15 Statistical Analysis

Statistics were performed as indicated in Section 2.2.9.

3.3 RESULTS
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3.3.1 Effects of exercise on general exploratory activity

Two-way ANOVA for total activity was significant [F(2, 43)=10.023, p<0.001],
with a main effect of exercise influencing the transgenic group (p<0.001).
Newman-Keuls post hoc revealed that Tg-EX mice had significantly lower total
activity than Tg-SED mice (p<0.01; Figure 3.3.2), and Tg-SED mice displayed
hyperactivity, with higher total activity than NTg-SED mice (p<0.05; Figure 3.3.2).
Significant differences between groups were also observed for total distance
traveled [F(2, 42)=6.136, p<0.01], with a main effect of exercise (p<0.01). Tg-EX
mice traveled shorter distances than Tg-SED mice (p<0.01; Figure 3.3.3), and
Tg-SED mice traveled more distances than NTg-SED (p<0.01, Figure 3.3.3) and
NTg-EX mice (p<0.01, Figure 3.3.3), another indication of hyperactivity in Tg-
SED mice. Ambulatory activity was also different between groups [F(2,
43)=9.597, p<0.001], with a main effect of exercise (p<0.001). Tg-SED mice
displayed higher ambulatory activity than Tg-EX (p<0.05, Figure 3.3.4), NTg-SED
(p<0.05, Figure 3.3.4) and NTg-EX groups (p<0.01; Figure 3.3.4), which was
indicative of hyperactivity in Tg-SED mice. Exercise-induced decreases in
exploratory behavior was not due to rearing [F(2, 43)=2.270, p=0.116; Figure
3.3.5] or stereotypic activity, where only a main effect of transgene was observed
[F(2, 42)=3.684, p=0.034] and Tg mice displayed higher stereotypy than NTg
mice (p<0.05; Figure 3.3.6). Exercise-induced decreases in activity in the Tg-EX

vs Tg-SED group may have been due to increased anxiety-like behavior, as
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there was a main effect of exercise for % time spent in the center [F(2,
44)=7.103, p<0.05], as all exercised mice (Tg, NTg) spent less time in the center

of the open field than all sedentary mice (p<0.05; Figure 3.3.7).
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Figure 3.3.2 Total activity in the open field. Tg-EX mice displayed lower
activity than Tg-SED mice. Tg-SED mice displayed higher activity than NTg-SED

mice. Exercise did not impact total activity in NTg mice (*p<0.05; n=9-14 per

group).
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Figure 3.3.3 Total distance traveled in the open field. Tg-EX mice traveled
shorter distances than Tg-SED mice. Tg-SED mice traveled longer distances
than the NTg mice. Exercise did not impact total distance traveled in NTg mice

(*p<0.05 vs Tg-EX, NTg-SED, NTg-EX, n=9-14 per group).

128



7000

y

o
o
S
S

5000
4000
3000
2000

Ambulatory Activit

*

NTg-SED NTg-EX Tg-SED Tg-EX

Figure 3.3.4 Ambulatory activity in the open field. Tg-EX mice displayed less
ambulation than Tg-SED mice. Tg-SED mice displayed more ambulation than the
NTg mice. Exercise did not impact ambulation in NTg mice (*p<0.05 vs Tg-EX,

NTg-SED, NTg-EX, n=9-14 per group)

129



250

200

150 I I

NTg-SED NTg-EX Tg-SED Tg-EX

Rearing Activity
o
o

U
o

Figure 3.3.5 Rearing activity in the open field. Exercise did not significantly

impact rearing activity in Tg and NTg mice (n=9-14 per group).
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Figure 3.3.6 Stereotypic activity in the open field. Exercise did not impact

Tg-SED

Tg-EX

NTg-SED

stereotypy in Tg and NTg mice (n=9-14 per group).
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Figure 3.3.7 Center time spent in the open field. Exercise reduced the percent
of total time spent in the center of Tg and NTg mice. This indicated an

enhancement of open-field anxiety after exercise (p<0.05; n=9-14 per group).
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3.3.2 Effect of exercise on motor coordination and balance

Rotarod performance was employed to test motor coordination and
balance. One-way ANOVA revealed that there were significant differences
between groups [F(3, 42)=2.913, p<0.05; Figure 3.3.8], with the Tg-EX group
performing better than Tg-SED (p<0.05), NTg-SED (p<0.05), and NTg-EX

(p<0.05) groups.
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Figure 3.3.8 Rotarod performance. Tg-EX mice displayed an increased latency
to fall, an indication of better motor coordination and balance (*p<0.05 versus Tg-

SED, NTg-EX, NTg-SED; n=9-14 per group).
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3.3.3 Effects of exercise on muscular strength

Two-way ANOVA did not detect significant differences between all groups
on the wire hang test [F(2,42)=0.045, p=0.956)]. Exercise did appear to improve
muscular strength in the Tg mice with the Tg-EX group displaying a 61.4 %
higher maximum hang time then the Tg-SED group, when just the two groups
were compared by a t-test. (p<0.0001; mean + SEM; Tg-EX: 108.692 + 17.596

versus Tg-SED 67.333 + 13.167; Figure 3.3.9).
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Figure 3.3.9 Wire hang test. No significant differences were detected when all
groups were compared by a two-way ANOVA, however Tg-EX mice displayed a
61.4% higher maximum hang time versus Tg-SED mice, when only those two

groups were compared by a Student’s t-test. (*p<0.0001; n=9-14 per group).
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3.3.4 Effects of exercise on anxiety-like behavior
3.3.4.1 Exercise restored normal anxiety-like behavior in Tg mice in the elevated-
plus maze.

Two-way ANOVA revealed a significant difference between groups
[F(2,44)=7.970, p<0.01); Figure 3.3.10], with main effects of exercise (p<0.01)
and transgene (p<0.01). Tg-SED mice spent more time in the open arms than
Tg-EX (p<0.05), NTg-SED (p<0.05) and NTg-EX (p<0.01) mice. This effect was
not do to enhanced or lack of motor activity, as all groups displayed similar
number of transitions between the open and closed arms [F(2,44)=0.801,

p=0.455); Figure 3.3.11].
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Figure 3.3.10 Anxiety-like behavior in elevated-plus maze. Tg-SED mice
spent more time exploring the open arms versus the closed arms, an indication
of less anxious behavior. Exercise restored normal behavior in Tg mice. (*p<0.05

versus NTg-SED, NTg-EX, Tg-EX; n=9-14 per group).
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Figure 3.3.11 Transitions in elevated-plus maze. All groups displayed similar
numbers of transitions between the open and closed arms, which indicated

similar exploratory and locomotor behavior. (n=9-14 per group).
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3.3.4.2 Exercise did not impact behavior in the light-dark avoidance test

All groups displayed similar anxiety-like behavior, as there were no
differences in time spent in the light compartment [F(2,44)=0.257, p=0.774;
Figure 3.3.12]. Similarly, the number of transitions between compartments was
also not significantly different between groups [F(2,44)=0.232, p=0.794; Figure

3.3.13].
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Figure 3.3.12. Anxiety-like behavior in light/dark avoidance test. All groups
displayed equal amounts of time exploring the light compartment, an indication
that exercise had no significant impact on anxiety-like behavior in the light/dark

avoidance test. (n=9-14 per group).
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Figure 3.3.13. Transitions in the light/dark avoidance test. All groups
displayed similar numbers of ftransitions between the Ilight and dark

compartments. (n=9-14 per group).
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3.3.5 Effects of exercise on learning and memory
3.3.5.1 Exercise effects on contextual and cued fear conditioning

For the training phase, all groups appeared to associate the cue with the
shock. Two-way repeated measures ANOVA revealed there no significant
differences between all groups during the pre-training phase, with no main
effects of transgene [F(1, 43)=.06280, p=0.803; Figure 3.3.14] or exercise [F(1,
43)=2.6197, p=0.112; Figure 3.3.14]. There was a main effect time [F(6,
258)=56.563, p=0.000] which indicated that during the training (times 3-7)
animals displayed a higher percentage freezing than during pre-training (times 1-
2), an indication that all groups were successful at associative learning. All
groups were then tested 24 h later on their association of the same testing
environment (context) with the shock, an assessment of long-term hippocampal-
dependent associative memory (Curzon et al., 2009). There were no significant
differences across all groups, with no main effect of transgene [F(1, 43)=.30265,
p=0.585; Figure 3.3.15] or exercise [F(1, 43)=3.173, p=0.081; Figure 3.3.15] .
Mice were also tested on their association of the cue with the shock in a different
testing environment (altered context), an assessment of long-term amygdala-
dependent associative memory (Curzon et al.,, 2009). Two-way repeated
measures ANOVA revealed there was no main effect of transgene [F(1,
40)=0.554 p=0.460] or exercise [F(1, 40)=0.498, p=0.484], however a significant

transgene x exercise interaction was detected [F(1, 40)=6.3402, p=0.015; Figure
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3.3.16] . When the Time 3-5 (cue administration) were compared individually via
one-way ANOVA, significant differences were detected at Time 3
[F(3,42)=6.034, p<0.01); Figure 3.3.16] with Tg-EX mice displaying higher
freezing percentages than Tg-SED mice (p<0.05) and NTg-EX mice (p<0.01).
Significant differences were detected at Time 4 [F(3,42)=3.208, p<0.05); Figure
3.3.16] with Tg-EX mice displaying higher freezing than NTg-EX mice (p<0.05)
Tg-SED mice, however this did not reach statistical significance (p=0.09). At
Time 5 [F(3,40)=3.034, p<0.05; Figure 3.3.16], Tg-EX mice had higher freezing
times than NTg-EX mice (p<0.05) and Tg-SED mice, but this did not reach

statistical significance (p=0.08).
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Figure 3.3.14 Associative learning in contextual and cued fear conditioning.

All groups learned to associate the cue (tone) with the shock, as the percentage

freezing increased after 3 cue/shock pairings over time. (n=9-14 per group).
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Figure 3.3.15 Long-term contextual associative memory. All groups displayed
similar percentage freezing during the contextual memory task, an indication that

they learned to associate the testing environment with the shock. (n=9-14 per

group).
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Figure 3.3.16 Long-term cued associative memory. Exercise improved
memory in Tg-EX mice, as they displayed higher percentage freezing (at Time 3)
than Tg-SED mice, indicating that they associated the cue with the shock.
(*p<0.05: Tg-SED versus Tg-EX and NTg-EX; Time 4: p=0.09: Tg-EX vs. Tg-

SED; Time 5: p=0.08 n=9-14 per group).
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3.3.5.2 Transgenic expression and exercise had no impact on the Morris Water
Maze test

Tg mice did not show any deficits in spatial learning and memory in the
Morris water maze, as there were no significant differences between groups
detected in a two-way ANOVA repeated measures, with no main effect of
transgene [F(1,35)=.019, p=0.889); Figure 3.3.17] or exercise [F(1,35)=.096,
p=0.758); Figure 3.3.17] across all training trials (Day 1-4). There was a main
effect of training day [F(3, 105)=41.863, p=0.000); Figure 3.3.17] across all
groups, indicating less time to reach the escape platform on days 2 (p<0.01), 3
(p<0.01) and 4 (p<0.01) versus day 1. There were no significant differences
between groups for short-term [F(3, 42)=0.3399, p=0.7965; Figure 3.3.18] and

long-term [F(3, 42)=0.6090, p=0.61286; Figure 3.3.19] spatial memory.
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Figure 3.3.17. Spatial learning in Morris water maze. All groups displayed
adequate spatial learning as the time to reach the target quadrant decreased

across training days. (*p<0.01: day 1 versus days 3, 4, and 5; n=9-14 per group).
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Figure 3.3.18. Short-term spatial memory in Morris water maze. No
significant differences were detected for short-term memory as all mice displayed
similar amounts of time in the target quadrant versus non-target quadrants (n=9-

14 per group).
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Figure 3.3.19. Long-term spatial memory in Morris water maze. No significant
differences were detected for long-term memory as all mice displayed similar
amounts of time in the target quadrant versus non-target quadrants (n=9-14 per

group).
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3.3.6 Effects of exercise on pre-pulse inhibition

To assess whether exercise had any impact on sensorimotor gating, mice
were administered the pre-pulse inhibition test. Baseline startle response
analysis indicated that during no stimulation, there was a main effect of
transgene [F(1, 40)=8.9184, p<0.01; Figure 3.3.20] and a transgene x exercise
interaction [F(1, 40)=7.3744, p<0.01; Figure 3.3.20], with Tg-SED mice displaying
higher activity than Tg-EX (p<0.01), NTg-SED (p<0.001) and NTg-EX (p<0.01)
mice. There were no significant differences during the pulse-only condition
(startle; [F(1, 40)=0.610, p=0.439; Figure 3.3.20]). During the pre-pulse trials,
significant differences were only detected when the pre-pulse was 74dB: a
transgene x exercise interaction was observed [F(1,39)=6.229, p<0.05; Figure
3.3.21], with Tg-SED mice displaying lower pre-pulse inhibition than NTg-SED
mice (p<0.05) and Tg-EX mice, although this effect did not reach statistical

significance (p=0.07).
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Figure 3.3.20. Pre-pulse inhibition baseline measures. Tg-SED mice
displayed higher activity during no stimulation trials. (*p<0.01 versus Tg-EX, NTg-

SED, NTg-EX; n=9-14 per group, no stim=no stimulation).
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Figure 3.3.21. Pre-pulse inhibition. Tg-SED mice displayed impaired pre-pulse
inhibition at 74dB, and exercise marginally improved pre-pulse inhibition in Tg-EX
mice (*p<0.05 versus NTg-SED; p=0.07: Tg-SED versus Tg-EX; n=9-14 per

group).
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3.3.7 Effects of exercise on tau hyperphosphorylation
3.3.7.1 Exercise reduces total tau (TAUS5) immunofluorescence in the brain, but
not the spinal cord in P301S mice

A Student’s t-test to compare Tg-SED and Tg-EX groups revealed a
reduction in total tau immunofluorescence was observed in the cortex (p<0.01);
Figure 3.3.22; Figure 3.3.23) and hippocampus (p<0.05; Figure 3.3.24; Figure
3.3.25) of Tg-EX mice after exercise. No significant changes in total tau were
observed in the spinal cord (p=0.571; Figure 3.3.26, Figure 3.3.27).
3.3.7.2 Exercise effects on hyperphosphorylated tau immunofluorescence in the
brain and spinal cord

A Student’s t-test to compare Tg-SED and Tg-EX groups for tau
hyperphosphorylation at sites AT8, AT100, and AT180. Tau phosphorylated at
sites Ser202 and Thr205 (AT8) was not changed in the cortex (p=0.353; Figure
3.3.22, Figure 3.3.23) or hippocampus (p=0.436; Figure 3.3.24, Figure 3.3.25), in
the Tg-EX mice. An unexpected increase in AT8 was observed in the spinal cord
(p<0.05; Figure 3.3.26, Figure 3.3.27). No, changes in Thr212/Ser214 (AT100)
were observed in the cortex, hippocampus, or cortex. A reduction in hippocampal
Thr231 (AT180) almost reached statistical significance (p=0.06; Figure 3.3.24,
Figure 3.3.25) while no changes were observed in the spinal cord or cortex after

exercise.
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Figure 3.3.22. Tau immunofluorescence in the cortex. Region of the cortex
that corresponded to plates 42 to 49 in the brain (Franklin and Paxinos, 2008)
was analyzed. Exercise reduced TAUS immunofluorescence in Tg mice, but had

no major effects on hyperphosphorylated (AT8, AT100, AT180) tau (* p<0.05; n=

4-6 per group).
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Figure 3.3.23. Representative images of tau immunofluorescence in the

cortex. Total (TAUS) is reduced after exercise. (Scale bar = 100um;

Green=TAU5, Red=AT8, AT100 or AT180; Blue=DAPI).
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Figure 3.3.24. Tau immunofluorescence in the hippocampus. Exercise
reduced TAUS immunofluorescence in Tg mice, but had no major effects on AT8-
and AT100-tau. Exercise reduced AT180-tau but this did not reach statistical

significance (p=0.060; *p<0.05; n= 4-6 per group).
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Figure 3.3.25. Representative images of tau immunofluorescence in the

hippocampus. Total (TAU5) and AT180 staining is reduced after exercise. Scale

bar represents 200um. Green=TAUS5, Red=AT8, AT100 or AT180; Blue=DAPI).
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Figure 3.3.26. Tau immunofluorescence in the spinal cord. Exercise did not

reduce tau immunofluorescence in Tg mice, but resulted in an unexpected

increase in on AT8-tau (*p<0.05; n= 4-6 per group).
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Figure 3.3.27. Representative images of tau immunofluorescence in the
spinal cord. AT8-tau was increased after exercise, while TAUS5, AT100, and
AT180 were not significantly changed. Scale bar represents 100um.

Green=TAU5, Red=AT8, AT100 or AT180; Blue=DAPI.
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3.3.8 Effect of exercise on soluble and insoluble pathological tau
accumulation
3.3.8.1 Exercise does not impact soluble tau in the brain and spinal cord of

P301S mice

No significant reductions in total soluble tau protein in the cortex (TAUS:
Figure 3.3.28; p=0.960), hippocampus (TAUS: Figure 3.3.29; p=0.357), and
spinal cord (TAUS: Figure 3.3.30; p=0.843) in Tg-EX versus transgenic sedentary
(Tg-SED) mice. Soluble AT8-tau was not significantly reduced in Tg-EX versus
Tg-SED mice in the cortex (Figure 3.3.28; p=0.859 and hippocampus (Figure
3.3.29; p=0.242), or spinal cord (Figure 3.3.30; p=0.443). Exercise did not appear
to significantly influence the levels of soluble AT100-tau in the cortex (Figure
3.3.28; p=0.685), hippocampus (Figure 3.3.29; p=0.421) and spinal cord (Figure
3.3.30; p=0.491). No reductions were indicated in soluble AT180-tau in the cortex
(Figure 3.3.28; p=0.762), hippocampus (Figure 3.3.29; p=0.949) and spinal cord

(Figure 3.3.30; p=0.885).
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Figure 3.3.28 Western blot analysis of soluble tau protein levels in the
cortex. Exercise did not impact soluble total (TAUS) and phosphorylated (ATS,

AT100, AT180) tau protein levels in Tg mice (n=5-6 per group).

163



2.5

Tau/GAPDH
=
(Oa)

0.5

TAUS

AT8 AT100

AT180

B Sedentary

U Exercise

Figure 3.3.29 Western blot analysis of soluble tau protein levels in the

hippocampus. Exercise did not impact soluble total (TAUS) and phosphorylated

(AT8, AT100, AT180) tau protein levels in Tg mice (n=6 per group).
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Figure 3.3.30 Western blot analysis of soluble tau protein levels in the

spinal cord. Exercise did not impact soluble total (TAU5) and phosphorylated

(AT8, AT100, AT180) tau protein levels in Tg mice (n=5-6 per group).
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3.3.8.2 Exercise reduces insoluble tau in the hippocampus, but not the cortex or
spinal cord

Total insoluble-tau (TAUS) protein was not significantly reduced in the cortex
p=0.554, Figure 3.3.31) and spinal cord (p=0.551, Figure 3.3.33) of Tg-EX versus
Tg-SED mice. However, exercise reduced TAU5 in the hippocampus (p=0.05;
Figure 3.3.32) Insoluble AT8-tau was not affected in the cortex (p=0.961; Figure
3.3.31, hippocampus (p=0.238; Figure 3.3.32) or spinal cord (p=0.179; Figure
3.3.33) after exercise. No significant changes were observed in cortical insoluble
AT100-tau (p=0.313; Figure 3.3.31), or in the hippocampus (p=0.402; Figure
3.3.32) and spinal cord (p=0.116; Figure 3.3.33). Insoluble AT180-tau was
reduced in the hippocampus (p<0.05; Figure 3.3.32), but not in the cortex

(p=0.835; Figure 3.3.31) or spinal cord (p=0.806; Figure 3.3.33).
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Figure 3.3.31. Western blot analysis of insoluble tau protein levels in the

cortex. Exercise did not impact insoluble total (TAU5) and phosphorylated (ATS,

AT100, AT180) tau protein levels in Tg mice (n=4-6 per group).
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Figure 3.3.32. Western blot analysis of insoluble tau protein levels in the

hippocampus. Exercise reduced insoluble total (TAUS) and AT180-tau, but not

AT8 and AT100-tau protein levels in Tg mice (*p <0.05; n=4-6 per group).
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Figure 3.3.33. Western blot analysis of insoluble tau protein levels in the

spinal cord. Exercise did not significantly impact insoluble total (TAUS) and

phosphorylated (AT8, AT100, AT180) tau protein levels in Tg mice (n=4-6 per

group).
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3.3.9 Effects of exercise on neuronal cell number in the spinal cord and
brain

Quantification of motor neurons in the spinal cord revealed no significant
difference in cell number between all 4 groups, with two-way ANOVA indicating
no main effect of transgene, [F(1,18)=0.006 p=0.935] or exercise,
[F(2,18)=0.422, p=0.523; Figure 3.3.34, Figure 3.3.35). Cortical neuronal cell loss
was observed in P301S mice, with a main effect of genotype, [F(1, 18)=13.79,
p<0.01]. Tukey’s HSD post hoc revealed that the Tg-SED group had less NeuN-
positive cells than the NTg-SED group (p<0.05; Figure 3.3.37, Figure 3.3.38).
Similarly, the Tg-EX group had less NeuN-positive cells than the NTg-EX group
(p<0.01; Figure 3.3.37, Figure 3.3.38). Tg mice displayed neurodegeneration in
the cornus ammonis 3 (CA3) of the hippocampus, with a main effect of
transgene, [F(1, 16)=38.591, p<0.0001]. Tukey’s HSD post hoc revealed that Tg-
SED mice had significantly fewer NeuN-positive cells than NTg-SED mice
(p<0.05; Figure 3.3.39, Figure 3.3.40) and the Tg-EX mice had fewer NeuN-
positive cells than the NTg-EX mice (p<0.05; Figure 3.3.39, Figure 3.3.40).
Neurodegeneration was also observed in the CA1 of the hippocampus of P301S
mice [F(1, 16)=20.534, p<0.001] with both Tg-SED and Tg-EX mice displaying
significantly fewer NeuN-positive cells than their NTg counter parts (p<0.05

Figure 3.3.41, Figure 3.3.42).
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Figure 3.3.34. Neuron quantification in the cortex. All regions of the cortex
that corresponded to plates 42 to 49 in the brain (Franklin and Paxinos, 2008)
were analyzed. Tg mice displayed fewer neurons than NTg mice. Exercise did

not significantly impact neuronal cell count. (*p<0.01; n=4-5 per group).

171



Tg-SED Tg-EX

Figure 3.3.35. Representative images of NeuN-positive cells in the cortex.
Tg mice displayed fewer neurons than NTg mice in layers |I-Il of the cortex.

Scale bar represents 100pm.
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Figure 3.3.36 Neuron quantification in the CA3 of the hippocampus. Tg mice
displayed less neurons than NTg mice. Exercise did not significantly impact

neuronal cell count. (*p<0.0001; n=4-5 per group).

173



: -~
A r
K il
-3 { c-"
»
-~ ‘,' g
M. 'g'
e
*:‘-\ "'::
4, g~

Figure 3.3.37. Representative images of NeuN-positive cells in the CA3 of
the hippocampus. Tg mice displayed fewer neurons than NTg mice. Scale bar

represents 25um.
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Figure 3.3.38. Neuron quantification in the CA1 of the hippocampus. Tg
mice displayed fewer neurons than NTg mice. Exercise did not significantly

impact neuronal cell count. (*p<0.001; n=4-5 per group).
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Figure 3.3.39. Representative images of NeuN-positive cells in the CA1 of
the hippocampus. Tg mice displayed fewer neurons than NTg mice. Scale bar

represents 25um.
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Figure 3.3.40 Neuron quantification in the spinal cord. All groups displayed

similar counts of neurons. (n=4-5 per group).
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Figure 3.3.41. Representative images of NeuN-positive cells in the spinal
cord. All groups displayed similar numbers of neurons in the ventral horn of the

lumber spinal cord. where lower motor neurons are present. Scale bar represents

50pum.
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3.3.10 Effect of exercise on PSD-95 and synaptophysin protein levels in the
spinal cord and brain.

Western blot analysis of PSD-95 levels revealed no significant difference
across all groups in the cortex [Transgene: F(1, 20)=0.654, p=0.428; Exercise:
F(1, 20)=2.314, p=0.143; Figure 3.3.42]. However, main effects of transgene
(and not exercise) were observed in the hippocampus [F(1, 19)=5.079, p<0.05;
Figure 3.3.43], with all Tg mice displaying lower levels of PSD-95 than NTg mice.
A similar effect was also observes in the spinal cord, with Tg mice displaying
lower levels of PSD-95 than NTg mice [F(1, 20)=5.496, p<0.05; Figure 3.3.44]
Exercise did not significantly impact synaptophysin levels in the cortex [F(1,
20)=0.242, p=0.627; Figure 3.3.45], hippocampus [F(1, 20)=0.022, p=0.881;

Figure 3.4.46], or spinal cord [F(1, 18)=0.022, p=0.017; Figure 3.3.47].
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Figure 3.3.42. Western blot analysis of PSD-95 protein levels in the cortex.

Exercise did not significantly impact protein levels in Tg or NTg mice (n=6 per

group).
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Figure 3.3.43 Western blot analysis of PSD-95 protein levels in the
hippocampus. Exercise did not significantly impact protein levels in Tg or NTg

mice, however Tg mice displayed lower levels than NTg mice (*p<0.05; n=6 per

group).
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Figure 3.3.44 Western blot analysis of PSD-95 protein levels in the spinal
cord. Exercise did not significantly impact protein levels in Tg or NTg mice,

however Tg mice displayed lower levels than NTg mice (*p<0.05; n=6 per

group).
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Figure 3.3.45 Western blot analysis of Synaptophysin protein levels in the

cortex. Exercise did not significantly impact protein levels in Tg or NTg mice

(n=6 per group).
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Figure 3.3.46. Western blot analysis of synaptophysin protein levels in the

hippocampus. Exercise did not significantly impact protein levels in Tg or NTg

mice (n=6 per group).
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Figure 3.3.47. Western blot analysis of synaptophysin protein levels in the
spinal cord. Exercise did not significantly impact protein levels in Tg or NTg

mice (n=6 per group).
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3.4 DISCUSSION

The aim of this study was to investigate if exercise introduced at early stages
of disease could significantly impact behavior and pathology in P301S mice. It
was originally observed that P301S mice display extensive tau pathology in the
spinal cord at 6 months of age (Scattoni et al., 2010; Schaeffer et al., 2012)
accompanied by neurogenic muscle atrophy (Yoshiyama et al., 2007). This leads
to a progressive decline in motor function, which was observed on the wire hang
test in this cohort of 10-month old P301S mice. It is important to note that no
observable motor deficit in P301S mice was detected in the rotarod and in the
open field test. This may be due to the sensitivity of each motor test to different
facets of motor function.

The wire hang test specifically assesses muscular strength and
coordination, which requires spinal motor circuits that are involved in the
grasping reflex (Bui et al., 2013). Motor learning, balance and coordination are
tested on the rotarod, which is thought to involve complex interactions between
the motor and frontoparietal cortices, basal ganglia, and cerebellum (Jueptner et
al., 1997a,b, Hikosaka et al., 2002). The open field test was initially regarded as
a test of emotionality (specifically, anxiety-like behavior; Archer, 1973), however
when animals are exposed to the open field for longer periods, one can assess
general locomotor function, exploratory behavior, and hyperactivity (Walsh and

Cummins 1976; Crawley, 1985, Fukushiro et al., 2008). Anxiety-like behaviors in
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the open field involve regions within and connected to basolateral amygdaloid
complex (Hale et al., 2006; Hale et al., 2008) and general locomotor activity is
thought to involve the mesocorticolimbic system (Fink and Smith 1980; Jeste and
Smith, 1980; Koob et al., 1981). So, in essence, deficits in the motor ability of
P301S mice appears to be better captured by tests that require local recruitment
of spinal motor and interneurons, rather than motor tests that require supraspinal
inputs from the brain.
3.4.1 Exercise impacts general exploratory behavior, rotarod performance
and muscular strength

It was expected that P301S mice would have altered behaviors compared to
control animals in the open-field test. Tg-SED mice displayed hyperactivity in
several indices of open field behavior including total activity, distance traveled
and ambulation, which have been previously reported in these mice (Scattoni et
al., 2010; Dumont et al., 2011; Takeuchi et al., 2011). Exercised reduced this
hyperactivity, restoring activity levels to that of NTg mice. It is possible that
exercise-induced decreases in activity were due to increased anxiety-like
behavior after exercise, as both Tg and NTg groups displayed less time in the
center of the open field versus the perimeter. There is evidence that treadmill
exercise can increase anxiety-like behavior in the open field in rodents (Leasure
and Jones, 2008), however others have shown that exercise decreases anxiety

(Fulk et al., 2004), supporting the notion that different exercise regimens may
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result in opposite behavioral outcomes. Nonetheless, it appears that the exercise
regimen in this study increased anxiety in the open field.

It is also important to note that exercise did not affect general exploratory
activity in NTg mice, so there may be other explanations for the decrease in
hyperactivity of Tg mice. Since P301S mice display tau pathology in the
hippocampus, prefrontal cortex and amygdala, (Yoshiyama et al., 2007; Takeuchi
et al., 2011) it is possible that accumulation of mutant tau in these regions could
have resulted in hyperactivity. Indeed, the hippocampus, prefrontal cortex,
striatum and amygdala are involved in hyperactive behavior (Goddyn et al., 2006;
Trantham-Davidson et al., 2008). In this study, reductions in tau pathology were
observed in the cortex and hippocampus, which could partly explain the
reduction in hyperactivity that was observed.

Rotarod performance was not impaired in P301S mice, which agrees with
previous observations (Dumont et al., 2011; Takeuchi et al., 2011). Surprisingly,
in this study it was observed that exercise enhanced rotarod performance in Tg
mice while having no impact on NTg mice. Tg-EX mice displayed better motor
balance and coordination than all other groups. This is a curious observation that
may reflect an interaction between gross motor balance/coordination and
exercise in P301S mice. Since 10 month-old P301S mice do not show deficits in
the rotarod test (Dumont et al., 2011) despite having significant tau pathology,

this indicates: 1) significant tau pathology may not have progressed to the
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cerebellum (which is important for motor coordination and balance) by 10 months
of age or 2) the impact of mutant tau overexpression differentially impacts the
brain versus the cerebellum.

Unfortunately, there is a paucity of literature that describes the impact of
tau pathology in the cerebellum in humans and mouse models. Cerebellar
pathology does not appear to be significant in AD patients (Larner, 1997) and
proteonomic analyses of 3xTgAD mice (which express mutant APP, PS1 and
P301L tau) indicated opposite expression levels of proteins in the brain versus
the cerebellum: the same proteins that were downregulated in the brain, were
upregulated in the cerebellum (Ciavardelli et al., 2010). So, it is possible that
overexpression of mutant tau at 10 months of age in P301S mice does not cause
severe disruptions in cerebellar function (while still causing disruptions in the
brain). At this stage it may be beneficial, as there is evidence that mutant tau
overexpression can enhance rotarod performance in adult P301L mice (Morgan
et al., 2008). Therefore, the introduction of long-term treadmill exercise at early
stages of tauopathy in P301S mice may have enhanced cerebellar function, thus
leading to improved performance on the rotarod. Indeed, chronic treadmill
exercise can increase the dendritic volume and spine density of cerebellar
Purkinje cells, which is associated with enhanced rotarod performance in mice

(Huang et al., 2012). Since cerebellar tau pathology has not been investigated in
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this P301S tau model, future studies on the effects of exercise on cerebellar
function would help to elucidate this curious finding.

While P301S mice did not display deficits in gross motor function, a
decline in muscular strength was observed on the wire hang test. Muscular
weakness has also been reported in 10-month old P301S mice in another study
(Dumont et al., 2011). Exercise prevented this decline in muscular strength; an
indication that treadmill exercise may protect the spinal cord from pathological
insults. While not statistically significant, exercise did prevent some accumulation
of insoluble AT8-tau in the spinal cord as there was a 60% reduction observed.
This could partially explain the improvement in muscular strength that was
observed. P301S mice also display neurogenic muscle atrophy (Yoshiyama et
al., 2007), which is probably a consequence of mutant tau overexpression and
results in muscular deficits. Exercise can increase the number of fast and slow
twitch fibers in animal models of spinal motor atrophy (Biondi et al., 2008), which
may be a similar mechanism by which exercise improved muscular strength in
P301S mice in this study.

Exercise-induced synaptic alterations at the neuromuscular junction could
also explain the improved performance, however, there were no significant
changes in the protein levels of PSD-95 or synaptophysin in the spinal cord of
P301S mice. It is possible that other molecular correlates of synaptic plasticity

might have changed such as synapsin |, neurotrophin-3, or glial-derived
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neurotrophic factor (GDNF, Gomez-Pinilla et al., 2001; Ying et al., 2003; Gomez-
Pinilla et al., 2012; Mccullough et al., 2013), which can increase in the spinal cord
after exercise. These proteins all participate in enhancing synaptic plasticity, but
the alteration of these proteins in P301S mice have not been extensively studied
and warrants further investigation.
3.4.2 Exercise restores normal anxiety-like behavior

In order to evaluate whether exercise could prevent deficits in anxiety,
P301S mice were tested on their behavior in the light-dark avoidance test and
elevated-plus maze. It is standard practice to assess anxiety-like behavior with
more than one assay, as each test measures different aspects of anxious
behavior (Bailey and Crawley, 2009). While no differences across all groups
were observed in the light-dark avoidance test, P301S mice displayed anxiolytic-
like behavior in the elevated plus maze, an observation made by others (Dumont
et al., 2011). As expected, exercise prevented disinhibition and restored anxiety
levels to that of NTg mice. While there are few studies on the brain regions
involved in anxiety-like behavior in the elevated-plus maze, it is thought that the
amygdala, hippocampus and other limbic structures (Silveira et al., 1993;
Gonzalez and File, 1997) are involved. Since tau hyperphosphorylation and
neurofibrillary tangle pathology is present in the amygdala of P301S mice
(Yoshiyama et al., 2007), it is possible that exercise-induced reduction of tau

pathology in this area positively impacted anxiety-like behaviors. Additionally,
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hippocampal tau pathology was also reduced, which also supports the observed
behavioral changes. The amygdala has extensive connections with the
hippocampus as a part of the limbic system, so the exercise-induced prevention
of amygdaloid and hippocampal tauopathy progression to restore normal anxiety-
like behavior, is conceivable.
3.4.3 Effects of exercise on sensorimotor gating

Sensorimotor gating is operationally measured by pre-pulse inhibition
(PPI), whereby a weaker stimulus inhibits the motor response to a more intense,
startling stimulus. Greater %PPl has been observed in patients with mild
cognitive impairment (Ueki et al., 2006), whereas patients with moderate to
severe stages of AD display decreased %PPI (Ally et al., 2006). Previous reports
indicated that 6-month old P301S mice displayed increased pre-pulse inhibition
(Takeuchi et al., 2011), however, in this study PPl was decreased in 10-month
old P301S mice compared to NTg mice. This is most likely a reflection of age-
dependent changes in sensorimotor gaiting, where a progressive decline in
function is observed as tauopathy progresses. In the present study, it was
observed that exercise marginally improved PPl in Tg mice, with the Tg-SED
mice displaying ~35% PPI, while Tg-EX mice displayed ~55% PPI, which was
similar to that of NTg-SED mice (~60% PPI).

As with anxiety-like behavior, the hippocampus and amygdala are both

involved sensorimotor gating. Specifically, efferents from the ventral

192



hippocampus and caudal amygdala to the medial prefrontal cortex are thought to
regulate PPI (Miller et al., 2010). Given that abnormal PPI is associated with tau
pathology found in the regions involved in PPI in P301S mice (Takeuchi et al.,
2011), exercise-induced reductions of tau pathology in these regions (i.e.
hippocampus) could partially explain the marginal improvements in PPI that were
observed in this study.
3.4.4 Exercise improves associative memory

One of the notable characteristics of dementia is a decline in memory;
therefore, murine models of tauopathies are often tested in memory tasks.
Spatial memory, as assessed by performance in the Morris water maze, was not
significantly impacted in P301S mice in this study. This observation replicates
previous findings in this model (Dumont et al., 2011). Associative memory was
assessed by contextual and cued conditioning tests. P301S mice did not display
any deficits in associative learning or contextual memory, an observation
previously reported in 5-6 month mice (Takeuchi et al., 2011). However, deficits
were observed in cue associative memory in 10 month-old P301S mice in this
study. Exercise improved cued associative memory in Tg mice, with the Tg-EX
displaying higher percentage freezing than Tg-SED mice. This aspect of the
contextual and cued conditioning test is thought to require functional amygdaloid
circuits (Curzon et al., 2009), which may be disrupted in this region because of

tau pathology in P301S mice (Yoshiyama et al., 2007). It is possible that exercise
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prevented significant accumulation of tau in the amygdala, however further
investigations are needed to elucidate this mechanism.
3.4.5 Exercise effects on tau pathology in the spinal cord and brain

As mentioned previously, pre-neurofibrillary tangles are comprised
primarily of pThr231 (AT180) tau, while extracellular and intracellular
neurofibrillary tangles can be observed histologically by antibodies that recognize
tau phosphorylation at Ser202/Thr205 (AT8) and Thr212/Ser214 (AT100)
(Augustinack et al., 2002). In this study, treadmill exercise did not substantially
prevent tau pathology in the spinal cord, as only a moderate reduction in
insoluble AT8-tau was observed. However, significant reductions in tau
immunofluorescence and insoluble AT180-tau were observed in the
hippocampus. These findings indicate that forced treadmill exercise attenuates
the progression of neurofibrillary tangle formation and tau aggregation in the
hippocampus of P301S mice.

In contradiction to the initial hypothesis, the treadmill exercise regimen in
this study did not prevent a reduction in cell loss in the hippocampus (CA1 and
CA3 regions) and cortex of P301S mice. This is an interesting observation
because despite the dramatic cell loss within the hippocampus and cortex,
exercise was still able to preserve behaviors that are partially dependent on
these regions (i.e. exploratory locomotion, anxiety and PPI). Since exercise can

induce neurogenesis in the granule cell layer of the dentate gyrus (Leasure and
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Jones 2008; Lou et al., 2008; Trejo et al., 2008; Wu et al., 2008), which is
associated with enhanced LTP in this region (van Praag et al., 1999b), it is
possible that this may have influenced the positive changes in behavior that were
observed in P301S mice. There is also evidence that exercise can increase the
area of dendritic fields within the CA1 and CA3 in transgenic AD mice (Lin et al.,
2015), which may have helped to preserve functioning of the surviving cells in
those regions, despite disease progression. It is also possible that an increase of
several neurotrophic factors, including BDNF, GDNF and other neurotrophins
that are associated with physical activity, may have helped to protect surviving
neurons in those regions and maintain adaptive functioning of the hippocampus.
Future investigations on these potential mechanisms are needed in order to
understand how exercise can prevent a decline in behavioral function despite
neuronal cell loss in neurodegenerative tauopathy.
3.5.6 Exercise does not impact PSD-95 and synaptophysin protein levels
In an attempt to elucidate neurobiological mechanisms that may underlay the
positive behavioral changes observed, protein quantification was performed for
PSD-95 and synaptophysin in the spinal cord and brain. PSD-95 is a scaffolding
protein that that binds to and anchors the NMDA receptor at asymmetric
synapses (Kornau et al., 1995). Synaptophysin is a protein exclusively localized

to synaptic vesicles (SVs) and is the most abundant synaptic protein by mass
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(Takamori et al., 2006). Because of its location and prominence within SVs it is a
widely used marker of pre-synaptic terminals.

Both PSD-95 (Fang et al., 2013; Shih et al., 2013; Toy et al., 2014) and
synaptophysin (Ding et al., 2002; Ferreira et al., 2011; Garcia et a., 2012; Quirie
et al., 2012 Macias et al., 2013; Di Loreto et al., 2014; Toy et al., 2014) can be
elevated by treadmill exercise, supporting the notion that exercise may enhance
synaptic neurotransmission. In this study, however, neither protein was elevated
in the spinal cord or brain of NTg and Tg mice, which may be a reflection of the
exercise protocol. It is also possible that the time between the end of the exercise
regimen and the extraction of tissue (about 4 weeks; due to incorporation of
behavioral assays) could account for the lack of changes that were observed.
Elevations in these proteins may have occurred during and immediately after
exercise cessation and returned to baseline levels several weeks later, which has
been observed for BDNF (Ferreira et al., 2011; Bertchtold et al., 2010), an
upstream regulator of synaptophysin (Vaynman et al., 2006) and PSD-95 (Yoshii
et al., 2014).

3.4.7 Conclusions

In conclusion, this work demonstrates that 24 weeks of forced treadmill
exercise prevents behavioral impairments, attenuates tau pathology in the
hippocampus and has moderate effects in the spinal cord of P301S tau mice.

However, treadmill exercise does not prevent the progressive underlying cell loss
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associated with tauopathy. These observations point to the benefits of

introducing consistent and regular exercise at early stages of tauopathy.
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CHAPTER 4: SUMMARY AND FINAL CONCLUSIONS

Pathological tau accumulation occurs in AD and FTD. There are numerous
reports that have focused on the exercise-induced reductions of A accumulation
and behavioral impairments in animal models of Alzheimer’s disease (Adlard et
al., 2005; Nichol et al., 2007; Nichol et al., 2008; Um et al., 2008; Yuede et al.,
2009; Liu et al., 2011; Dao et al., 2013; Souza et al., 2013), while evidence of the
effects of exercise on tau accumulation is sparse. It has been previously reported
that exercise can reduce hyperphosphorylated tau in mouse models of tauopathy
(Leem et al., 2009; Belarbi et al., 2011). Since these studies either used mouse
models that do not develop NFTs and neurodegeneration (Shim et al., 2007;
Leem et al., 2009, Um et al., 2011) or did not evaluate the impact of exercise on
insoluble tau accumulation (Belarbi et al., 2011), there was a need to better
understand how exercise effects NFT development and associated behavioral
impairments in a mouse model that recapitulates those important facets of tau-
associated dementias. To investigate this, long-term (12 or 24 weeks) forced
treadmill exercise was employed to investigate if physical activity could attenuate
or prevent the progression of tauopathy in mice that overexpress human P301S-
mutated tau. The P301S mutation is associated with familial forms of FTD
(Spillantini et al., 1998; Goedert and Jakes, 2005) and is known to cause

hyperphosphorylation, aggregation and filament formation of tau (Goedert et al.,
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1999), which decreases the affinity of tau for microtubules and leads to
subsequent neurodegeneration and the development of NFTs.

The two studies outlined in this project demonstrated that treadmill exercise
is beneficial in the P301S mouse model of tauopathy. Exercise can attenuate and
prevent dysfunctions in exploratory locomotion, as well as prevent muscular
weakness, improve motor balance and coordination, and prevent disinhibition,
PPI dysfunction, and associative memory impairments. In accordance with the
behavioral observations, tau pathology was also reduced, but in different regions.
For the intervention study, tau pathology was reduced in the spinal cord, while
the brain was relatively spared. Conversely, in the prevention study, tau
pathology was reduced in the brain (i.e. hippocampus) and the spinal cord was
relatively spared. This may be as a result of the time at which exercise was
introduced, and the duration (12 versus 24 weeks) of the treadmill exercise
regimen. Additionally, insoluble tau accumulation was differentially affected by
both exercise regimens, with exercise intervention impacting AT8-insoluble tau
(extracellular and intracellular NFTs; Augustinack et al., 2002) in the spinal cord,
and preventative exercise impacting AT180-insoluble tau (pre-NFTs; Augustinack
et al., 2002) in the hippocampus. This is an interesting observation, which
indicates that exercise introduced at later stages of disease impacts mature or
late-stage NFT-pathology, while exercise at very early stages impacts immature

or early-stage pathology. These observations support the notion that introduction
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of physical activity at early stages of disease may attenuate the progression of
subsequent pathology and NFT formation.

Given the reductions in insoluble tau that were observed in both studies, it is
important to note that this did not help to prevent cell loss. Despite this, positive
behavioral changes were still observed, which suggests that exercise probably
increases an array of neurotrophic factors or induces long-lasting morphological
changes that protect remaining cells from pathological insults. Indeed, exercise
increases the levels neurotrophic factors (Neeper et al., 1995; Neeper et al.,
1996; Bertchtold et al., 2005; Chen and Russo-Neustadt, 2009; Rasmussen et
al., 2009), and can increase dendritic volume in neurons that are associated with
positive changes in behavior (Lin et al., 2015; Huang et al., 2012). It is quite
possible that these changes may have occurred in both studies, and future
investigations will answer those questions. Additionally, measuring the functional
viability of tauopathy-affected regions after exercise (e.g. hippocampus) via
electrophysiology would be another helpful approach to further understand how
exercise impacts pathology and behavior in P301S mice.

Although several positive results were observed in this project, there were
also limitations. First, assessments of other facets of behavior (e.g. memory,
anxiety, and PPIl) were not assessed in the intervention study, which limits
interpretations on the impact of intervention exercise on behavioral functioning in

older P301S mice. Second, since there was not a separate cohort to assess the
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immediate effects of exercise, only the delayed (after behavioral testing) effects
of exercise on immunohistological and biochemical changes were analyzed. It
may be that more robust changes in biochemistry may have been observed if
tissue was collected immediately after the last exercise session. There is
evidence that behavioral testing can upregulate the levels of certain proteins
(Pollak et al., 2005), so future studies on exercise and P301S mice will compare
the immediate effects of exercise, and the effects after behavioral testing.

To conclude, the preceding studies show that exercise introduced at early
and late stages in the P301S mouse model of neurodegenerative tauopathy can
have profound effects on pathology and behavior. These observations offer
insight on the impact of consistent and regular exercise in tau-related dementias.
Moreover, these observations add to the growing body of literature on the
importance of incorporating physical activity into a healthy lifestyle, to help

combat the onset and progression of dementia.

201



REFERENCES

Aberg, M. A., Aberg, N. D., Hedbacker, H., Oscarsson, J., & Eriksson, P. S.
(2000). Peripheral infusion of IGF-I selectively induces neurogenesis in
the adult rat hippocampus. J Neurosci, 20(8), 2896-2903.

Adlard, P. A., Perreau, V. M., Pop, V., & Cotman, C. W. (2005). Voluntary
exercise decreases amyloid load in a transgenic model of Alzheimer's
disease. J Neurosci, 25(17), 4217-4221. doi: 10.1523/JNEUROSCI.0496-
05.2005

Al-Bassam, J., Ozer, R. S., Safer, D., Halpain, S., & Milligan, R. A. (2002). MAP2
and tau bind longitudinally along the outer ridges of microtubule
protofilaments. J Cell Biol, 157(7), 1187-1196. doi: 10.1083/jcb.200201048

Al-dJarrah, M., Pothakos, K., Novikova, L., Smirnova, I. V., Kurz, M. J., Stehno-
Bittel, L., & Lau, Y. S. (2007). Endurance exercise promotes
cardiorespiratory rehabilitation without neurorestoration in the chronic
mouse model of parkinsonism with severe neurodegeneration.
Neuroscience, 149(1), 28-37. doi: 10.1016/j.neuroscience.2007.07.038

Alldred, M. J., Duff, K. E., & Ginsberg, S. D. (2012). Microarray analysis of CA1
pyramidal neurons in a mouse model of tauopathy reveals progressive
synaptic  dysfunction.  Neurobiol  Dis, 45(2), 751-762. doi:
10.1016/j.nbd.2011.10.022

Ally, B. A., Jones, G. E., Cole, J. A., & Budson, A. E. (2006). Sensory gating in
patients with Alzheimer's disease and their biological children. Am J
Alzheimers Dis Other Demen, 21(6), 439-447. doi:
10.1177/1533317506292282

Alonso Adel, C., Mederlyova, A., Novak, M., Grundke-Igbal, I., & Igbal, K. (2004).
Promotion of hyperphosphorylation by frontotemporal dementia tau
mutations. J Biol Chem, 279(33), 34873-34881. doi:
10.1074/jbc.M405131200

Altman, J., & Das, G. D. (1965). Autoradiographic and histological evidence of
postnatal hippocampal neurogenesis in rats. J Comp Neurol, 124(3), 319-
335.

Ambegaokar, S. S., & Jackson, G. R. (2012). The downward spiral of tau and
autolysosomes: a new hypothesis in neurodegeneration. Autophagy, 8(7),
1144-1145. doi: 10.4161/auto.20515

Anagnostaras, S. G., Wood, S. C., Shuman, T., Cai, D. J., Leduc, A. D., Zurn, K.
R., . . . Herrera, G. M. (2010). Automated assessment of pavlovian
conditioned freezing and shock reactivity in mice using the video freeze
system. Front Behav Neurosci, 4. doi: 10.3389/fnbeh.2010.00158

Anderson-Hanley, C., Nimon, J. P., & Westen, S. C. (2010). Cognitive health
benefits of strengthening exercise for community-dwelling older adults. J

202



Clin Exp Neuropsychol, 32(9), 996-1001. doi:
10.1080/13803391003662702

Andorfer, C., Acker, C. M., Kress, Y., Hof, P. R., Duff, K., & Davies, P. (2005).
Cell-cycle reentry and cell death in transgenic mice expressing nonmutant
human tau isoforms. J Neurosci, 25(22), 5446-5454. doi:
10.1523/JNEUROSCI.4637-04.2005

Andorfer, C., Kress, Y., Espinoza, M., de Silva, R., Tucker, K. L., Barde, Y. A., ..
. Davies, P. (2003). Hyperphosphorylation and aggregation of tau in mice
expressing normal human tau isoforms. J Neurochem, 86(3), 582-590.

Ang, E. T., Dawe, G. S., Wong, P. T., Moochhala, S., & Ng, Y. K. (2006).
Alterations in spatial learning and memory after forced exercise. Brain
Res, 1113(1), 186-193. doi: 10.1016/j.brainres.2006.07.023

Arai, T., Ikeda, K., Akiyama, H., Nonaka, T., Hasegawa, M., Ishiguro, K., . . .
Mochizuki, A. (2004). Identification of amino-terminally cleaved tau
fragments that distinguish progressive supranuclear palsy from
corticobasal  degeneration. Ann  Neurol, 55(1), 72-79. doi:
10.1002/ana.10793

Archer, J. (1973). Tests for emotionality in rats and mice: a review. Anim Behav,
21(2), 205-235.

Arkin, S. M. (1999). Elder rehab: a student-supervised exercise program for
Alzheimer's patients. Gerontologist, 39(6), 729-735.

Arkin, S. M. (2003). Student-led exercise sessions yield significant fithess gains
for Alzheimer's patients. Am J Alzheimers Dis Other Demen, 18(3), 159-
170.

Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T., & Hyman, B. T. (1992).
Neurofibrillary tangles but not senile plaques parallel duration and severity
of Alzheimer's disease. Neurology, 42(3 Pt 1), 631-639.

Augustinack, J. C., Schneider, A., Mandelkow, E. M., & Hyman, B. T. (2002).
Specific tau phosphorylation sites correlate with severity of neuronal
cytopathology in Alzheimer's disease. Acta Neuropathol, 103(1), 26-35.

Axe, E. L., Walker, S. A., Manifava, M., Chandra, P., Roderick, H. L.,
Habermann, A., . . . Kitistakis, N. T. (2008). Autophagosome formation
from membrane compartments enriched in phosphatidylinositol 3-
phosphate and dynamically connected to the endoplasmic reticulum. J
Cell Biol, 182(4), 685-701. doi: 10.1083/jcb.200803137

Babu, J. R., Geetha, T., & Wooten, M. W. (2005). Sequestosome 1/p62 shuttles
polyubiquitinated tau for proteasomal degradation. J Neurochem, 94(1),
192-203. doi: 10.1111/j.1471-4159.2005.03181.x

Bailey, K. R., & Crawley, J. N. (2009). Anxiety-Related Behaviors in Mice. In J. J.
Buccafusco (Ed.), Methods of Behavior Analysis in Neuroscience (2nd
ed.). Boca Raton (FL).

203



Bancher, C., Brunner, C., Lassmann, H., Budka, H., Jellinger, K., Seitelberger,
F., ... Wisniewski, H. M. (1989). Tau and ubiquitin immunoreactivity at
different stages of formation of Alzheimer neurofibrillary tangles. Prog Clin
Biol Res, 317, 837-848.

Barbero-Camps, E., Fernandez, A., Martinez, L., Fernandez-Checa, J. C., &
Colell, A. (2013). APP/PS1 mice overexpressing SREBP-2 exhibit
combined Abeta accumulation and tau pathology underlying Alzheimer's
disease. Hum Mol Genet, 22(17), 3460-3476. doi: 10.1093/hmg/ddt201

Barghorn, S., Zheng-Fischhofer, Q., Ackmann, M., Biernat, J., von Bergen, M.,
Mandelkow, E. M., & Mandelkow, E. (2000). Structure, microtubule
interactions, and paired helical filament aggregation by tau mutants of
frontotemporal dementias. Biochemistry, 39(38), 11714-11721.

Barry, A. J., Steinmetz, J. R., Page, H. F., & Rodahl, K. (1966). The effects of
physical conditioning on older individuals. Il. Motor performance and
cognitive function. J Gerontol, 21(2), 192-199.

Bayod, S., Del Valle, J., Canudas, A. M., Lalanza, J. F., Sanchez-Roige, S.,
Camins, A., . . . Pallas, M. (2011). Long-term treadmill exercise induces
neuroprotective molecular changes in rat brain. J Appl Physiol (1985),
111(5), 1380-1390. doi: 10.1152/japplphysiol.00425.2011

Bechara, R. G., & Kelly, A. M. (2013). Exercise improves object recognition
memory and induces BDNF expression and cell proliferation in cognitively
enriched rats. Behav  Brain Res, 245, 96-100. doi:
10.1016/j.bbr.2013.02.018

Beebe, L. H., Tian, L., Morris, N., Goodwin, A., Allen, S. S., & Kuldau, J. (2005).
Effects of exercise on mental and physical health parameters of persons
with schizophrenia. Issues Ment Health Nurs, 26(6), 661-676. doi:
10.1080/01612840590959551

Beitz, J. M. (2014). Parkinson's disease: a review. Front Biosci (Schol Ed), 6, 65-

74.
Belarbi, K., Burnouf, S., Fernandez-Gomez, F. J., Laurent, C., Lestavel, S.,
Figeac, M., . . . Blum, D. (2011). Beneficial effects of exercise in a

transgenic mouse model of Alzheimer's disease-like Tau pathology.
Neurobiol Dis, 43(2), 486-494. doi: 10.1016/j.nbd.2011.04.022

Bennett, D. A., Schneider, J. A., Wilson, R. S., Bienias, J. L., & Arnold, S. E.
(2004). Neurofibrillary tangles mediate the association of amyloid load with
clinical Alzheimer disease and level of cognitive function. Arch Neurol,
61(3), 378-384. doi: 10.1001/archneur.61.3.378

Berchtold, N. C., Castello, N., & Cotman, C. W. (2010). Exercise and time-
dependent benefits to learning and memory. Neuroscience, 167(3), 588-
597. doi: 10.1016/j.neuroscience.2010.02.050

204



Berchtold, N. C., Chinn, G., Chou, M., Kesslak, J. P., & Cotman, C. W. (2005).
Exercise primes a molecular memory for brain-derived neurotrophic factor
protein induction in the rat hippocampus. Neuroscience, 133(3), 853-861.
doi: 10.1016/j.neuroscience.2005.03.026

Berriman, J., Serpell, L. C., Oberg, K. A., Fink, A. L., Goedert, M., & Crowther, R.
A. (2003). Tau filaments from human brain and from in vitro assembly of
recombinant protein show cross-beta structure. Proc Natl Acad Sci U S A,
100(15), 9034-9038. doi: 10.1073/pnas.1530287100

Bhattacharya, T. K., Pence, B. D., Ossyra, J. M., Gibbons, T. E., Perez, S.,
McCusker, R. H.,, . . . Rhodes, J. S. (2015). Exercise but not (-)-
epigallocatechin-3-gallate or beta-alanine enhances physical fitness, brain
plasticity, and behavioral performance in mice. Physiol Behav, 145, 29-37.
doi: 10.1016/j.physbeh.2015.03.023

Biernat, J., Mandelkow, E. M., Schroter, C., Lichtenberg-Kraag, B., Steiner, B.,
Berling, B., . . . et al. (1992). The switch of tau protein to an Alzheimer-like
state includes the phosphorylation of two serine-proline motifs upstream of
the microtubule binding region. EMBO J, 11(4), 1593-1597.

Binder, D. K., & Scharfman, H. E. (2004). Brain-derived neurotrophic factor.
Growth Factors, 22(3), 123-131.

Binder, E., Droste, S. K., Ohl, F., & Reul, J. M. (2004). Regular voluntary
exercise reduces anxiety-related behaviour and impulsiveness in mice.
Behav Brain Res, 155(2), 197-206. doi: 10.1016/j.bbr.2004.04.017

Binder, L. I., Frankfurter, A., & Rebhun, L. I. (1985). The distribution of tau in the
mammalian central nervous system. J Cell Biol, 101(4), 1371-1378.

Biondi, O., Grondard, C., Lecolle, S., Deforges, S., Pariset, C., Lopes, P., . ..
Charbonnier, F. (2008). Exercise-induced activation of NMDA receptor
promotes motor unit development and survival in a type 2 spinal muscular
atrophy model mouse. J Neurosci, 28(4), 953-962. doi:
10.1523/JNEUROSCI.3237-07.2008

Bjorkoy, G., Lamark, T., Brech, A., Outzen, H., Perander, M., Overvatn, A, . ..
Johansen, T. (2005). p62/SQSTM1 forms protein aggregates degraded by
autophagy and has a protective effect on huntingtin-induced cell death. J
Cell Biol, 171(4), 603-614. doi: 10.1083/jcb.200507002

Bjorkoy, G., Lamark, T., Pankiv, S., Overvatn, A., Brech, A., & Johansen, T.
(2009). Monitoring autophagic degradation of p62/SQSTM1. Methods
Enzymol, 452, 181-197. doi: 10.1016/S0076-6879(08)03612-4

Blair, L. A., & Marshall, J. (1997). IGF-1 modulates N and L calcium channels in
a PI 3-kinase-dependent manner. Neuron, 19(2), 421-429.

Boland, B., Kumar, A, Lee, S., Platt, F. M., Wegiel, J., Yu, W. H., & Nixon, R. A.
(2008). Autophagy induction and autophagosome clearance in neurons:

205



relationship to autophagic pathology in Alzheimer's disease. J Neurosci,
28(27), 6926-6937. doi: 10.1523/JNEUROSCI.0800-08.2008

Braak, H., Alafuzoff, |., Arzberger, T., Kretzschmar, H., & Del Tredici, K. (2006).
Staging of Alzheimer disease-associated neurofibrillary pathology using
paraffin sections and immunocytochemistry. Acta Neuropathol, 112(4),
389-404. doi: 10.1007/s00401-006-0127-z

Braak, H., & Braak, E. (1991). Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol, 82(4), 239-2509.

Brown, M. R., Bondada, V., Keller, J. N., Thorpe, J., & Geddes, J. W. (2005).
Proteasome or calpain inhibition does not alter cellular tau levels in
neuroblastoma cells or primary neurons. J Alzheimers Dis, 7(1), 15-24.

Brun, A., Liu, X., & Erikson, C. (1995). Synapse loss and gliosis in the molecular
layer of the cerebral cortex in Alzheimer's disease and in frontal lobe
degeneration. Neurodegeneration, 4(2), 171-177.

Buchman, A. S., Boyle, P. A., Yu, L., Shah, R. C., Wilson, R. S., & Bennett, D. A.
(2012). Total daily physical activity and the risk of AD and cognitive
decline in older adults. Neurology, 78(17), 1323-1329. doi:
10.1212/WNL.0b013e3182535d35

Buckner, R. L., Andrews-Hanna, J. R., & Schacter, D. L. (2008). The brain's
default network: anatomy, function, and relevance to disease. Ann N' Y
Acad Sci, 1124, 1-38. doi: 10.1196/annals.1440.011

Bui, T. V., Akay, T., Loubani, O., Hnasko, T. S., Jessell, T. M., & Brownstone, R.
M. (2013). Circuits for grasping: spinal dI3 interneurons mediate
cutaneous control of motor behavior. Neuron, 78(1), 191-204. doi:
10.1016/j.neuron.2013.02.007

Callahan, L. M., & Coleman, P. D. (1995). Neurons bearing neurofibrillary tangles
are responsible for selected synaptic deficits in Alzheimer's disease.
Neurobiol Aging, 16(3), 311-314.

Cameron, H. A., Woolley, C. S., McEwen, B. S., & Gould, E. (1993).
Differentiation of newly born neurons and glia in the dentate gyrus of the
adult rat. Neuroscience, 56(2), 337-344.

Carro, E., Nunez, A., Busiguina, S., & Torres-Aleman, |. (2000). Circulating
insulin-like growth factor | mediates effects of exercise on the brain. J
Neurosci, 20(8), 2926-2933.

Carro, E., Trejo, J. L., Busiguina, S., & Torres-Aleman, |. (2001). Circulating
insulin-like growth factor | mediates the protective effects of physical
exercise against brain insults of different etiology and anatomy. J
Neurosci, 21(15), 5678-5684.

Cassilhas, R. C., Lee, K. S., Fernandes, J., Oliveira, M. G., Tufik, S., Meeusen,
R., & de Mello, M. T. (2012). Spatial memory is improved by aerobic and

206



resistance exercise through divergent molecular mechanisms.
Neuroscience, 202, 309-317. doi: 10.1016/j.neuroscience.2011.11.029

Chaddock, L., Erickson, K. I., Prakash, R. S., Kim, J. S., Voss, M. W., Vanpatter,
M., . . . Kramer, A. F. (2010). A neuroimaging investigation of the
association between aerobic fitness, hippocampal volume, and memory
performance in preadolescent children. Brain Res, 1358, 172-183. doi:
10.1016/j.brainres.2010.08.049

Chaddock, L., Erickson, K. I., Prakash, R. S., VanPatter, M., Voss, M. W.,
Pontifex, M. B., . . . Kramer, A. F. (2010). Basal ganglia volume is
associated with aerobic fitness in preadolescent children. Dev Neurosci,
32(3), 249-256. doi: 10.1159/000316648

Chaouloff, F. (1994). Influence of physical exercise on 5-HT1A receptor- and
anxiety-related behaviours. Neurosci Lett, 176(2), 226-230.

Chapman, S. B., Aslan, S., Spence, J. S., Defina, L. F., Keebler, M. W,,
Didehbani, N., & Lu, H. (2013). Shorter term aerobic exercise improves
brain, cognition, and cardiovascular fitness in aging. Front Aging Neurosci,
5, 75. doi: 10.3389/fnagi.2013.00075

Chen, J., Kanai, Y., Cowan, N. J., & Hirokawa, N. (1992). Projection domains of
MAP2 and tau determine spacings between microtubules in dendrites and
axons. Nature, 360(6405), 674-677. doi: 10.1038/360674a0

Chen, Q., Zhou, Z., Zhang, L., Wang, Y., Zhang, Y. W., Zhong, M., . . . Yu, Z. P.
(2012). Tau protein is involved in morphological plasticity in hippocampal
neurons in response to BDNF. Neurochem Int, 60(3), 233-242. doi:
10.1016/j.neuint.2011.12.013

Ciavardelli, D., Silvestri, E., Del Viscovo, A., Bomba, M., De Gregorio, D.,
Moreno, M., . . . Sensi, S. L. (2010). Alterations of brain and cerebellar
proteomes linked to Abeta and tau pathology in a female triple-transgenic
murine model of Alzheimer's disease. Cell Death Dis, 1, e€90. doi:
10.1038/cddis.2010.68

Clare, R., King, V. G., Wirenfeldt, M., & Vinters, H. V. (2010). Synapse loss in
dementias. J Neurosci Res, 88(10), 2083-2090. doi: 10.1002/jnr.22392

Clavaguera, F., Bolmont, T., Crowther, R. A., Abramowski, D., Frank, S., Probst,
A., . . . Tolnay, M. (2009). Transmission and spreading of tauopathy in
transgenic mouse brain. Nat Cell Biol, 11(7), 909-913. doi:
10.1038/ncb1901

Cleveland, D. W., Hwo, S. Y., & Kirschner, M. W. (1977). Purification of tau, a
microtubule-associated protein that induces assembly of microtubules
from purified tubulin. J Mol Biol, 116(2), 207-225.

Colcombe, S. J., Erickson, K. I, Scalf, P. E., Kim, J. S., Prakash, R., McAuley,
E., . .. Kramer, A. F. (2006). Aerobic exercise training increases brain

207



volume in aging humans. J Gerontol A Biol Sci Med Sci, 61(11), 1166-
1170.

Colton, C. A., Mott, R. T., Sharpe, H., Xu, Q., Van Nostrand, W. E., & Vitek, M. P.
(2006). Expression profiles for macrophage alternative activation genes in
AD and in mouse models of AD. J Neuroinflammation, 3, 27. doi:
10.1186/1742-2094-3-27

Costa, M. S., Ardais, A. P., Fioreze, G. T., Mioranzza, S., Botton, P. H., Souza,
D. O,, . . . Porciuncula, L. O. (2012). The impact of the frequency of
moderate exercise on memory and brain-derived neurotrophic factor
signaling in young adult and middle-aged rats. Neuroscience, 222, 100-
109. doi: 10.1016/j.neuroscience.2012.06.068

Cotman, C. W., Berchtold, N. C., & Christie, L. A. (2007). Exercise builds brain
health: key roles of growth factor cascades and inflammation. Trends
Neurosci, 30(9), 464-472. doi: 10.1016/j.tins.2007.06.011

Cowan, C. M., & Mudher, A. (2013). Are tau aggregates toxic or protective in
tauopathies? Front Neurol, 4, 114. doi: 10.3389/fneur.2013.00114

Crawley, J. N. (1985). Exploratory behavior models of anxiety in mice. Neurosci
Biobehav Rev, 9(1), 37-44.

Crescenzi, R., DeBrosse, C., Nanga, R. P., Reddy, S., Haris, M., Hariharan, H., .
. . Reddy, R. (2014). In vivo measurement of glutamate loss is associated
with synapse loss in a mouse model of tauopathy. Neuroimage, 101, 185-
192. doi: 10.1016/j.neuroimage.2014.06.067

Curzon, P., Rustay, N. R., & Browman, K. E. (2009). Cued and Contextual Fear
Conditioning for Rodents. In J. J. Buccafusco (Ed.), Methods of Behavior
Analysis in Neuroscience (2nd ed.). Boca Raton (FL).

D'Souza, I., Poorkaj, P., Hong, M., Nochlin, D., Lee, V. M., Bird, T. D., &
Schellenberg, G. D. (1999). Missense and silent tau gene mutations cause
frontotemporal dementia with parkinsonism-chromosome 17 type, by
affecting multiple alternative RNA splicing regulatory elements. Proc Nat/
Acad Sci U S A, 96(10), 5598-5603.

Dai, C. T., Chang, Y. K., Huang, C. J., & Hung, T. M. (2013). Exercise mode and
executive function in older adults: an ERP study of task-switching. Brain
Cogn, 83(2), 153-162. doi: 10.1016/j.bandc.2013.07.007

Dao, A. T., Zagaar, M. A,, Levine, A. T., Salim, S., Eriksen, J. L., & Alkadhi, K. A.
(2013). Treadmill exercise prevents learning and memory impairment in
Alzheimer's disease-like pathology. Curr Alzheimer Res, 10(5), 507-515.

Davies, C. A., Mann, D. M., Sumpter, P. Q., & Yates, P. O. (1987). A quantitative
morphometric analysis of the neuronal and synaptic content of the frontal
and temporal cortex in patients with Alzheimer's disease. J Neurol Sci,
78(2), 151-164.

208



Dayanandan, R., Van Slegtenhorst, M., Mack, T. G., Ko, L., Yen, S. H., Leroy, K,
.. . Lovestone, S. (1999). Mutations in tau reduce its microtubule binding
properties in intact cells and affect its phosphorylation. FEBS Lett, 446(2-
3), 228-232.

de Calignon, A., Polydoro, M., Suarez-Calvet, M., William, C., Adamowicz, D. H.,
Kopeikina, K. J., . . . Hyman, B. T. (2012). Propagation of tau pathology in
a model of early Alzheimer's disease. Neuron, 73(4), 685-697. doi:
10.1016/j.neuron.2011.11.033

DeKosky, S. T., & Scheff, S. W. (1990). Synapse loss in frontal cortex biopsies in
Alzheimer's disease: correlation with cognitive severity. Ann Neurol, 27(5),
457-464. doi: 10.1002/ana.410270502

Delavande, A., Hurd, M. D., Martorell, P., & Langa, K. M. (2013). Dementia and
out-of-pocket spending on health care services. Alzheimers Dement, 9(1),
19-29. doi: 10.1016/j.jalz.2011.11.003

Demars, M., Hu, Y. S., Gadadhar, A., & Lazarov, O. (2010). Impaired
neurogenesis is an early event in the etiology of familial Alzheimer's
disease in transgenic mice. J Neurosci Res, 88(10), 2103-2117. doi:
10.1002/jnr.22387

Di Loreto, S., Falone, S., D'Alessandro, A., Santini, S., Jr., Sebastiani, P.,
Cacchio, M., & Amicarelli, F. (2014). Regular and moderate exercise
initiated in middle age prevents age-related amyloidogenesis and
preserves synaptic and neuroprotective signaling in mouse brain cortex.
Exp Gerontol, 57, 57-65. doi: 10.1016/j.exger.2014.05.006

Dickson, D. W. (1999). Neuropathologic differentiation of progressive
supranuclear palsy and corticobasal degeneration. J Neurol, 246 Suppl 2,
116-15.

Dickson, D. W. (2004). Apoptotic mechanisms in Alzheimer neurofibrillary
degeneration: cause or effect? J Clin Invest, 114(1), 23-27. doi:
10.1172/JC122317

Dickson, D. W., Bergeron, C., Chin, S. S., Duyckaerts, C., Horoupian, D., Ikeda,
K., . . . Office of Rare Diseases of the National Institutes of, H. (2002).
Office of Rare Diseases neuropathologic criteria for corticobasal
degeneration. J Neuropathol Exp Neurol, 61(11), 935-946.

Dietrich, M. O., Mantese, C. E., Porciuncula, L. O., Ghisleni, G., Vinade, L.,
Souza, D. O., & Portela, L. V. (2005). Exercise affects glutamate receptors
in postsynaptic densities from cortical mice brain. Brain Res, 1065(1-2),
20-25. doi: 10.1016/j.brainres.2005.09.038

Dubreucq, S., Marsicano, G., & Chaouloff, F. (2015). Duration- and environment-
dependent effects of repeated voluntary exercise on anxiety and cued fear
in mice. Behav Brain Res, 282, 1-5. doi: 10.1016/j.bbr.2014.12.042

209



Duff, K., Knight, H., Refolo, L. M., Sanders, S., Yu, X., Picciano, M., . . . Davies,
P. (2000). Characterization of pathology in transgenic mice over-
expressing human genomic and cDNA tau transgenes. Neurobiol Dis,
7(2), 87-98. doi: 10.1006/nbdi.1999.0279

Dumont, M., Stack, C., Elipenahli, C., Jainuddin, S., Gerges, M., Starkova, N. N.,
... Beal, F. (2011). Behavioral deficit, oxidative stress, and mitochondrial
dysfunction precede tau pathology in P301S transgenic mice. FASEB J,
25(11), 4063-4072. doi: 10.1096/fj.11-186650

Dustman, R. E., Emmerson, R. Y., Ruhling, R. O., Shearer, D. E., Steinhaus, L.
A., Johnson, S. C., . . . Shigeoka, J. W. (1990). Age and fitness effects on
EEG, ERPs, visual sensitivity, and cognition. Neurobiol Aging, 11(3), 193-
200.

Dustman, R. E., Ruhling, R. O., Russell, E. M., Shearer, D. E., Bonekat, H. W.,
Shigeoka, J. W., . . . Bradford, D. C. (1984). Aerobic exercise training and
improved neuropsychological function of older individuals. Neurobiol
Aging, 5(1), 35-42.

Duyckaerts, C., Bennecib, M., Grignon, Y., Uchihara, T., He, Y., Piette, F., &
Hauw, J. J. (1997). Modeling the relation between neurofibrillary tangles
and intellectual status. Neurobiol Aging, 18(3), 267-273.

Eadie, B. D., Redila, V. A., & Christie, B. R. (2005). Voluntary exercise alters the
cytoarchitecture of the adult dentate gyrus by increasing cellular
proliferation, dendritic complexity, and spine density. J Comp Neurol,
486(1), 39-47. doi: 10.1002/cne.20493

Eckermann, K., Mocanu, M. M., Khlistunova, |., Biernat, J., Nissen, A., Hofmann,
A., . . . Mandelkow, E. M. (2007). The beta-propensity of Tau determines
aggregation and synaptic loss in inducible mouse models of tauopathy. J
Biol Chem, 282(43), 31755-31765. doi: 10.1074/jbc.M705282200

Egashira, N., lwasaki, K., Takashima, A., Watanabe, T., Kawabe, H., Matsuda,
T., . . . Fujiwara, M. (2005). Altered depression-related behavior and
neurochemical changes in serotonergic neurons in mutant R406W human
tau  transgenic  mice. Brain  Res, 1059(1), 7-12. doi:
10.1016/j.brainres.2005.08.004

El-Khoury, V., Pierson, S., Szwarcbart, E., Brons, N. H., Roland, O., Cherrier-De
Wilde, S., . . . Berchem, G. (2014). Disruption of autophagy by the histone
deacetylase inhibitor MGCDO0103 and its therapeutic implication in B-cell
chronic lymphocytic leukemia. Leukemia, 28(8), 1636-1646. doi:
10.1038/leu.2014.19

Elrick, M. J., & Lieberman, A. P. (2013). Autophagic dysfunction in a lysosomal
storage disorder due to impaired proteolysis. Autophagy, 9(2), 234-235.
doi: 10.4161/auto.22501

210



Engel, T., Goni-Oliver, P., Lucas, J. J., Avila, J., & Hernandez, F. (2006). Chronic
lithium administration to FTDP-17 tau and GSK-3beta overexpressing
mice prevents tau hyperphosphorylation and neurofibrillary tangle
formation, but pre-formed neurofibrillary tangles do not revert. J
Neurochem, 99(6), 1445-1455. doi: 10.1111/j.1471-4159.2006.04139.x

Erickson, K. I., Miller, D. L., & Roecklein, K. A. (2012). The aging hippocampus:
interactions between exercise, depression, and BDNF. Neuroscientist,
18(1), 82-97. doi: 10.1177/1073858410397054

Erickson, K. I., Raji, C. A., Lopez, O. L., Becker, J. T., Rosano, C., Newman, A.
B., ... Kuller, L. H. (2010). Physical activity predicts gray matter volume in
late adulthood: the Cardiovascular Health Study. Neurology, 75(16), 1415-
1422. doi: 10.1212/WNL.0b013e3181f88359

Erickson, K. I., Weinstein, A. M., Sutton, B. P., Prakash, R. S., Voss, M. W.,
Chaddock, L., . . . Kramer, A. F. (2012). Beyond vascularization: aerobic
fithess is associated with N-acetylaspartate and working memory. Brain
Behav, 2(1), 32-41. doi: 10.1002/brb3.30

Eriksson, P. S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A. M., Nordborg, C.,
Peterson, D. A., & Gage, F. H. (1998). Neurogenesis in the adult human
hippocampus. Nat Med, 4(11), 1313-1317. doi: 10.1038/3305

Fabel, K., Fabel, K., Tam, B., Kaufer, D., Baiker, A., Simmons, N., . .. Palmer, T.
D. (2003). VEGF is necessary for exercise-induced adult hippocampal
neurogenesis. Eur J Neurosci, 18(10), 2803-2812.

Falls, W. A., Fox, J. H., & MacAulay, C. M. (2010). Voluntary exercise improves
both learning and consolidation of cued conditioned fear in C57 mice.
Behav Brain Res, 207(2), 321-331. doi: 10.1016/j.bbr.2009.10.016

Fang, Z. H., Lee, C. H., Seo, M. K., Cho, H., Lee, J. G,, Lee, B. J., .. . Kim, Y. H.
(2013). Effect of treadmill exercise on the BDNF-mediated pathway in the
hippocampus of stressed rats. Neurosci Res, 76(4), 187-194. doi:
10.1016/j.neures.2013.04.005

Farmer, J., Zhao, X., van Praag, H., Wodtke, K., Gage, F. H., & Christie, B. R.
(2004). Effects of voluntary exercise on synaptic plasticity and gene
expression in the dentate gyrus of adult male Sprague-Dawley rats in vivo.
Neuroscience, 124(1), 71-79. doi: 10.1016/j.neuroscience.2003.09.029

Ferreira, A. F., Real, C. C., Rodrigues, A. C., Alves, A. S., & Britto, L. R. (2011).
Short-term, moderate exercise is capable of inducing structural, BDNF-
independent hippocampal plasticity. Brain Res, 1425, 111-122. doi:
10.1016/j.brainres.2011.10.004

Ferreira, A. G., Scherer, E. B., da Cunha, M. J., Machado, F. R., Cunha, A. A,,
Graeff, J. S., . . . Wyse, A. T. (2011). Physical exercise reverses cognitive
impairment in rats subjected to experimental hyperprolinemia. Neurochem
Res, 36(12), 2306-2315. doi: 10.1007/s11064-011-0555-6

211



Ferrer, |., Barrachina, M., & Puig, B. (2002). Glycogen synthase kinase-3 is
associated with neuronal and glial hyperphosphorylated tau deposits in
Alzheimer's disease, Pick's disease, progressive supranuclear palsy and
corticobasal degeneration. Acta Neuropathol, 104(6), 583-591. doi:
10.1007/s00401-002-0587-8

Festing, M. F. (1977). Wheel activity in 26 strains of mouse. Lab Anim, 11(4),
257-258.

Feuillette, S., Blard, O., Lecourtois, M., Frebourg, T., Campion, D., & Dumanchin,
C. (2005). Tau is not normally degraded by the proteasome. J Neurosci
Res, 80(3), 400-405. doi: 10.1002/jnr.20414

Fink, J. S., & Smith, G. P. (1980). Mesolimbicocortical dopamine terminal fields
are necessary for normal locomotor and investigatory exploration in rats.
Brain Res, 199(2), 359-384.

Fischer, D., Mukrasch, M. D., Biernat, J., Bibow, S., Blackledge, M., Griesinger,
C., . . . Zweckstetter, M. (2009). Conformational changes specific for
pseudophosphorylation at serine 262 selectively impair binding of tau to
microtubules. Biochemistry, 48(42), 10047-10055. doi:
10.1021/bi901090m

Fong, D. Y., Chi, L. K,, Li, F., & Chang, Y. K. (2014). The benefits of endurance
exercise and Tai Chi Chuan for the task-switching aspect of executive
function in older adults: an ERP study. Front Aging Neurosci, 6, 295. doi:
10.3389/fnagi.2014.00295

Fordyce, D. E., & Farrar, R. P. (1991). Physical activity effects on hippocampal
and parietal cortical cholinergic function and spatial learning in F344 rats.
Behav Brain Res, 43(2), 115-123.

Forman, M. S. (2004). Genotype-phenotype correlations in FTDP-17: does form
follow function? Exp Neurol, 187(2), 229-234. doi:
10.1016/j.expneurol.2004.01.031

Frandemiche, M. L., De Seranno, S., Rush, T., Borel, E., Elie, A., Arnal, |., . ..
Buisson, A. (2014). Activity-dependent tau protein translocation to
excitatory synapse is disrupted by exposure to amyloid-beta oligomers. J
Neurosci, 34(17), 6084-6097. doi: 10.1523/JNEUROSCI.4261-13.2014

Frappier, T. F., Georgieff, I. S., Brown, K., & Shelanski, M. L. (1994). tau
Regulation of microtubule-microtubule spacing and bundling. J
Neurochem, 63(6), 2288-2294.

Frost, B., Jacks, R. L., & Diamond, M. I. (2009). Propagation of tau misfolding
from the outside to the inside of a cell. J Biol Chem, 284(19), 12845-
12852. doi: 10.1074/jbc.M808759200

Fukushiro, D. F., Carvalho Rde, C., Ricardo, V. P., Alvarez Jdo, N., Ribeiro, L. T.,
& Frussa-Filho, R. (2008). Haloperidol (but not ziprasidone) withdrawal

212



potentiates sensitization to the hyperlocomotor effect of cocaine in mice.
Brain Res Bull, 77(2-3), 124-128. doi: 10.1016/j.brainresbull.2008.05.004

Garcia, P. C., Real, C. C., Ferreira, A. F., Alouche, S. R., Britto, L. R., & Pires, R.
S. (2012). Different protocols of physical exercise produce different effects
on synaptic and structural proteins in motor areas of the rat brain. Brain
Res, 1456, 36-48. doi: 10.1016/j.brainres.2012.03.059

Garcia-Capdevila, S., Portell-Cortes, |., Torras-Garcia, M., Coll-Andreu, M., &
Costa-Miserachs, D. (2009). Effects of long-term voluntary exercise on
learning and memory processes: dependency of the task and level of
exercise. Behav Brain Res, 202(2), 162-170. doi:
10.1016/j.bbr.2009.03.020

Garcia-Mesa, Y., Lopez-Ramos, J. C., Gimenez-Llort, L., Revilla, S., Guerra, R.,
Gruart, A., . . . Sanfeliu, C. (2011). Physical exercise protects against
Alzheimer's disease in 3xTg-AD mice. J Alzheimers Dis, 24(3), 421-454.
doi: 10.3233/JAD-2011-101635

Ghoshal, N., Garcia-Sierra, F., Wuu, J., Leurgans, S., Bennett, D. A., Berry, R.
W., & Binder, L. I. (2002). Tau conformational changes correspond to
impairments of episodic memory in mild cognitive impairment and
Alzheimer's disease. Exp Neurol, 177(2), 475-493.

Gibbons, T. E., Pence, B. D., Petr, G., Ossyra, J. M., Mach, H. C., Bhattacharya,
T. K., ... Woods, J. A. (2014). Voluntary wheel running, but not a diet
containing (-)-epigallocatechin-3-gallate and beta-alanine, improves
learning, memory and hippocampal neurogenesis in aged mice. Behav
Brain Res, 272, 131-140. doi: 10.1016/j.bbr.2014.05.049

Glenner, G. G., & Wong, C. W. (1984). Alzheimer's disease: initial report of the
purification and characterization of a novel cerebrovascular amyloid
protein. Biochem Biophys Res Commun, 120(3), 885-890.

Goddyn, H., Leo, S., Meert, T., & D'Hooge, R. (2006). Differences in behavioural
test battery performance between mice with hippocampal and cerebellar
lesions. Behav Brain Res, 173(1), 138-147. doi: 10.1016/j.bbr.2006.06.016

Goedert, M. (2005). Tau gene mutations and their effects. Mov Disord, 20 Suppl
12, S45-52. doi: 10.1002/mds.20539

Goedert, M., & Jakes, R. (1990). Expression of separate isoforms of human tau
protein: correlation with the tau pattern in brain and effects on tubulin
polymerization. EMBO J, 9(13), 4225-4230.

Goedert, M., & Spillantini, M. G. (2011). Pathogenesis of the tauopathies. J Mol
Neurosci, 45(3), 425-431. doi: 10.1007/s12031-011-9593-4

Goedert, M., Spillantini, M. G., Jakes, R., Rutherford, D., & Crowther, R. A.
(1989). Multiple isoforms of human microtubule-associated protein tau:
sequences and localization in neurofibrillary tangles of Alzheimer's
disease. Neuron, 3(4), 519-526.

213



Gomez-Pinilla, F., Ying, Z., Opazo, P., Roy, R. R., & Edgerton, V. R. (2001).
Differential regulation by exercise of BDNF and NT-3 in rat spinal cord and
skeletal muscle. Eur J Neurosci, 13(6), 1078-1084.

Gomez-Pinilla, F., Ying, Z., Roy, R. R., Molteni, R., & Edgerton, V. R. (2002).
Voluntary exercise induces a BDNF-mediated mechanism that promotes
neuroplasticity. J Neurophysiol, 88(5), 2187-2195. doi:
10.1152/jn.00152.2002

Gomez-Pinilla, F., Ying, Z., & Zhuang, Y. (2012). Brain and spinal cord
interaction: protective effects of exercise prior to spinal cord injury. PLoS
One, 7(2), €32298. doi: 10.1371/journal.pone.0032298

Gong, C. X., Grundke-Igbal, I., Damuni, Z., & Igbal, K. (1994). Dephosphorylation
of microtubule-associated protein tau by protein phosphatase-1 and -2C
and its implication in Alzheimer disease. FEBS Lett, 341(1), 94-98.

Gong, C. X, Singh, T. J., Grundke-Igbal, I|., & Igbal, K. (1994). Alzheimer's
disease abnormally phosphorylated tau is dephosphorylated by protein
phosphatase-2B (calcineurin). J Neurochem, 62(2), 803-806.

Gonzalez, L. E., & File, S. E. (1997). A five minute experience in the elevated
plus-maze alters the state of the benzodiazepine receptor in the dorsal
raphe nucleus. J Neurosci, 17(4), 1505-1511.

Gow, A. J., Bastin, M. E., Munoz Maniega, S., Valdes Hernandez, M. C., Morris,
Z., Murray, C., . . . Wardlaw, J. M. (2012). Neuroprotective lifestyles and
the aging brain: activity, atrophy, and white matter integrity. Neurology,
79(17), 1802-1808. doi: 10.1212/WNL.0b013e3182703fd2

Griffin, E. W., Bechara, R. G., Birch, A. M., & Kelly, A. M. (2009). Exercise
enhances hippocampal-dependent learning in the rat: evidence for a
BDNF-related mechanism. Hippocampus, 19(10), 973-980. doi:
10.1002/hipo.20631

Grover, A., DeTure, M., Yen, S. H., & Hutton, M. (2002). Effects on splicing and
protein function of three mutations in codon N296 of tau in vitro. Neurosci
Lett, 323(1), 33-36.

Gustke, N., Trinczek, B., Biernat, J., Mandelkow, E. M., & Mandelkow, E. (1994).
Domains of tau protein and interactions with microtubules. Biochemistry,
33(32), 9511-9522.

Gutala, R. V., & Reddy, P. H. (2004). The use of real-time PCR analysis in a
gene expression study of Alzheimer's disease post-mortem brains. J
Neurosci Methods, 132(1), 101-107.

Hale, M. W., Bouwknecht, J. A., Spiga, F., Shekhar, A., & Lowry, C. A. (2006).
Exposure to high- and low-light conditions in an open-field test of anxiety
increases c-Fos expression in specific subdivisions of the rat basolateral
amygdaloid complex. Brain Res Bull, 71(1-3), 174-182. doi:
10.1016/j.brainresbull.2006.09.001

214



Hale, M. W., Hay-Schmidt, A., Mikkelsen, J. D., Poulsen, B., Bouwknecht, J. A,,
Evans, A. K., . . . Lowry, C. A. (2008). Exposure to an open-field arena
increases c-Fos expression in a subpopulation of neurons in the dorsal
raphe nucleus, including neurons projecting to the basolateral amygdaloid
complex. Neuroscience, 157(4), 733-748. doi:
10.1016/j.neuroscience.2008.09.050

Hamer, M., & Chida, Y. (2009). Physical activity and risk of neurodegenerative
disease: a systematic review of prospective evidence. Psychol Med, 39(1),
3-11. doi: 10.1017/S0033291708003681

Hanger, D. P., Byers, H. L., Wray, S., Leung, K. Y., Saxton, M. J., Seereeram, A,

. . Anderton, B. H. (2007). Novel phosphorylation sites in tau from
Alzheimer brain support a role for casein kinase 1 in disease
pathogenesis. J Biol Chem, 282(32), 23645-23654. doi:
10.1074/jbc.M703269200

Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y., Suzuki-
Migishima, R., . . . Mizushima, N. (2006). Suppression of basal autophagy
in neural cells causes neurodegenerative disease in mice. Nature,
441(7095), 885-889. doi: 10.1038/nature04724

Hardy, J. (2009). The amyloid hypothesis for Alzheimer's disease: a critical
reappraisal. J Neurochem, 110(4), 1129-1134. doi: 10.1111/j.1471-
4159.2009.06181.x

Hardy, J., & Selkoe, D. J. (2002). The amyloid hypothesis of Alzheimer's disease:
progress and problems on the road to therapeutics. Science, 297(5580),
353-356. doi: 10.1126/science.1072994

Hardy, J. A., & Higgins, G. A. (1992). Alzheimer's disease: the amyloid cascade
hypothesis. Science, 256(5054), 184-185.

Harri, M., Lindblom, J., Malinen, H., Hyttinen, M., Lapvetelainen, T., Eskola, S., &
Helminen, H. J. (1999). Effect of access to a running wheel on behavior of
C57BL/6J mice. Lab Anim Sci, 49(4), 401-405.

Hasegawa, M. (2006). Biochemistry and molecular biology of tauopathies.
Neuropathology, 26(5), 484-490.

Hasegawa, M., Smith, M. J., & Goedert, M. (1998). Tau proteins with FTDP-17
mutations have a reduced ability to promote microtubule assembly. FEBS
Lett, 437(3), 207-210.

Hasegawa, M., Smith, M. J., lijima, M., Tabira, T., & Goedert, M. (1999). FTDP-
17 mutations N279K and S305N in tau produce increased splicing of exon
10. FEBS Lett, 443(2), 93-96.

Hayashi-Nishino, M., Fujita, N., Noda, T., Yamaguchi, A., Yoshimori, T., &
Yamamoto, A. (2009). A subdomain of the endoplasmic reticulum forms a
cradle for autophagosome formation. Nat Cell Biol, 11(12), 1433-1437.
doi: 10.1038/ncb1991

215



Hayes, S. M., Salat, D. H., Forman, D. E., Sperling, R. A., & Verfaellie, M. (2015).
Cardiorespiratory fitness is associated with white matter integrity in aging.
Ann Clin Transl Neurol, 2(6), 688-698. doi: 10.1002/acn3.204

He, C., Sumpter, R., Jr., & Levine, B. (2012). Exercise induces autophagy in
peripheral tissues and in the brain. Aufophagy, 8(10), 1548-1551. doi:
10.4161/auto.21327

Hebert, L. E., Weuve, J., Scherr, P. A., & Evans, D. A. (2013). Alzheimer disease
in the United States (2010-2050) estimated using the 2010 census.
Neurology, 80(19), 1778-1783. doi: 10.1212/WNL.0b013e31828726f5

Hernandez, F., Borrell, J., Guaza, C., Avila, J., & Lucas, J. J. (2002). Spatial
learning deficit in transgenic mice that conditionally over-express GSK-
3beta in the brain but do not form tau filaments. J Neurochem, 83(6),
1529-1533.

Herrup, K. (2015). The case for rejecting the amyloid cascade hypothesis. Nat
Neurosci, 18(6), 794-799. doi: 10.1038/nn.4017

Herskovits, A. Z., & Davies, P. (2006). The regulation of tau phosphorylation by
PCTAIRE 3: implications for the pathogenesis of Alzheimer's disease.
Neurobiol Dis, 23(2), 398-408. doi: 10.1016/j.nbd.2006.04.004

Hikosaka, O., Rand, M. K., Nakamura, K., Miyachi, S., Kitaguchi, K., Sakai, K., . .
. Shimo, Y. (2002). Long-term retention of motor skill in macaque monkeys
and humans. Exp Brain Res, 147(4), 494-504. doi: 10.1007/s00221-002-
1258-7

Hill, R. D., Storandt, M., & Malley, M. (1993). The impact of long-term exercise
training on psychological function in older adults. J Gerontol, 48(1), P12-
17.

Hillman, C. H., Castelli, D. M., & Buck, S. M. (2005). Aerobic fitness and
neurocognitive function in healthy preadolescent children. Med Sci Sports
Exerc, 37(11), 1967-1974.

Hillman, C. H., Pontifex, M. B., Castelli, D. M., Khan, N. A., Raine, L. B,
Scudder, M. R., . . . Kamijo, K. (2014). Effects of the FITKids randomized
controlled trial on executive control and brain function. Pediatrics, 134(4),
e1063-1071. doi: 10.1542/peds.2013-3219

Hong, M., Zhukareva, V., Vogelsberg-Ragaglia, V., Wszolek, Z., Reed, L., Miller,

B. I, ... Lee, V. M. (1998). Mutation-specific functional impairments in
distinct tau isoforms of hereditary FTDP-17. Science, 282(5395), 1914-
1917.

Hong, Y. P., Lee, H. C., & Kim, H. T. (2015). Treadmill exercise after social
isolation increases the levels of NGF, BDNF, and synapsin | to induce
survival of neurons in the hippocampus, and improves depression-like
behavior. J Exerc  Nutriton Biochem, 19(1), 11-18. doi:
10.5717/jenb.2015.19.1.11

216



Hopkins, M. E., Nitecki, R., & Bucci, D. J. (2011). Physical exercise during
adolescence versus adulthood: differential effects on object recognition
memory and brain-derived neurotrophic factor levels. Neuroscience, 194,
84-94. doi: 10.1016/j.neuroscience.2011.07.071

Hu, S. Q., Zhu, J., Pei, D. S., Zong, Y. Y., Yan, J. Z,, Hou, X. Y., & Zhang, G. Y.
(2009). Overexpression of the PDZ1 domain of PSD-95 diminishes
ischemic brain injury via inhibition of the GIuR6.PSD-95.MLK3 pathway. J
Neurosci Res, 87(16), 3626-3638. doi: 10.1002/jnr.22163

Huang, T. Y., Lin, L. S., Cho, K. C., Chen, S. J., Kuo, Y. M., Yu, L., ... Jen, C. J.
(2012). Chronic treadmill exercise in rats delicately alters the Purkinje cell
structure to improve motor performance and toxin resistance in the
cerebellum. J Appl Physiol (1985), 113(6), 889-895. doi:
10.1152/japplphysiol.01363.2011

Hutton, M., Lendon, C. L., Rizzu, P., Baker, M., Froelich, S., Houlden, H., . . .
Heutink, P. (1998). Association of missense and 5'-splice-site mutations in
tau with the inherited dementia FTDP-17. Nature, 393(6686), 702-705.
doi: 10.1038/31508

Iba, M., Guo, J. L., McBride, J. D., Zhang, B., Trojanowski, J. Q., & Lee, V. M.
(2013). Synthetic tau fibrils mediate transmission of neurofibrillary tangles
in a transgenic mouse model of Alzheimer's-like tauopathy. J Neurosci,
33(3), 1024-1037. doi: 10.1523/JNEUROSCI.2642-12.2013

Inoue, K., Rispoli, J., Kaphzan, H., Klann, E., Chen, E. I., Kim, J., . . . Abeliovich,
A. (2012). Macroautophagy deficiency mediates age-dependent
neurodegeneration through a phospho-tau pathway. Mol Neurodegener, 7,
48. doi: 10.1186/1750-1326-7-48

Ittner, L. M., Ke, Y. D., Delerue, F., Bi, M., Gladbach, A., van Eersel, J., . .. Gotz,
J. (2010). Dendritic function of tau mediates amyloid-beta toxicity in
Alzheimer's disease mouse models. Cell, 142(3), 387-397. doi:
10.1016/j.cell.2010.06.036

Jackson, G. R., Wiedau-Pazos, M., Sang, T. K., Wagle, N., Brown, C. A,
Massachi, S., & Geschwind, D. H. (2002). Human wild-type tau interacts
with wingless pathway components and produces neurofibrillary pathology
in Drosophila. Neuron, 34(4), 509-519.

Jadhav, S., Katina, S., Kovac, A., Kazmerova, Z., Novak, M., & Zilka, N. (2015).
Truncated tau deregulates synaptic markers in rat model for human
tauopathy. Front Cell Neurosci, 9, 24. doi: 10.3389/fncel.2015.00024

Jeste, D. V., & Smith, G. P. (1980). Unilateral mesolimbicocortical dopamine
denervation decreases locomotion in the open field and after
amphetamine. Pharmacol Biochem Behav, 12(3), 453-457.

217



Jho, Y. S., Zhulina, E. B., Kim, M. W., & Pincus, P. A. (2010). Monte carlo
simulations of tau proteins: effect of phosphorylation. Biophys J, 99(8),
2387-2397. doi: 10.1016/j.bpj.2010.06.056

Jicha, G. A., O'Donnell, A., Weaver, C., Angeletti, R., & Davies, P. (1999).
Hierarchical phosphorylation of recombinant tau by the paired-helical
filament-associated protein kinase is dependent on cyclic AMP-dependent
protein kinase. J Neurochem, 72(1), 214-224.

Josko, J., Gwozdz, B., Jedrzejowska-Szypulka, H., & Hendryk, S. (2000).
Vascular endothelial growth factor (VEGF) and its effect on angiogenesis.
Med Sci Monit, 6(5), 1047-1052.

Jueptner, M., Frith, C. D., Brooks, D. J., Frackowiak, R. S., & Passingham, R. E.
(1997). Anatomy of motor learning. Il. Subcortical structures and learning
by trial and error. J Neurophysiol, 77(3), 1325-1337.

Jueptner, M., Ottinger, S., Fellows, S. J., Adamschewski, J., Flerich, L., Muller, S.
P., ... Weiller, C. (1997). The relevance of sensory input for the cerebellar
control of movements. Neuroimage, 5(1), 41-48. doi:
10.1006/nimg.1996.0249

Julien, C., Bretteville, A., & Planel, E. (2012). Biochemical isolation of insoluble
tau in transgenic mouse models of tauopathies. Methods Mol Biol, 849,
473-491. doi: 10.1007/978-1-61779-551-0_32

Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, A., Kirisako, T., Noda, T., . ..
Yoshimori, T. (2000). LC3, a mammalian homologue of yeast Apg8p, is
localized in autophagosome membranes after processing. EMBO J,
19(21), 5720-5728. doi: 10.1093/emb0j/19.21.5720

Kamijo, K., Hayashi, Y., Sakai, T., Yahiro, T., Tanaka, K., & Nishihira, Y. (2009).
Acute effects of aerobic exercise on cognitive function in older adults. J
Gerontol B  Psychol Sci Soc Sci, 64(3), 356-363. doi:
10.1093/geronb/gbp030

Kamijo, T., & Murakami, M. (2009). Regular physical exercise improves physical
motor functions and biochemical markers in middle-age and elderly
women. J Phys Act Health, 6(1), 55-62.

Kar, S., Fan, J., Smith, M. J., Goedert, M., & Amos, L. A. (2003). Repeat motifs
of tau bind to the insides of microtubules in the absence of taxol. EMBO J,
22(1), 70-77. doi: 10.1093/emboj/cdg001

Karakaya, T., Fusser, F., Prvulovic, D., & Hampel, H. (2012). Treatment options
for tauopathies. Curr Treat Options Neurol, 14(2), 126-136. doi:
10.1007/s11940-012-0168-7

Ke, H. C., Huang, H. J., Liang, K. C., & Hsieh-Li, H. M. (2011). Selective
improvement of cognitive function in adult and aged APP/PS1 transgenic
mice by continuous non-shock treadmill exercise. Brain Res, 1403, 1-11.
doi: 10.1016/j.brainres.2011.05.056

218



Kertesz, A., Martinez-Lage, P., Davidson, W., & Munoz, D. G. (2000). The
corticobasal degeneration syndrome overlaps progressive aphasia and
frontotemporal dementia. Neurology, 55(9), 1368-1375.

Kertesz, A., & McMonagle, P. (2010). Behavior and cognition in corticobasal
degeneration and progressive supranuclear palsy. J Neurol Sci, 289(1-2),
138-143. doi: 10.1016/j.jns.2009.08.036

Kfoury, N., Holmes, B. B., Jiang, H., Holtzman, D. M., & Diamond, M. I. (2012).
Trans-cellular propagation of Tau aggregation by fibrillar species. J Biol
Chem, 287(23), 19440-19451. doi: 10.1074/jbc.M112.346072

Kiernan, M. C., Vucic, S., Cheah, B. C., Turner, M. R., Eisen, A., Hardiman, O., .
.. Zoing, M. C. (2011). Amyotrophic lateral sclerosis. Lancet, 377(9769),
942-955. doi: 10.1016/S0140-6736(10)61156-7

Klionsky, D. J., Abeliovich, H., Agostinis, P., Agrawal, D. K., Aliev, G., Askew, D.

S., . . . Deter, R. L. (2008). Guidelines for the use and interpretation of
assays for monitoring autophagy in higher eukaryotes. Autophagy, 4(2),
151-175.

Knopman, D. S., Petersen, R. C., Rocca, W. A., Larson, E. B., & Ganguli, M.
(2011). Passive case-finding for Alzheimer's disease and dementia in two
U.S. communities. Alzheimers  Dement, 7(1), 53-60. doi:
10.1016/j.jalz.2010.11.001

Knopman, D. S., & Roberts, R. O. (2011). Estimating the number of persons with
frontotemporal lobar degeneration in the US population. J Mol Neurosci,
45(3), 330-335. doi: 10.1007/s12031-011-9538-y

Koga, S., Kojima, A., Ishikawa, C., Kuwabara, S., Arai, K., & Yoshiyama, Y.
(2014). Effects of diet-induced obesity and voluntary exercise in a
tauopathy mouse model: implications of persistent hyperleptinemia and
enhanced astrocytic leptin receptor expression. Neurobiol Dis, 71, 180-
192. doi: 10.1016/j.nbd.2014.08.015

Koga, S., Kojima, A., Kuwabara, S., & Yoshiyama, Y. (2014).
Immunohistochemical analysis of tau phosphorylation and astroglial
activation with enhanced leptin receptor expression in diet-induced obesity
mouse hippocampus. Neurosci Lett, 571, 11-16. doi:
10.1016/j.neulet.2014.04.028

Kohman, R. A., Clark, P. J., Deyoung, E. K., Bhattacharya, T. K., Venghaus, C.
E., & Rhodes, J. S. (2012). Voluntary wheel running enhances contextual
but not trace fear conditioning. Behav Brain Res, 226(1), 1-7. doi:
10.1016/j.bbr.2011.08.031

Komatsu, M., Waguri, S., Chiba, T., Murata, S., lwata, J., Tanida, I., . . . Tanaka,
K. (2006). Loss of autophagy in the central nervous system causes
neurodegeneration in mice. Nature, 441(7095), 880-884. doi:
10.1038/nature04723

219



Komori, T. (1999). Tau-positive glial inclusions in progressive supranuclear palsy,
corticobasal degeneration and Pick's disease. Brain Pathol, 9(4), 663-679.

Koo, J. H., Kwon, I. S., Kang, E. B., Lee, C. K,, Lee, N. H., Kwon, M. G., . . . Cho,
J. Y. (2013). Neuroprotective effects of treadmill exercise on BDNF and
PI3-K/Akt signaling pathway in the cortex of transgenic mice model of
Alzheimer's disease. J Exerc Nutrition Biochem, 17(4), 151-160. doi:
10.5717/jenb.2013.17.4.151

Koob, G. F., Stinus, L., & Le Moal, M. (1981). Hyperactivity and hypoactivity
produced by lesions to the mesolimbic dopamine system. Behav Brain
Res, 3(3), 341-359.

Kopeikina, K. J., Polydoro, M., Tai, H. C., Yaeger, E., Carlson, G. A, Pitstick, R.,
. .. Spires-Jones, T. L. (2013). Synaptic alterations in the rTg4510 mouse
model of tauopathy. J Comp Neurol, 521(6), 1334-1353. doi:
10.1002/cne.23234

Kornau, H. C., Schenker, L. T., Kennedy, M. B., & Seeburg, P. H. (1995).
Domain interaction between NMDA receptor subunits and the
postsynaptic density protein PSD-95. Science, 269(5231), 1737-1740.

Kosik, K. S. (1998). Presenilin interactions and Alzheimer's disease. Science,
279(5350), 463-465.

Kosmidis, S., Grammenoudi, S., Papanikolopoulou, K., & Skoulakis, E. M.
(2010). Differential effects of Tau on the integrity and function of neurons
essential for learning in Drosophila. J Neurosci, 30(2), 464-477. doi:
10.1523/JNEUROSCI.1490-09.2010

Kraemer, B. C., Zhang, B., Leverenz, J. B., Thomas, J. H., Trojanowski, J. Q., &
Schellenberg, G. D. (2003). Neurodegeneration and defective
neurotransmission in a Caenorhabditis elegans model of tauopathy. Proc
Natl Acad Sci U S A, 100(17), 9980-9985. doi: 10.1073/pnas.1533448100

Kramar, E. A., Chen, L. Y., Lauterborn, J. C., Simmons, D. A., Gall, C. M., &
Lynch, G. (2012). BDNF upregulation rescues synaptic plasticity in middle-
aged ovariectomized rats. Neurobiol Aging, 33(4), 708-719. doi:
10.1016/j.neurobiolaging.2010.06.008

Kramer, A. F., Colcombe, S. J., McAuley, E., Eriksen, K. I., Scalf, P., Jerome, G.
J.,...Webb, A. G. (2003). Enhancing brain and cognitive function of older
adults through fitness training. J Mol Neurosci, 20(3), 213-221. doi:
10.1385/JMN:20:3:213

Kuhn, H. G., Dickinson-Anson, H., & Gage, F. H. (1996). Neurogenesis in the
dentate gyrus of the adult rat: age-related decrease of neuronal progenitor
proliferation. J Neurosci, 16(6), 2027-2033.

Larner, A. J. (1997). The cerebellum in Alzheimer's disease. Dement Geriatr
Cogn Disord, 8(4), 203-209.

220



Lasagna-Reeves, C. A., Castillo-Carranza, D. L., Sengupta, U., Clos, A. L.,
Jackson, G. R., & Kayed, R. (2011). Tau oligomers impair memory and
induce synaptic and mitochondrial dysfunction in wild-type mice. Mol
Neurodegener, 6, 39. doi: 10.1186/1750-1326-6-39

Lasagna-Reeves, C. A., Castillo-Carranza, D. L., Sengupta, U., Guerrero-Munoz,
M. J., Kiritoshi, T., Neugebauer, V., . . . Kayed, R. (2012). Alzheimer brain-
derived tau oligomers propagate pathology from endogenous tau. Sci
Rep, 2, 700. doi: 10.1038/srep00700

Lautenschlager, N. T., Cox, K. L., Flicker, L., Foster, J. K., van Bockxmeer, F. M.,
Xiao, J., . . . Almeida, O. P. (2008). Effect of physical activity on cognitive
function in older adults at risk for Alzheimer disease: a randomized trial.
JAMA, 300(9), 1027-1037. doi: 10.1001/jama.300.9.1027

Le Ber, ., Guedj, E., Gabelle, A., Verpillat, P., Volteau, M., Thomas-Anterion, C.,

. Dubois, B. (2006). Demographic, neurological and behavioural
characteristics and brain perfusion SPECT in frontal variant of
frontotemporal dementia. Brain, 129(Pt 11), 3051-3065. doi:
10.1093/brain/awl288

Leasure, J. L., & Jones, M. (2008). Forced and voluntary exercise differentially
affect brain and behavior. Neuroscience, 156(3), 456-465. doi:
10.1016/j.neuroscience.2008.07.041

Lee, I. M. (2003). Physical activity and cancer prevention--data from
epidemiologic studies. Med Sci Sports Exerc, 35(11), 1823-1827. doi:
10.1249/01.MSS.0000093620.27893.23

Lee, J., Yang, K. H., Joe, C. O., & Kang, S. S. (2011). Formation of distinct
inclusion bodies by inhibition of ubiquitin-proteasome and autophagy-
lysosome pathways. Biochem Biophys Res Commun, 404(2), 672-677.
doi: 10.1016/j.bbrc.2010.12.040

Lee, V. M., Goedert, M., & Trojanowski, J. Q. (2001). Neurodegenerative
tauopathies. Annu Rev Neurosci, 24, 1121-11509. doi:
10.1146/annurev.neuro.24.1.1121

Leem, Y. H., Lim, H. J., Shim, S. B., Cho, J. Y., Kim, B. S., & Han, P. L. (2009).
Repression of tau hyperphosphorylation by chronic endurance exercise in
aged transgenic mouse model of tauopathies. J Neurosci Res, 87(11),
2561-2570. doi: 10.1002/jnr.22075

Levine, B., & Klionsky, D. J. (2004). Development by self-digestion: molecular
mechanisms and biological functions of autophagy. Dev Cell, 6(4), 463-

477.
Lewis, J., McGowan, E., Rockwood, J., Melrose, H., Nacharaju, P., Van
Slegtenhorst, M., . . . Hutton, M. (2000). Neurofibrillary tangles,

amyotrophy and progressive motor disturbance in mice expressing mutant
(P301L) tau protein. Nat Genet, 25(4), 402-405. doi: 10.1038/78078

221



Lin, T. W., Chen, S. J., Huang, T. Y., Chang, C. Y., Chuang, J. I., Wu, F. S., . ..
Jen, C. J. (2012). Different types of exercise induce differential effects on
neuronal adaptations and memory performance. Neurobiol Learn Mem,
97(1), 140-147. doi: 10.1016/j.nIm.2011.10.006

Lin, T. W., Shih, Y. H., Chen, S. J.,, Lien, C. H., Chang, C. Y., Huang, T. Y., . ..
Kuo, Y. M. (2015). Running exercise delays neurodegeneration in
amygdala and hippocampus of Alzheimer's disease (APP/PS1) transgenic
mice. Neurobiol Learn Mem, 118, 189-197. doi:
10.1016/j.nim.2014.12.005

Liu, H. L., Zhao, G., Zhang, H., & Shi, L. D. (2013). Long-term treadmill exercise
inhibits the progression of Alzheimer's disease-like neuropathology in the
hippocampus of APP/PS1 transgenic mice. Behav Brain Res, 256, 261-
272. doi: 10.1016/j.bbr.2013.08.008

Liu, W., Miller, B. L., Kramer, J. H., Rankin, K., Wyss-Coray, C., Gearhart, R., . ..
Rosen, H. J. (2004). Behavioral disorders in the frontal and temporal
variants of frontotemporal dementia. Neurology, 62(5), 742-748.

Lopez, O. L., Becker, J. T., Wahed, A. S., Saxton, J., Sweet, R. A., Wolk, D. A, .
. . Dekosky, S. T. (2009). Long-term effects of the concomitant use of
memantine with cholinesterase inhibition in Alzheimer disease. J Neurol
Neurosurg Psychiatry, 80(6), 600-607. doi: 10.1136/jnnp.2008.158964

Lopez-Lopez, C., LeRoith, D., & Torres-Aleman, I. (2004). Insulin-like growth
factor | is required for vessel remodeling in the adult brain. Proc Natl Acad
SciU S A, 101(26), 9833-9838. doi: 10.1073/pnas.0400337101

Lou, S. J., Liu, J. Y., Chang, H., & Chen, P. J. (2008). Hippocampal
neurogenesis and gene expression depend on exercise intensity in
juvenile rats. Brain Res, 1210, 48-55. doi: 10.1016/j.brainres.2008.02.080

Lu, M., & Kosik, K. S. (2001). Competition for microtubule-binding with dual
expression of tau missense and splice isoforms. Mol Biol Cell, 12(1), 171-
184.

Lucas, J. J., Hernandez, F., Gomez-Ramos, P., Moran, M. A., Hen, R., & Avila, J.
(2001). Decreased nuclear beta-catenin, tau hyperphosphorylation and
neurodegeneration in GSK-3beta conditional transgenic mice. EMBO J,
20(1-2), 27-39. doi: 10.1093/emboj/20.1.27

Luo, Y., Zhou, X., Yang, X., & Wang, J. (2007). Homocysteine induces tau
hyperphosphorylation in rats. Neuroreport, 18(18), 2005-2008. doi:
10.1097/WNR.0b013e3282f29100

Maas, T., Eidenmuller, J., & Brandt, R. (2000). Interaction of tau with the neural
membrane cortex is regulated by phosphorylation at sites that are
modified in paired helical filaments. J Biol Chem, 275(21), 15733-15740.
doi: 10.1074/jbc.M000389200

222



Maass, A., Duzel, S., Goerke, M., Becke, A., Sobieray, U., Neumann, K., . . .
Duzel, E. (2015). Vascular hippocampal plasticity after aerobic exercise in
older adults. Mol Psychiatry, 20(5), 585-593. doi: 10.1038/mp.2014.114

Maher, F. O., Clarke, R. M., Kelly, A., Nally, R. E., & Lynch, M. A. (2006).
Interaction between interferon gamma and insulin-like growth factor-1 in
hippocampus impacts on the ability of rats to sustain long-term
potentiation. J Neurochem, 96(6), 1560-1571. doi: 10.1111/j.1471-
4159.2006.03664.x

Marks, B. L., Katz, L. M., Styner, M., & Smith, J. K. (2011). Aerobic fithess and
obesity: relationship to cerebral white matter integrity in the brain of active
and sedentary older adults. Br J Sports Med, 45(15), 1208-1215. doi:
10.1136/bjsm.2009.068114

Marlatt, M. W., Potter, M. C., Lucassen, P. J., & van Praag, H. (2012). Running
throughout middle-age improves memory function, hippocampal
neurogenesis, and BDNF levels in female C57BL/6J mice. Dev Neurobiol,
72(6), 943-952. doi: 10.1002/dneu.22009

Maruyama, M., Shimada, H., Suhara, T., Shinotoh, H., Ji, B., Maeda, J., . . .
Higuchi, M. (2013). Imaging of tau pathology in a tauopathy mouse model
and in Alzheimer patients compared to normal controls. Neuron, 79(6),
1094-1108. doi: 10.1016/j.neuron.2013.07.037

Masters, C. L., Simms, G., Weinman, N. A., Multhaup, G., McDonald, B. L., &
Beyreuther, K. (1985). Amyloid plaque core protein in Alzheimer disease
and Down syndrome. Proc Natl Acad Sci U S A, 82(12), 4245-4249.

Matsumura, N., Yamazaki, T., & Ihara, Y. (1999). Stable expression in Chinese
hamster ovary cells of mutated tau genes causing frontotemporal
dementia and parkinsonism linked to chromosome 17 (FTDP-17). Am J
Pathol, 154(6), 1649-1656. doi: 10.1016/S0002-9440(10)65420-X

Matsusaka, H., Ikeda, K., Akiyama, H., Arai, T., Inoue, M., & Yagishita, S. (1998).
Astrocytic pathology in progressive supranuclear palsy: significance for
neuropathological diagnosis. Acta Neuropathol, 96(3), 248-252.

Maurin, H., Chong, S. A., Kraev, |., Davies, H., Kremer, A., Seymour, C. M., . ..
Van Leuven, F. (2014). Early structural and functional defects in synapses
and myelinated axons in stratum lacunosum moleculare in two preclinical
models  for  tauopathy. PLoS One, 9(2), e87605. doi:
10.1371/journal.pone.0087605

McAllister, A. K. (2001). Neurotrophins and neuronal differentiation in the central
nervous system. Cell Mol Life Sci, 58(8), 1054-1060.

McCullough, M. J., Gyorkos, A. M., & Spitsbergen, J. M. (2013). Short-term
exercise increases GDNF protein levels in the spinal cord of young and
old rats. Neuroscience, 240, 258-268. doi:
10.1016/j.neuroscience.2013.02.063

223



McKinnon, C., & Tabrizi, S. J. (2014). The ubiquitin-proteasome system in
neurodegeneration. Antioxid Redox Signal, 21(17), 2302-2321. doi:
10.1089/ars.2013.5802

Mitchell, T. W., Mufson, E. J., Schneider, J. A., Cochran, E. J., Nissanov, J., Han,
L. Y., ... Arnold, S. E. (2002). Parahippocampal tau pathology in healthy
aging, mild cognitive impairment, and early Alzheimer's disease. Ann
Neurol, 51(2), 182-189.

Morgan, D., Munireddy, S., Alamed, J., DeLeon, J., Diamond, D. M., Bickford, P.,

Gordon, M. N. (2008). Apparent behavioral benefits of tau
overexpression in P301L tau transgenic mice. J Alzheimers Dis, 15(4),

605-614.
Murray, M. E., Lowe, V. J., Graff-Radford, N. R., Liesinger, A. M., Cannon, A,
Przybelski, S. A., . . . Dickson, D. W. (2015). Clinicopathologic and 11C-

Pittsburgh compound B implications of Thal amyloid phase across the
Alzheimer's disease spectrum. Brain, 138(Pt 5), 1370-1381. doi:
10.1093/brain/awv050

Nacharaju, P., Lewis, J., Easson, C., Yen, S., Hackett, J., Hutton, M., & Yen, S.
H. (1999). Accelerated filament formation from tau protein with specific
FTDP-17 missense mutations. FEBS Lett, 447(2-3), 195-199.

Nagerl, U. V., Eberhorn, N., Cambridge, S. B., & Bonhoeffer, T. (2004).
Bidirectional activity-dependent morphological plasticity in hippocampal
neurons. Neuron, 44(5), 759-767. doi: 10.1016/j.neuron.2004.11.016

Nagiec, E. W., Sampson, K. E., & Abraham, |. (2001). Mutated tau binds less
avidly to microtubules than wildtype tau in living cells. J Neurosci Res,
63(3), 268-275.

Nascimento, C. M., Ayan, C., Cancela, J. M., Gobbi, L. T., Gobbi, S., & Stella, F.
(2014). Effect of a multimodal exercise program on sleep disturbances
and instrumental activities of daily living performance on Parkinson's and
Alzheimer's disease patients. Geriatr Gerontol Int, 14(2), 259-266. doi:
10.1111/ggi.12082

Neeper, S. A., Gomez-Pinilla, F., Choi, J., & Cotman, C. (1995). Exercise and
brain neurotrophins. Nature, 373(6510), 109. doi: 10.1038/373109a0

Neeper, S. A., Gomez-Pinilla, F., Choi, J., & Cotman, C. W. (1996). Physical
activity increases mRNA for brain-derived neurotrophic factor and nerve
growth factor in rat brain. Brain Res, 726(1-2), 49-56.

Nguyen, J. C., Killcross, A. S., & Jenkins, T. A. (2013). Effect of low-intensity
treadmill exercise on behavioural measures and hippocampal parvalbumin
immunoreactivity in the rat. Behav Brain Res, 256, 598-601. doi:
10.1016/j.bbr.2013.09.004

Ni, H., Li, C., Feng, X., & Cen, J. N. (2011). Effects of forced running exercise on
cognitive function and its relation to zinc homeostasis-related gene

224



expression in rat hippocampus. Biol Trace Elem Res, 142(3), 704-712.
doi: 10.1007/s12011-010-8793-z

Nichol, K. E., Poon, W. W., Parachikova, A. I., Cribbs, D. H., Glabe, C. G., &
Cotman, C. W. (2008). Exercise alters the immune profile in Tg2576
Alzheimer mice toward a response coincident with improved cognitive
performance and decreased amyloid. J Neuroinflammation, 5, 13. doi:
10.1186/1742-2094-5-13

Nishimura, M., Namba, Y., lkeda, K., & Oda, M. (1992). Glial fibrillary tangles
with straight tubules in the brains of patients with progressive
supranuclear palsy. Neurosci Lett, 143(1-2), 35-38.

Nithianantharajah, J., & Hannan, A. J. (2009). The neurobiology of brain and
cognitive reserve: mental and physical activity as modulators of brain
disorders. Prog Neurobiol, 89(4), 369-382. doi:
10.1016/j.pneurobio.2009.10.001

Nixon, R. A., Wegiel, J., Kumar, A., Yu, W. H., Peterhoff, C., Cataldo, A., &
Cuervo, A. M. (2005). Extensive involvement of autophagy in Alzheimer
disease: an immuno-electron microscopy study. J Neuropathol Exp
Neurol, 64(2), 113-122.

Nixon, R. A., & Yang, D. S. (2011). Autophagy failure in Alzheimer's disease--
locating the primary defect. Neurobiol Dis, 43(1), 38-45. doi:
10.1016/j.nbd.2011.01.021

Norman, J. M., Cohen, G. M., & Bampton, E. T. (2010). The in vitro cleavage of
the hAtg proteins by cell death proteases. Autophagy, 6(8), 1042-1056.

Nyberg, J., Aberg, M. A., Schioler, L., Nilsson, M., Wallin, A., Toren, K., & Kuhn,
H. G. (2014). Cardiovascular and cognitive fitness at age 18 and risk of
early-onset  dementia.  Brain, 137(Pt  5), 1514-1523.  doi:
10.1093/brain/awu041

O'Callaghan, R. M., Griffin, E. W., & Kelly, A. M. (2009). Long-term treadmill
exposure protects against age-related neurodegenerative change in the
rat hippocampus. Hippocampus, 19(10), 1019-1029. doi:
10.1002/hipo.20591

O'Callaghan, R. M., Ohle, R., & Kelly, A. M. (2007). The effects of forced
exercise on hippocampal plasticity in the rat: A comparison of LTP,
spatial- and non-spatial learning. Behav Brain Res, 176(2), 362-366. doi:
10.1016/j.bbr.2006.10.018

Oddo, S., Caccamo, A., Kitazawa, M., Tseng, B. P., & LaFerla, F. M. (2003).
Amyloid deposition precedes tangle formation in a triple transgenic model
of Alzheimer's disease. Neurobiol Aging, 24(8), 1063-1070.

Oddo, S., Caccamo, A., Shepherd, J. D., Murphy, M. P., Golde, T. E., Kayed, R.,
... LaFerla, F. M. (2003). Triple-transgenic model of Alzheimer's disease

225



with plagques and tangles: intracellular Abeta and synaptic dysfunction.
Neuron, 39(3), 409-421.

Ohsawa, |., Nishimaki, K., Murakami, Y., Suzuki, Y., Ishikawa, M., & Ohta, S.
(2008). Age-dependent neurodegeneration accompanying memory loss in
transgenic mice defective in mitochondrial aldehyde dehydrogenase 2
activity. J Neurosci, 28(24), 6239-6249. doi: 10.1523/JNEUROSCI.4956-
07.2008

Ortega, F., Perez-Sen, R., Morente, V., Delicado, E. G., & Miras-Portugal, M. T.
(2010). P2X7, NMDA and BDNF receptors converge on GSK3
phosphorylation and cooperate to promote survival in cerebellar granule
neurons. Cell Mol Life Sci, 67(10), 1723-1733. doi: 10.1007/s00018-010-
0278-x

Ozcelik, S., Fraser, G., Castets, P., Schaeffer, V., Skachokova, Z., Breu, K., . ..
Winkler, D. T. (2013). Rapamycin attenuates the progression of tau
pathology in P301S tau transgenic mice. PLoS One, 8(5), €62459. doi:
10.1371/journal.pone.0062459

Palleschi, L., Vetta, F., De Gennaro, E., Idone, G., Sottosanti, G., Gianni, W., &
Marigliano, V. (1996). Effect of aerobic training on the cognitive
performance of elderly patients with senile dementia of Alzheimer type.
Arch Gerontol Geriatr, 22 Suppl 1, 47-50. doi: 10.1016/0167-
4943(96)86912-3

Patki, G., Li, L., Allam, F., Solanki, N., Dao, A. T., Alkadhi, K., & Salim, S. (2014).
Moderate treadmill exercise rescues anxiety and depression-like behavior
as well as memory impairment in a rat model of posttraumatic stress
disorder. Physiol Behav, 130, 47-53. doi: 10.1016/j.physbeh.2014.03.016

Paylor, R., & Crawley, J. N. (1997). Inbred strain differences in prepulse inhibition
of the mouse startle response. Psychopharmacology (Berl), 132(2), 169-

180.
Peeraer, E., Bottelbergs, A., Van Kolen, K., Stancu, |I. C., Vasconcelos, B.,
Mahieu, M., . . . Moechars, D. (2015). Intracerebral injection of preformed

synthetic tau fibrils initiates widespread tauopathy and neuronal loss in the
brains of tau transgenic mice. Neurobiol Dis, 73, 83-95. doi:
10.1016/j.nbd.2014.08.032

Pei, J. J., Braak, E., Braak, H., Grundke-Igbal, I., Igbal, K., Winblad, B., &
Cowburn, R. F. (1999). Distribution of active glycogen synthase kinase
3beta (GSK-3beta) in brains staged for Alzheimer disease neurofibrillary
changes. J Neuropathol Exp Neurol, 58(9), 1010-1019.

Petrucelli, L., & Dawson, T. M. (2004). Mechanism of neurodegenerative
disease: role of the ubiquitin proteasome system. Ann Med, 36(4), 315-
320.

226



Pickering-Brown, S. M., Baker, M., Nonaka, T., lkeda, K., Sharma, S,
Mackenzie, J., . . . Mann, D. M. (2004). Frontotemporal dementia with
Pick-type histology associated with Q336R mutation in the tau gene.
Brain, 127(Pt 6), 1415-1426. doi: 10.1093/brain/awh147

Pickford, F., Masliah, E., Britschgi, M., Lucin, K., Narasimhan, R., Jaeger, P. A, .
. . Wyss-Coray, T. (2008). The autophagy-related protein beclin 1 shows
reduced expression in early Alzheimer disease and regulates amyloid beta
accumulation in mice. J Clin Invest, 118(6), 2190-2199. doi:
10.1172/JCI133585

Poduri, A., Beason-Held, L. L., Moss, M. B., Rosene, D. L., & Hyman, B. T.
(1995). CA3 neuronal degeneration follows chronic entorhinal cortex
lesions. Neurosci Lett, 197(1), 1-4.

Polydoro, M., Acker, C. M., Duff, K., Castillo, P. E., & Davies, P. (2009). Age-
dependent impairment of cognitive and synaptic function in the htau
mouse model of tau pathology. J Neurosci, 29(34), 10741-10749. doi:
10.1523/JNEUROSCI.1065-09.2009

Pooler, A. M., Usardi, A., Evans, C. J., Philpott, K. L., Noble, W., & Hanger, D. P.
(2012). Dynamic association of tau with neuronal membranes is regulated
by phosphorylation. Neurobiol Aging, 33(2), 431 e427-438. doi:
10.1016/j.neurobiolaging.2011.01.005

Poorkaj, P., Sharma, V., Anderson, L., Nemens, E., Alonso, M. E., Orr, H., . ..
Schellenberg, G. D. (1998). Missense mutations in the chromosome 14
familial Alzheimer's disease presenilin 1 gene. Hum Mutat, 11(3), 216-221.
doi: 10.1002/(SICI)1098-1004(1998)11:3<216::AID-HUMU6>3.0.CO;2-F

Prince, M., Bryce, R., Albanese, E., Wimo, A., Ribeiro, W., & Ferri, C. P. (2013).
The global prevalence of dementia: a systematic review and metaanalysis.
Alzheimers Dement, 9(1), 63-75 e62. doi: 10.1016/j.jalz.2012.11.007

Quirie, A., Hervieu, M., Garnier, P., Demougeot, C., Mossiat, C., Bertrand, N., . . .
Prigent-Tessier, A. (2012). Comparative effect of treadmill exercise on
mature BDNF production in control versus stroke rats. PLoS One, 7(9),
e44218. doi: 10.1371/journal.pone.0044218

Rankin, C. A., Sun, Q., & Gamblin, T. C. (2008). Pre-assembled tau filaments
phosphorylated by GSK-3b form large tangle-like structures. Neurobiol
Dis, 31(3), 368-377. doi: 10.1016/j.nbd.2008.05.011

Rascovsky, K., Hodges, J. R., Knopman, D., Mendez, M. F., Kramer, J. H.,
Neuhaus, J., . . . Miller, B. L. (2011). Sensitivity of revised diagnostic
criteria for the behavioural variant of frontotemporal dementia. Brain,
134(Pt 9), 2456-2477. doi: 10.1093/brain/awr179

Rasmussen, P., Brassard, P., Adser, H., Pedersen, M. V., Leick, L., Hart, E., . ..
Pilegaard, H. (2009). Evidence for a release of brain-derived neurotrophic

227



factor from the brain during exercise. Exp Physiol, 94(10), 1062-1069. doi:
10.1113/expphysiol.2009.048512

Ratnavalli, E., Brayne, C., Dawson, K., & Hodges, J. R. (2002). The prevalence
of frontotemporal dementia. Neurology, 58(11), 1615-1621.

Rebeiz, J. J., Kolodny, E. H., & Richardson, E. P., Jr. (1968).
Corticodentatonigral degeneration with neuronal achromasia. Arch Neurol,
18(1), 20-33.

Reggiori, F., & Klionsky, D. J. (2002). Autophagy in the eukaryotic cell. Eukaryot
Cell, 1(1), 11-21.

Reichardt, L. F. (2006). Neurotrophin-regulated signalling pathways. Philos Trans
R Soc Lond B Biol Sci, 361(1473), 1545-1564. doi:
10.1098/rstb.2006.1894

Roberson, E. D., Scearce-Levie, K., Palop, J. J., Yan, F., Cheng, I. H., Wu, T., ..
. Mucke, L. (2007). Reducing endogenous tau ameliorates amyloid beta-
induced deficits in an Alzheimer's disease mouse model. Science,
316(5825), 750-754. doi: 10.1126/science.1141736

Rolland, Y., Pillard, F., Klapouszczak, A., Reynish, E., Thomas, D., Andrieu, S., .
.. Vellas, B. (2007). Exercise program for nursing home residents with
Alzheimer's disease: a 1-year randomized, controlled trial. J Am Geriatr
Soc, 55(2), 158-165. doi: 10.1111/j.1532-5415.2007.01035.x

Sahara, N., Maeda, S., Murayama, M., Suzuki, T., Dohmae, N., Yen, S. H., &
Takashima, A. (2007). Assembly of two distinct dimers and higher-order
oligomers from full-length tau. Eur J Neurosci, 25(10), 3020-3029. doi:
10.1111/1.1460-9568.2007.05555.x

Santana-Sosa, E., Barriopedro, M. ., Lopez-Mojares, L. M., Perez, M., & Lucia,
A. (2008). Exercise training is beneficial for Alzheimer's patients. Int J
Sports Med, 29(10), 845-850. doi: 10.1055/s-2008-1038432

Sarkar, S., Davies, J. E., Huang, Z., Tunnacliffe, A., & Rubinsztein, D. C. (2007).
Trehalose, a novel mMTOR-independent autophagy enhancer, accelerates
the clearance of mutant huntingtin and alpha-synuclein. J Biol Chem,
282(8), 5641-5652. doi: 10.1074/jbc.M609532200

Sarkar, S., Perlstein, E. O., Imarisio, S., Pineau, S., Cordenier, A., Maglathlin, R.
L., . . . Rubinsztein, D. C. (2007). Small molecules enhance autophagy
and reduce toxicity in Huntington's disease models. Nat Chem Biol, 3(6),
331-338. doi: 10.1038/nchembio883

Scarmeas, N., Luchsinger, J. A., Brickman, A. M., Cosentino, S., Schupf, N., Xin-
Tang, M., . . . Stern, Y. (2011). Physical activity and Alzheimer disease
course. Am J  Geriatr  Psychiatry,  19(5), 471-481. doi:
10.1097/JGP.0b013e3181eb00a9

Scattoni, M. L., Gasparini, L., Alleva, E., Goedert, M., Calamandrei, G., &
Spillantini, M. G. (2010). Early behavioural markers of disease in P301S

228



tau transgenic mice. Behav Brain Res, 208(1), 250-257. doi:
10.1016/j.bbr.2009.12.002

Schaeffer, V., & Goedert, M. (2012). Stimulation of autophagy is neuroprotective
in a mouse model of human tauopathy. Autophagy, 8(11), 1686-1687. doi:
10.4161/auto.21488

Schaeffer, V., Lavenir, |., Ozcelik, S., Tolnay, M., Winkler, D. T., & Goedert, M.
(2012). Stimulation of autophagy reduces neurodegeneration in a mouse
model of human tauopathy. Brain, 135(Pt 7), 2169-2177. doi:
10.1093/brain/aws143

Scharfman, H., Goodman, J., Macleod, A., Phani, S., Antonelli, C., & Croll, S.
(2005). Increased neurogenesis and the ectopic granule cells after
intrahippocampal BDNF infusion in adult rats. Exp Neurol, 192(2), 348-
356. doi: 10.1016/j.expneurol.2004.11.016

Scheewe, T. W., Takken, T., Kahn, R. S., Cahn, W., & Backx, F. J. (2012).
Effects of exercise therapy on cardiorespiratory fitness in patients with
schizophrenia. Med Sci Sports Exerc, 44(10), 1834-1842. doi:
10.1249/MSS.0b013e318258e120

Schindowski, K., Bretteville, A., Leroy, K., Begard, S., Brion, J. P., Hamdane, M.,
& Buee, L. (2006). Alzheimer's disease-like tau neuropathology leads to
memory deficits and loss of functional synapses in a novel mutated tau
transgenic mouse without any motor deficits. Am J Pathol, 169(2), 599-
616. doi: 10.2353/ajpath.2006.060002

Scisco, J. L., Leynes, P. A., & Kang, J. (2008). Cardiovascular fitness and
executive control during task-switching: an ERP study. Int J
Psychophysiol, 69(1), 52-60. doi: 10.1016/j.ijpsycho.2008.02.009

Shay, K. A, & Roth, D. L. (1992). Association between aerobic fitness and
visuospatial performance in healthy older adults. Psychol Aging, 7(1), 15-
24.

Shih, P. C,, Yang, Y. R.,, & Wang, R. Y. (2013). Effects of exercise intensity on
spatial memory performance and hippocampal synaptic plasticity in
transient brain ischemic rats. PLoS One, 8(10), e78163. doi:
10.1371/journal.pone.0078163

Shim, S. B., Lim, H. J., Chae, K. R., Kim, C. K., Hwang, D. Y., Jee, S. W, . ..
Kim, Y. K. (2007). Tau overexpression in transgenic mice induces
glycogen synthase kinase 3beta and beta-catenin phosphorylation.
Neuroscience, 146(2), 730-740. doi: 10.1016/j.neuroscience.2007.01.041

Shiroma, E. J., & Lee, |. M. (2010). Physical activity and cardiovascular health:
lessons learned from epidemiological studies across age, gender, and
race/ethnicity. Circulation, 122(7), 743-752. doi:
10.1161/CIRCULATIONAHA.109.914721

229



Siette, J., Westbrook, R. F., Cotman, C., Sidhu, K., Zhu, W., Sachdev, P., &
Valenzuela, M. J. (2013). Age-specific effects of voluntary exercise on
memory and the older brain. Biol Psychiatry, 73(5), 435-442. doi:
10.1016/j.biopsych.2012.05.034

Silveira, M. C., Sandner, G., & Graeff, F. G. (1993). Induction of Fos
immunoreactivity in the brain by exposure to the elevated plus-maze.
Behav Brain Res, 56(1), 115-118.

Smith, P. J., Blumenthal, J. A., Hoffman, B. M., Cooper, H., Strauman, T. A,,
Welsh-Bohmer, K., . . . Sherwood, A. (2010). Aerobic exercise and
neurocognitive performance: a meta-analytic review of randomized
controlled trials. Psychosom  Med, 72(3), 239-252. doi:
10.1097/PSY.0b013e3181d14633

Spillantini, M. G., Murrell, J. R., Goedert, M., Farlow, M. R., Klug, A., & Ghetti, B.
(1998). Mutation in the tau gene in familial multiple system tauopathy with
presenile dementia. Proc Natl/ Acad Sci U S A, 95(13), 7737-7741.

Spillantini, M. G., Yoshida, H., Rizzini, C., Lantos, P. L., Khan, N., Rossor, M. N.,
.. . Brown, J. (2000). A novel tau mutation (N296N) in familial dementia
with swollen achromatic neurons and corticobasal inclusion bodies. Ann
Neurol, 48(6), 939-943.

Spilman, P., Podlutskaya, N., Hart, M. J., Debnath, J., Gorostiza, O., Bredesen,
D., . . . Galvan, V. (2010). Inhibition of mTOR by rapamycin abolishes
cognitive deficits and reduces amyloid-beta levels in a mouse model of
Alzheimer's disease. PLoS One, 5(4), e9979. doi:
10.1371/journal.pone.0009979

Stancu, I. C., Vasconcelos, B., Ris, L., Wang, P., Villers, A., Peeraer, E., . ..
Dewachter, |. (2015). Templated misfolding of Tau by prion-like seeding
along neuronal connections impairs neuronal network function and
associated behavioral outcomes in Tau transgenic mice. Acta
Neuropathol, 129(6), 875-894. doi: 10.1007/s00401-015-1413-4

Steele, J. C., Richardson, J. C., & Olszewski, J. (1964). Progressive
Supranuclear Palsy. A Heterogeneous Degeneration Involving the Brain
Stem, Basal Ganglia and Cerebellum with Vertical Gaze and
Pseudobulbar Palsy, Nuchal Dystonia and Dementia. Arch Neurol, 10,
333-359.

Steffen, T. M., Boeve, B. F., Mollinger-Riemann, L. A., & Petersen, C. M. (2007).
Long-term locomotor training for gait and balance in a patient with mixed
progressive supranuclear palsy and corticobasal degeneration. Phys Ther,
87(8), 1078-1087. doi: 10.2522/ptj.20060166

Steffen, T. M., Boeve, B. F., Petersen, C. M., Dvorak, L., & Kantarci, K. (2014).
Long-term exercise training for an individual with mixed corticobasal

230



degeneration and progressive supranuclear palsy features: 10-year case
report follow-up. Phys Ther, 94(2), 289-296. doi: 10.2522/ptj.20130052

Steinberg, M., Leoutsakos, J. M., Podewils, L. J., & Lyketsos, C. G. (2009).
Evaluation of a home-based exercise program in the treatment of
Alzheimer's disease: the Maximizing Independence in Dementia (MIND)
study. Int J Geriatr Psychiatry, 24(7), 680-685. doi: 10.1002/gps.2175

Stranahan, A. M., Khalil, D., & Gould, E. (2006). Social isolation delays the
positive effects of running on adult neurogenesis. Nat Neurosci, 9(4), 526-
533. doi: 10.1038/nn1668

Stranahan, A. M., Khalil, D., & Gould, E. (2007). Running induces widespread
structural alterations in the hippocampus and entorhinal cortex.
Hippocampus, 17(11), 1017-1022. doi: 10.1002/hip0.20348

Stroth, S., Hille, K., Spitzer, M., & Reinhardt, R. (2009). Aerobic endurance
exercise benefits memory and affect in young adults. Neuropsychol
Rehabil, 19(2), 223-243. doi: 10.1080/09602010802091183

Stroth, S., Reinhardt, R. K., Thone, J., Hille, K., Schneider, M., Hartel, S., . . .
Spitzer, M. (2010). Impact of aerobic exercise training on cognitive
functions and affect associated to the COMT polymorphism in young
adults. Neurobiol Learn Mem, 94(3), 364-372. doi:
10.1016/j.nlm.2010.08.003

Sultan, A., Nesslany, F., Violet, M., Begard, S., Loyens, A., Talahari, S., . . .
Galas, M. C. (2011). Nuclear tau, a key player in neuronal DNA protection.
J Biol Chem, 286(6), 4566-4575. doi: 10.1074/jbc.M110.199976

Sweatt, J. D. (2010). Neuroscience. Epigenetics and cognitive aging. Science,
328(5979), 701-702. doi: 10.1126/science.1189968

Sweatt, J. D., Weeber, E. J., & Lombroso, P. J. (2003). Genetics of childhood
disorders: LI. Learning and memory, Part 4: Human cognitive disorders
and the ras/[ERK/CREB pathway. J Am Acad Child Adolesc Psychiatry,
42(6), 741-744. doi: 10.1097/01.CHI.0000046859.56865.A8

Swerdlow, R. H. (2012). Alzheimer's disease pathologic cascades: who comes
first, what drives what. Neurofox Res, 22(3), 182-194. doi:
10.1007/s12640-011-9272-9

Swerdlow, R. H., Burns, J. M., & Khan, S. M. (2014). The Alzheimer's disease
mitochondrial cascade hypothesis: progress and perspectives. Biochim
Biophys Acta, 1842(8), 1219-1231. doi: 10.1016/j.bbadis.2013.09.010

Swerdlow, R. H., & Khan, S. M. (2004). A "mitochondrial cascade hypothesis" for
sporadic Alzheimer's disease. Med Hypotheses, 63(1), 8-20. doi:
10.1016/j.mehy.2003.12.045

Takamori, S., Holt, M., Stenius, K., Lemke, E. A., Gronborg, M., Riedel, D., . . .
Jahn, R. (2006). Molecular anatomy of a trafficking organelle. Cell, 127(4),
831-846. doi: 10.1016/j.cell.2006.10.030

231



Takeda, N., Kishimoto, Y., & Yokota, O. (2012). Pick's disease. Adv Exp Med
Biol, 724, 300-316. doi: 10.1007/978-1-4614-0653-2_23

Takeuchi, H., Iba, M., Inoue, H., Higuchi, M., Takao, K., Tsukita, K., . . .
Takahashi, R. (2011). P301S mutant human tau transgenic mice manifest
early symptoms of human tauopathies with dementia and altered
sensorimotor gating. PLoS One, 6(6), e21050. doi:
10.1371/journal.pone.0021050

Tan, C. C.,, Yu, J. T., Tan, M. S, Jiang, T., Zhu, X. C., & Tan, L. (2014).
Autophagy in aging and neurodegenerative diseases: implications for
pathogenesis and therapy. Neurobiol Aging, 35(5), 941-957. doi:
10.1016/j.neurobiolaging.2013.11.019

Tang, K., Xia, F. C., Wagner, P. D., & Breen, E. C. (2010). Exercise-induced
VEGF transcriptional activation in brain, lung and skeletal muscle. Respir
Physiol Neurobiol, 170(1), 16-22. doi: 10.1016/j.resp.2009.10.007

Tanida, |, Ueno, T., & Kominami, E. (2004). LC3 conjugation system in
mammalian autophagy. Int J Biochem Cell Biol, 36(12), 2503-2518. doi:
10.1016/j.biocel.2004.05.009

Tanida, I., & Waguri, S. (2010). Measurement of autophagy in cells and tissues.
Methods Mol Biol, 648, 193-214. doi: 10.1007/978-1-60761-756-3_13

Tanigawa, T., Takechi, H., Arai, H., Yamada, M., Nishiguchi, S., & Aoyama, T.
(2014). Effect of physical activity on memory function in older adults with
mild Alzheimer's disease and mild cognitive impairment. Geriatr Gerontol
Int, 14(4), 758-762. doi: 10.1111/9gi.12159

Taniguchi, T., Doe, N., Matsuyama, S., Kitamura, Y., Mori, H., Saito, N., &
Tanaka, C. (2005). Transgenic mice expressing mutant (N279K) human
tau show mutation dependent cognitive deficits without neurofibrillary
tangle  formation. FEBS Lett, 579(25), 5704-5712. doi:
10.1016/j.febslet.2005.09.047

Tapia-Rojas, C., Aranguiz, F., Varela-Nallar, L., & Inestrosa, N. C. (2015).
Voluntary Running Attenuates Memory Loss, Decreases
Neuropathological Changes and Induces Neurogenesis in a Mouse Model
of Alzheimer's Disease. Brain Pathol. doi: 10.1111/bpa.12255

Tatebayashi, Y., Miyasaka, T., Chui, D. H., Akagi, T., Mishima, K., lwasaki, K., . .
. Takashima, A. (2002). Tau filament formation and associative memory
deficit in aged mice expressing mutant (R406W) human tau. Proc Natl
Acad Sci U S A, 99(21), 13896-13901. doi: 10.1073/pnas.202205599

Taylor, C. B., Sallis, J. F., & Needle, R. (1985). The relation of physical activity
and exercise to mental health. Public Health Rep, 100(2), 195-202.

Teri, L., Gibbons, L. E., McCurry, S. M., Logsdon, R. G., Buchner, D. M., Barlow,
W. E., ... Larson, E. B. (2003). Exercise plus behavioral management in

232



patients with Alzheimer disease: a randomized controlled trial. JAMA,
290(15), 2015-2022. doi: 10.1001/jama.290.15.2015

Terry, R. D., Masliah, E., Salmon, D. P., Butters, N., DeTeresa, R., Hill, R., . . .
Katzman, R. (1991). Physical basis of cognitive alterations in Alzheimer's
disease: synapse loss is the major correlate of cognitive impairment. Ann
Neurol, 30(4), 572-580. doi: 10.1002/ana.410300410

Tomasiewicz, H. G., Flaherty, D. B., Soria, J. P., & Wood, J. G. (2002).
Transgenic zebrafish model of neurodegeneration. J Neurosci Res, 70(6),
734-745. doi: 10.1002/jnr.10451

Toy, W. A., Petzinger, G. M., Leyshon, B. J., Akopian, G. K., Walsh, J. P.,
Hoffman, M. V., . . . Jakowec, M. W. (2014). Treadmill exercise reverses
dendritic spine loss in direct and indirect striatal medium spiny neurons in
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of
Parkinson's disease. Neurobiol  Dis, 63, 201-209. doi:
10.1016/j.nbd.2013.11.017

Trantham-Davidson, H., Vazdarjanova, A., Dai, R., Terry, A., & Bergson, C.
(2008). Up-regulation of calcyon results in locomotor hyperactivity and
reduced anxiety in mice. Behav Brain Res, 189(2), 244-249. doi:
10.1016/j.bbr.2007.12.031

Trejo, J. L., Llorens-Martin, M. V., & Torres-Aleman, |. (2008). The effects of
exercise on spatial learning and anxiety-like behavior are mediated by an
IGF-I-dependent mechanism related to hippocampal neurogenesis. Mol
Cell Neurosci, 37(2), 402-411. doi: 10.1016/j.mcn.2007.10.016

Troiano, R. P., Berrigan, D., Dodd, K. W., Masse, L. C., Tilert, T., & McDowell, M.
(2008). Physical activity in the United States measured by accelerometer.
Med Sci Sports Exerc, 40(1), 181-188. doi:
10.1249/mss.0b013e31815a51b3

Trojanowski, J. Q., Schuck, T., Schmidt, M. L., & Lee, V. M. (1989). Distribution
of tau proteins in the normal human central and peripheral nervous
system. J Histochem Cytochem, 37(2), 209-215.

Ueki, A., Goto, K., Sato, N., Iso, H., & Morita, Y. (2006). Prepulse inhibition of
acoustic startle response in mild cognitive impairment and mild dementia
of Alzheimer type. Psychiatry Clin Neurosci, 60(1), 55-62. doi:
10.1111/j.1440-1819.2006.01460.x

Um, H. S., Kang, E. B., Koo, J. H., Kim, H. T, Jin, L., Kim, E. J., . . . Cho, J. Y.
(2011). Treadmill exercise represses neuronal cell death in an aged
transgenic mouse model of Alzheimer's disease. Neurosci Res, 69(2),
161-173. doi: 10.1016/j.neures.2010.10.004

Um, H. S., Kang, E. B., Leem, Y. H., Cho, I. H,, Yang, C. H., Chae, K. R, . ..
Cho, J. Y. (2008). Exercise training acts as a therapeutic strategy for

233



reduction of the pathogenic phenotypes for Alzheimer's disease in an
NSE/APPsw-transgenic model. Int J Mol Med, 22(4), 529-539.

Valenzuela, M. J., Sachdev, P., Wen, W., Chen, X., & Brodaty, H. (2008).
Lifespan mental activity predicts diminished rate of hippocampal atrophy.
PLoS One, 3(7), €2598. doi: 10.1371/journal.pone.0002598

Van der Jeugd, A., Blum, D., Raison, S., Eddarkaoui, S., Buee, L., & D'Hooge, R.
(2013). Observations in THY-Tau22 mice that resemble behavioral and
psychological signs and symptoms of dementia. Behav Brain Res, 242,
34-39. doi: 10.1016/j.bbr.2012.12.008

van Groen, T., Miettinen, P., & Kadish, I. (2003). The entorhinal cortex of the
mouse: organization of the projection to the hippocampal formation.
Hippocampus, 13(1), 133-149. doi: 10.1002/hipo.10037

van Praag, H., Christie, B. R., Sejnowski, T. J., & Gage, F. H. (1999). Running
enhances neurogenesis, learning, and long-term potentiation in mice. Proc
Natl Acad Sci U S A, 96(23), 13427-13431.

van Praag, H., Kempermann, G., & Gage, F. H. (1999). Running increases cell
proliferation and neurogenesis in the adult mouse dentate gyrus. Nat
Neurosci, 2(3), 266-270. doi: 10.1038/6368

van Praag, H., Shubert, T., Zhao, C., & Gage, F. H. (2005). Exercise enhances
learning and hippocampal neurogenesis in aged mice. J Neurosci, 25(38),
8680-8685. doi: 10.1523/JNEUROSCI.1731-05.2005

Vaynman, S., & Gomez-Pinilla, F. (2005). License to run: exercise impacts
functional plasticity in the intact and injured central nervous system by
using neurotrophins. Neurorehabil Neural Repair, 19(4), 283-295. doi:
10.1177/1545968305280753

Vaynman, S., Ying, Z., & Gomez-Pinilla, F. (2004). Hippocampal BDNF mediates
the efficacy of exercise on synaptic plasticity and cognition. Eur J
Neurosci, 20(10), 2580-2590. doi: 10.1111/j.1460-9568.2004.03720.x

Vaynman, S. S., Ying, Z., Yin, D., & Gomez-Pinilla, F. (2006). Exercise
differentially regulates synaptic proteins associated to the function of
BDNF. Brain Res, 1070(1), 124-130. doi: 10.1016/j.brainres.2005.11.062

Vincent, A. M., & Feldman, E. L. (2002). Control of cell survival by IGF signaling
pathways. Growth Horm IGF Res, 12(4), 193-197.

von Bergen, M., Barghorn, S., Biernat, J., Mandelkow, E. M., & Mandelkow, E.
(2005). Tau aggregation is driven by a transition from random coil to beta
sheet structure. Biochim Biophys Acta, 1739(2-3), 158-166. doi:
10.1016/j.bbadis.2004.09.010

von Bergen, M., Barghorn, S., Li, L., Marx, A., Biernat, J., Mandelkow, E. M., &
Mandelkow, E. (2001). Mutations of tau protein in frontotemporal dementia
promote aggregation of paired helical filaments by enhancing local beta-

234



structure. J Biol Chem, 276(51), 48165-48174. doi:
10.1074/jbc.M105196200

von Bergen, M., Friedhoff, P., Biernat, J., Heberle, J., Mandelkow, E. M., &
Mandelkow, E. (2000). Assembly of tau protein into Alzheimer paired
helical filaments depends on a local sequence motif ((306)VQIVYK(311))
forming beta structure. Proc Natl Acad Sci U S A, 97(10), 5129-5134.

Voss, M. W., Heo, S., Prakash, R. S., Erickson, K. I., Alves, H., Chaddock, L., ...
Kramer, A. F. (2013). The influence of aerobic fitness on cerebral white
matter integrity and cognitive function in older adults: results of a one-year
exercise intervention. Hum Brain Mapp, 34(11), 2972-2985. doi:
10.1002/hbm.22119

Voss, M. W., Prakash, R. S., Erickson, K. |., Basak, C., Chaddock, L., Kim, J. S.,
. . . Kramer, A. F. (2010). Plasticity of brain networks in a randomized
intervention trial of exercise training in older adults. Front Aging Neurosci,
2. doi: 10.3389/fnagi.2010.00032

Walsh, R. N., & Cummins, R. A. (1976). The Open-Field Test: a critical review.
Psychol Bull, 83(3), 482-504.

Wang, P., Cai, R. R,, Feng, Y. M., & Zhang, Y. S. (2000). Studies on insulin/IGF-
1 hybrid and IGF-1 growth-promoting functional region. I[UBMB Life, 49(4),
321-325. doi: 10.1080/15216540050033203

Webb, J. L., Ravikumar, B., Atkins, J., Skepper, J. N., & Rubinsztein, D. C.
(2003). Alpha-Synuclein is degraded by both autophagy and the
proteasome. J  Biol @ Chem, 278(27),  25009-25013.  doi:
10.1074/jbc.M300227200

Weingarten, M. D., Lockwood, A. H., Hwo, S. Y., & Kirschner, M. W. (1975). A
protein factor essential for microtubule assembly. Proc Natl Acad Sci U S
A, 72(5), 1858-1862.

Wilcock, D. M., Gharkholonarehe, N., Van Nostrand, W. E., Davis, J., Vitek, M.
P., & Colton, C. A. (2009). Amyloid reduction by amyloid-beta vaccination
also reduces mouse tau pathology and protects from neuron loss in two
mouse models of Alzheimer's disease. J Neurosci, 29(25), 7957-7965. doi:
10.1523/JNEUROSCI.1339-09.2009

Wilcock, D. M., Lewis, M. R., Van Nostrand, W. E., Davis, J., Previti, M. L.,
Gharkholonarehe, N., . . . Colton, C. A. (2008). Progression of amyloid
pathology to Alzheimer's disease pathology in an amyloid precursor
protein transgenic mouse model by removal of nitric oxide synthase 2. J
Neurosci, 28(7), 1537-1545. doi: 10.1523/JNEUROSCI.5066-07.2008

Williams, D. W., Tyrer, M., & Shepherd, D. (2000). Tau and tau reporters disrupt
central projections of sensory neurons in Drosophila. J Comp Neurol,
428(4), 630-640.

235



Winchester, B. R., Watkins, S. C., Brahm, N. C., Harrison, D. L., & Miller, M. J.
(2013). Mental health treatment associated with community-based
depression screening: considerations for planning multidisciplinary
collaborative care. Ann  Pharmacother, 47(6), 797-804. doi:
10.1345/aph.1R730

Witter, M. P., Wouterlood, F. G., Naber, P. A, & Van Haeften, T. (2000).
Anatomical organization of the parahippocampal-hippocampal network.
Ann N Y Acad Sci, 911, 1-24.

Wittmann, C. W., Wszolek, M. F., Shulman, J. M., Salvaterra, P. M., Lewis, J.,
Hutton, M., & Feany, M. B. (2001). Tauopathy in Drosophila:
neurodegeneration without neurofibrillary tangles. Science, 293(5530),
711-714. doi: 10.1126/science.1062382

Wu, C. W, Chang, Y. T., Yu, L., Chen, H. |, Jen, C. J., Wu, S. Y., ... Kuo, Y. M.
(2008). Exercise enhances the proliferation of neural stem cells and
neurite growth and survival of neuronal progenitor cells in dentate gyrus of
middle-aged mice. J Appl Physiol (1985), 105(5), 1585-1594. doi:
10.1152/japplphysiol.90775.2008

Ying, Z., Roy, R. R., Edgerton, V. R., & Gomez-Pinilla, F. (2003). Voluntary
exercise increases neurotrophin-3 and its receptor TrkC in the spinal cord.
Brain Res, 987(1), 93-99.

Yla-Anttila, P., Vihinen, H., Jokitalo, E., & Eskelinen, E. L. (2009). 3D tomography
reveals connections between the phagophore and endoplasmic reticulum.
Autophagy, 5(8), 1180-1185.

Yokota, O., Tsuchiya, K., Arai, T., Yagishita, S., Matsubara, O., Mochizuki, A., . .
. Akiyama, H. (2009). Clinicopathological characterization of Pick's
disease versus frontotemporal lobar degeneration with ubiquitin/TDP-43-
positive inclusions. Acta Neuropathol, 117(4), 429-444. doi:
10.1007/s00401-009-0493-4

Yoshii, A., & Constantine-Paton, M. (2014). Postsynaptic localization of PSD-95
is regulated by all three pathways downstream of TrkB signaling. Front
Synaptic Neurosci, 6, 6. doi: 10.3389/fnsyn.2014.00006

Yoshiyama, Y., Higuchi, M., Zhang, B., Huang, S. M., lwata, N., Saido, T. C., . ..
Lee, V. M. (2007). Synapse loss and microglial activation precede tangles
in a P301S tauopathy mouse model. Neuron, 53(3), 337-351. doi:
10.1016/j.neuron.2007.01.010

Yuede, C. M., Zimmerman, S. D., Dong, H., Kling, M. J., Bero, A. W., Holtzman,
D. M., . . . Csernansky, J. G. (2009). Effects of voluntary and forced
exercise on plaque deposition, hippocampal volume, and behavior in the
Tg2576 mouse model of Alzheimer's disease. Neurobiol Dis, 35(3), 426-
432. doi: 10.1016/j.nbd.2009.06.002

236



Zhang, L. F., Shi, L., Liu, H., Meng, F. T., Liu, Y. J.,, Wu, H. M., . .. Zhou, J. N.
(2012). Increased hippocampal tau phosphorylation and axonal
mitochondrial transport in a mouse model of chronic stress. Int J
Neuropsychopharmacol, 15(3), 337-348. doi:
10.1017/S1461145711000411

Zhang, Z., & Simpkins, J. W. (2010). Okadaic acid induces tau phosphorylation in
SH-SYS&Y cells in an estrogen-preventable manner. Brain Res, 1345, 176-
181. doi: 10.1016/j.brainres.2010.04.074

Zhao, G., Liu, H. L., Zhang, H., & Tong, X. J. (2015). Treadmill exercise
enhances synaptic plasticity, but does not alter beta-amyloid deposition in
hippocampi of aged APP/PS1 transgenic mice. Neuroscience, 298, 357-
366. doi: 10.1016/j.neuroscience.2015.04.038

237



