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ABSTRACT

Author:  Hector G. Paez 

Title:  Myokine Cathepsin B Expression with Exercise Training in the 
3xTg-AD Murine Model of Alzheimer’s Disease 
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Thesis Advisor: Dr. Andy V. Khamoui 

Degree:  Master of Science 

Year:   2018 

 This research investigated the relationship between exercise training and 

cathepsin B expression in the 3xTg-AD murine model of Alzheimer’s disease.  3xTg-AD 

mice were assigned to control (Tg, n=10), aerobic training  (Tg+AT, n=10), or resistance 

training (Tg+RT, n=10). RotaRod peak latency and grip strength were assessed as pre- 

and post-measurements. Skeletal muscle was collected after training and analyzed for 

cathepsin B protein. Tg+RT showed greater grip strength than Tg and Tg+AT at post-

testing (p ≤ 0.05). Only Tg+AT showed an improvement in RotaRod peak latency (p ≤ 

0.05). Gastrocnemius weight was greater in Tg+RT compared to Tg (p ≤ 0.05), and no 

differences were observed in cathepsin B or procathepsin B expression (p > 0.05).   This 

data suggests that cathepsin B was not induced by either mode of  exercise training, 

however, physical function and muscle mass were improved, therefore inclusion of both 

training modalities may address peripheral comorbidities in Alzheimer’s disease.
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CHAPTER I: INTRODUCTION

 Advancements in healthcare and technology have allowed humans to extend their 

life expectancy, with an increase in lifespan of about 4 years per decade in the first half of 

the 20th century (Solé-Auró, 2013). Along with improved longevity, age related diseases 

such as dementia and Alzheimer’s Disease (AD) have increased in prominence and 

severity. Currently, about 5.5 million Americans suffer from AD with a projected growth 

to over 13 million by mid-century due to an aging population of baby boomers ("2017 

Alzheimer's disease facts and figures," 2017).  

AD is a neurodegenerative disease that largely affects the elderly. Typically, AD 

symptomology begins with memory loss and cognitive impairments and progresses until 

the sufferer experiences an impairment or loss of neurons that control movement and 

critical bodily functions (Jia, Deng, & Qing, 2014). AD is histologically characterized by 

neuritic plaques of beta amyloid (Aβ) and neurofibrillary tangles (NFT) of 

hyperphosporylated tau protein. Altered processing of amyloid precursor protein (APP) 

and subsequent Aβ aggregation in the cerebral cortex and subcortical circuits of the 

hippocampus are due to an imbalance between production and clearance that seems to be 

central to the pathology and cognitive deficiency implicated in AD (Hardy & Allsop, 

1991; Lazarov, Lee, Peterson, & Sisodia, 2002; Mattson, 2004).  

 Physical exercise plays an important role in promoting brain health and mitigating 

the impairments in those with AD (Ahlskog, Geda, Graff-Radford, & Petersen, 2011; 

Cassilhas et al., 2012; Intlekofer & Cotman, 2013; Moore et al., 2016).  In addition to 
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direct effects on the brain, physical exercise has been suggested to regulate brain function 

through secretion of skeletal muscle-derived factors termed myokines. Recently, myokine 

Cathepsin B (CatB) has been identified as a possible peripheral secretory factor that may  

mediate exercise’s effects on brain health (Mueller-Steiner et al., 2006). These findings 

were confirmed in rodents when CatB knockout mice failed to enhance adult 

hippocampal neurogenesis and spatial memory function in response to voluntary wheel 

running, suggesting a central role of CatB in aerobic training (AT) induced improvements 

in cognitive function (Moon et al., 2016). CatB may mediate improvements in cognitive 

function by increasing levels of brain-derived neurotrophic factor (BDNF) and degrading 

Aβ (Moon et al., 2016; B. Sun et al., 2008; Suzuki, 2016).  

Thus far, increased CatB expression has been detected in rodents and humans in response 

to AT (Duzel, van Praag, & Sendtner, 2016; Moon et al., 2016; Suzuki, 2016).  CatB 

expression has also been elicited in skeletal muscle cell cultures treated with AICAR5, an 

agonist of adenosine monophosphate-activated protein kinase (AMPK) (Moon et al., 

2016). AMPK is an energy sensing protein responsive to muscular contractions.  

Resistance training (RT), which generates intermittent high muscular tension rather than 

sustained low muscular tension characteristic of AT, is also a potent activator of AMPK 

(Ahtiainen et al., 2015; Wilkinson et al., 2008) and has been shown to increase CatB 

expression (Norheim et al., 2011). To our knowledge, the relationship between CatB, RT, 

and AD has not been investigated.  Therefore, the aim of this study is to investigate the 

effects of AT and RT on CatB expression in a murine model of AD.   Based on the 

literature the following hypotheses were generated: 1) Both RT and AT will increase 
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expression of CatB in skeletal muscle 2) Both RT and AT groups will show improved 

motor coordination, but greater strength and muscle mass will only be observed in RT.
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CHAPTER II: REVIEW OF LITERATURE

Amyloid Precursor Protein Processing 

APP is a transmembrane protein with a short cytoplasmic C-terminus and a large 

extracellular N-terminus that has both paracrine and autocrine functions related to 

neuronal growth regulation (O'Brien & Wong, 2011). Aβ is located mainly in the N-

terminus of APP with part of the peptide implanted in the membrane. After production, 

APP is sorted in the endoplasmic reticulum and golgi, from where it is transported to the 

axon and synaptic terminal (Mattson, 2004). APP processing can happen through 

multiple pathways via transmembrane secretases.  

Nonamyloidogenic processing occurs when APP is proteolyzed by α-secretase, a 

protease that cleaves within the Aβ sequence of the APP and precludes formation of Aβ 

peptide. The α-secretase cleavage of APP produces the extracellular (s)APPα 

ectodomain, a regulator of synaptic plasticity, and a membrane bound APP fragment is 

then cleaved by γ-secretase to produce nonamyloidogenic fragments (Thinakaran & Koo, 

2008). Amyloidogenic processing of APP occurs after cleavage at the N terminus by β-

secretase β-site APP-cleaving enzyme 1 (BACE1) produces (s)APPβ ectodomain and an 

APP fragment (C99). C99 is then sequentially cleaved by γ-secretase at the C-terminus 

and releases cytoplasmic AICD and pathogenic Aβ from its precursor molecule (O'Brien 

& Wong, 2011; Tamagno et al., 2008; Thinakaran & Koo, 2008; Vassar et al., 1999).  

Presenilin 1 (PS1) is a catalytic subunit of the multiprotein complex γ-secretase 

that is involved in endoproteolytic cleavage of APP. Mutations in the PS1 gene are 
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associated with familial AD (FAD) and lead to increased production of the 42 amino acid 

residue peptide Aβ42; which is more toxic and aggregates faster than Aβ40 (O'Brien & 

Wong, 2011; Tamagno et al., 2008; Vassar et al., 1999). Oxidative stress from aging and 

neurotrophic deprivation can increase expression of PS1 and BACE1 respectively; both 

oxidative stress and neurotrophic  deprivation are implicated during late onset AD 

(Connor et al., 1997; Iulita et al., 2017; Nikolaev, McLaughlin, O’Leary, & Tessier-

Lavigne, 2009).  

Aβ Neurotoxicity 

Alterations in APP processing in AD can lead to increased Aβ production and 

aggregation. The accumulation and downstream mechanisms of Aβ toxicity are initiating 

factors in the pathology of AD according to the amyloid cascade hypothesis (Hardy, 

1997). The neurodegenerative effects of Aβ are exacerbated by suppression of proteolytic 

clearance and decreased lysosomal activation in aging brains (Bendiske & Bahr, 2003). 

The major pathological isoform Aβ42 is more neurotoxic and likely to aggregate than 

Aβ40 and can directly stimulate apoptosis through intracellularly induced chronic stress 

on the endoplasmic reticulum (Kang et al., 2013; Murphy & LeVine III, 2010). 

Accumulation of Aβ in critical brain regions can exert effects on microglia, 

occupant macrophages of the brain, and promote chronic inflammation through secretion 

of inflammatory cytokines. Microglial inflammatory responses to Aβ can elicit neuronal 

apoptosis, inhibition of neural stem cell proliferation, reduced microglial mediated Aβ 

clearance, decreased cell survival, and destruction of existing neurons through 

phagocytosis (Liu et al., 2012; Rothwell & Luheshi, 2000; X. Sun, Chen, & Wang, 2015; 

Zhu et al., 2015). 
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Aβ also plays a part in mitochondrial dysfunction in astrocytes. Aβ causes a rise 

in intracellular free calcium (Ca+) by forming pores in the membranes of astrocytes; 

permitting entry of Ca+ from the extracellular space (Abramov, Canevari, & Duchen, 

2003). Transitorily elevated levels of Ca+ in synergy with oxidative stress produced by 

Aβ can cause openings in the mitochondrial permeability transition pore (Duchen, 2000). 

Mitochondrial dysfunction can trigger mitophagy, autophagy, and necrosis through 

cytochrome c release and impairment of the respiratory chain (Devi, Prabhu, Galati, 

Avadhani, & Anandatheerthavarada, 2006; Tatarnikova, Orlov, & Bobkova, 2015). 

Astrocytic impairment by Aβ increases reactive oxygen species (ROS) production, 

oxidative stress, Ca+ dyshomeostasis, and reduces substrates supplied by astrocytes such 

as glutathione (Abramov et al., 2003), an important antioxidant for neurons (Abramov, 

Canevari, & Duchen, 2004; Dringen, 2000). 

Aβ also plays a pathological role in synaptic plasticity. Neurons exposed to Aβ 

show synaptic depression, dysfunction, loss and interference with Ca+ /calmodulin-

dependent protein kinase II (CaMKII), leading to AMPA receptor (AMPAR) abnormality 

(Chater & Goda, 2014; Kamenetz et al., 2003; Reinders et al., 2016). Excitatory 

glutamate interacts with AMPAR and mediates post synaptic excitation through sodium 

influx and subsequent depolarization (Fink & Meyer, 2002). Sodium influx can also alter 

activity of N-methyl-D-aspartate (NMDA) receptor (NMDAR), a receptor that is 

primarily responsible for synaptic plasticity and long term potentiation (LTP) (Bayer, De 

Koninck, Leonard, Hell, & Schulman, 2001).  

Membrane depolarization can induce NMDAR expulsion of magnesium and 

subsequent permeability to Ca+. Glutamate can also interact with NMDAR and provoke 
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an influx of Ca+  into the cell (Lüscher & Malenka, 2012); Ca+  and calmodulin 

accumulation can lead to persistent activation of CaMKII, a kinase that exerts its effects 

on AMPAR by amplifying single channel signal conductance and initiating delivery of 

AMPAR to AMPAR-lacking synapses (Fink & Meyer, 2002). CaMKII can also bind to 

NMDAR to form the CaMKII/NMDAR complex. AMPAR, NMDAR and CaMKII all 

have significant impacts on the facilitation of LTP (Kessels & Malinow, 2009; Lisman & 

Raghavachari, 2015; Lüscher & Malenka, 2012).  

Aggregation of neurotoxic Aβ facilitates long term depression (LDP) of neurons 

through several mechanisms. Aβ can reduce glutamate uptake at the synapse by 

interfering with NMDAR glutamate recycling, producing an extracellular accumulation 

of glutamate that can induce glutamate excitoxicity and receptor desensitization (Li et al., 

2009). Application of synthetic Aβ to neurons decreases post synaptic density of 

NMDAR through endocytosis of NMDAR and AMPAR, eventually leading to synaptic 

dysfunction and inhibition of LTP (Li et al., 2009; Vargas, Cerpa, Muñoz, Zanlungo, & 

Alvarez, 2018). 

Tau Neurofibrillary Tangles 

Microtubules are components of eukaryotic cell structure involved in maintaining 

the integrity of cell shape and the motility of cellular constituents. Microtubules play an 

important role in neural axons, mediating neurotransmission. Tau, a microtubule 

associated protein, serves as a regulatory element in microtubular assembly and 

arrangement (Gong, Grundke-Iqbal, & Iqbal, 2010; Weingarten, Lockwood, Hwo, & 

Kirschner, 1975).  
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Aβ can induce tau hyperphosphorylation and formation of intracellular 

neurofibrillary tangles (NFT) that can destabilize cell infrastructure and play a 

fundamental role in AD pathogenesis (Bakota & Brandt, 2016; Jin et al., 2011; Keck, 

Nitsch, Grune, & Ullrich, 2003; Tatarnikova et al., 2015). Inhibition of mitochondrial 

function by Aβ can lead to chronic oxidative stress (Abramov et al., 2004) and 

transcription of regulator of calcineurin 1 (RCAN1), a protein involved in the adaptive 

response to oxidative stress (Crawford et al., 1997; Lloret et al., 2011). RCAN1 can bind 

to and inhibit calceneurin, a potent phosphatase implicated in tau dephosphorylation 

(Norman & Johnson, 1994).  

Additionally, Aβ disruption of  insulin receptors and consequent impairment of 

the PI3K/AKT axis can exert effects similar to RCAN1 and enhance glycogen synthase 

kinase 3β (GSK-3β) activity and subsequent hyperphosphorylation of tau (Ermak, Harris, 

Battocchio, & Davies, 2006; Perluigi et al., 2014). Furthermore, Aβ is positively 

correlated with p38, a mitogen-activated protein kinase that produces tau 

hyperphosphorylation and NFT (Giraldo, Lloret, Fuchsberger, & Viña, 2014; Reynolds, 

Nebreda, Gibb, Utton, & Anderton, 1997). 

Brain-derived Neurotrophic Factor and AD 

Neuronal growth and maintenance is modulated by a family of growth factors 

termed neurotrophins (Fukuda et al., 2016; Huang & Reichardt, 2001; Sofroniew, Howe, 

& Mobley, 2001). Neurotrophins can mediate neuroplasticity through a variety of 

mechanisms and are expressed in reaction to electrical activity, glutamergic excitation, 

and membrane depolarization (Poo, 2001). Neurotrophin mRNA expression has been 
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detected in response to seizures (Gall & Isackson, 1989) and is inhibited in the visual 

cortex of rodents deprived of visual input (Castren, Zafra, Thoenen, & Lindholm, 1992).  

Notably, brain-derived neurotrophic factor (BDNF) plays a critical role in 

mediating cellular responses, synaptic modulation, neural excitability, proliferation, and 

mitochondrial biogenesis (Marosi & Mattson, 2014; Mattson, Gleichmann, & Cheng, 

2008; Poo, 2001). BDNF interacts with high affinity receptor tropomyosin receptor 

kinase B (TrkB), a mediator of neuroplasticity (Greene & Kaplan, 1995), and pan 

neurotrophic receptor 75 (P75), a low affinity receptor that modulates signal transduction 

(Barker & Shooter, 1994). BDNF elevation can modulate synaptic plasticity by elevating 

AMPAR expression (Narisawa-Saito, Carnahan, Araki, Yamaguchi, & Nawa, 1999) and 

perpetuating its own release. Binding of BDNF to TrkB on both the post and presynaptic 

vesicles triggers endocytosis of the BDNF-TrkB complex, which then proceeds through 

anterograde and retrograde transport and contributes to BDNF release (Poo, 2001).   

BDNF dimerizes TrkB and leads to transphosphorylation of cytosolic tyrosine 

residues and subsequent kinase activation that modulates gene expression and protein 

synthesis, activating signaling cascades vital to neurogenesis and cell survival.  

Phosphorylation at the tyrosine 515 site activates adaptor molecule Shc along with GRB-

associated binder 1 (GAB1) and insulin receptor substrate 1 (IRS1).  Shc activates the 

Ras–mitogen-activated protein kinase (MAPK) signaling cascade which stimulates cyclic 

AMP-responsive element-binding protein (CREB), a protein that plays a pivotal role in 

BDNF gene transcription and cell survival (Minichiello, 2009). It is worth noting that 

elevated levels of Ca+   can also stimulate MAPK and CREB transcription. Adaptor 

molecules GAB1 and IRS1 can activate the phosphatidylinositol 3‑kinase (PI3K)–Akt 
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pathway, playing an essential role in neural progenitor cell proliferation and migration 

(Zhang et al., 2011). Phosphorylation of tyrosine at the 816 position of TrkB can trigger 

the PLCγ– Ca2+   pathway, reinforcing cell survival (Gupta, You, Gupta, Klistorner, & 

Graham, 2013; Tanila, 2017). 

Both BDNF and TrkB show decline in AD (H. S. Phillips et al., 1991). Aβ can 

inhibit the upstream adaptor molecules that are involved in triggering the PI3K-Akt and 

RAS-MAPK pathways, effectively reducing BDNF gene transcription, neural 

proliferation and differentiation, and cell survival (Tong, Balazs, Thornton, & Cotman, 

2004). Additionally, Aβ can reduce proteolytic cleavage of pro-BDNF, precluding BDNF 

formation (Zheng, Sabirzhanov, & Keifer, 2010). Axonal transport of BDNF and 

retrograde transport of the BDNF-TrkB complex is also inhibited by Aβ in the absence of 

hyperphosphorylated tau (Poon et al., 2013; Ramser et al., 2013). 

Physical Exercise and AD 

Physical exercise (PE) can provoke an adaptive response in a variety of tissue. 

Remarkably, PE can offer profound neuroprotective benefits in AD and age related mild 

cognitive impairment (MCI) (Ahlskog et al., 2011); partially by exerting energetic 

demands on neurons and triggering stress resistant genes and promoting cerebro-

brioenergetic resiliency (Camandola & Mattson, 2017; Cheng et al., 2016; Marosi & 

Mattson, 2014; Mattson, 2008).  

The literature supporting AT and its effects on cognitive function is abundant 

(Ahlskog et al., 2011; Cassilhas et al., 2012; Cheng et al., 2016; Erickson et al., 2011; 

Intlekofer & Cotman, 2013; Van Praag, Christie, Sejnowski, & Gage, 1999). AT can 

increase counteractive mechanisms that diminish mitochondrial dysfunction and 
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mitophagy (Cheng et al., 2016). Animal research has suggested that AT improves 

cognitive function through a variety of mechanisms. The hippocampus is a brain structure 

highly involved in memory and spatial navigation. The hippocampus is particularly 

susceptible in AD pathology but has a highly plastic response to AT. Neurogenesis at the 

dentate gyrus of the hippocampus is upregulated by AT, along with hippocampal 

perfusion and volume (Erickson et al., 2011). Mice provided with a wheel for voluntary 

running for 5 months showed decreased hippocampal Aβ deposits (Adlard, Perreau, Pop, 

& Cotman, 2005) while mice subjected to forced treadmill exercise 5 days per week for 

12 weeks experienced repressed levels of neural apoptosis and mitigation of memory 

impairment through diminished Aβ deposition by inhibition of BASE1 and C99 (Kang et 

al., 2013).  

Treadmill training can also increase BDNF expression from acute and chronic 

bouts of exercise in rodents (Griffin, Bechara, Birch, & Kelly, 2009; O'Callaghan, 

Griffin, & Kelly, 2009; O’Callaghan, Ohle, & Kelly, 2007). Hippocampal expression of 

BDNF and TrkB receptor density is also upregulated by AT in rodents, along with genes 

involved in neurogenic signaling cascades such as CaMKII, MAPK, and CREB (Griffin 

et al., 2009; Molteni, Ying, & Gómez‑Pinilla, 2002; Seifert et al., 2009; Vaynman, Ying, 

& Gomez-Pinilla, 2003).  Neurogenesis at the dentate gyrus occurs in the adult brain and 

contributes to memory formation and learning (Eriksson et al., 1998). Neurogenesis is 

inhibited in neurodegenerative disorders such as AD by Aβ plaque impairment of neural 

progenitor cell (NPC) proliferation (Haughey et al., 2002; Lazarov, Mattson, Peterson, 

Pimplikar, & van Praag, 2010). Research in rodent models show that AT increase NPC 
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proliferation, survival, and neural population (Fabel et al., 2003; Trejo, Carro, & Torres-

Aleman, 2001; Van Praag et al., 1999).  

Older adults subjected to an AT exercise program showed increased levels of 

electrical and synaptic activity (Voss et al., 2010); events that trigger glutameric NMDA 

and AMPAR, initiating an influx of calcium that stimulate several pathways involved in 

the facilitation of LTP, synaptic plasticity, and cell survival (Fink & Meyer, 2002; Gupta 

et al., 2013; Kessels & Malinow, 2009; Minichiello, 2009). AT also has the potential to 

diminish inflammation in the brain (Parachikova, Nichol, & Cotman, 2008) by reducing 

levels of pro-inflammatory molecules and increasing anti-inflammatory markers such as 

interleukin-6 (C. Phillips, Akif Baktir, Das, Lin, & Salehi, 2015).  

Differing PE modalities have a beneficial effect on neurological health through 

divergent molecular mechanisms (Cassilhas et al., 2012). RT serves as an alternative PE 

to AT that also offers neuroprotective benefits and improves cognitive scores (Cassilhas 

et al., 2007; Liu-Ambrose et al., 2010; Peig-Chiello, Perrig, Ehrsam, Staehelin, & Krings, 

1998). RT is a robust stimulator of insulin-like growth factor 1 (IGF-1), a growth factor 

that can initiate positive mechanisms in neurodegenerative brains (Arsenijevic & Weiss, 

1998; Borst et al., 2001). Increased peripheral IGF-1 levels have been detected in the 

elderly after RT with peripheral IGF-1 being correlated to cognitive performance 

(Cassilhas et al., 2007).  IGF-1 can support survival and differentiation of neurons 

through BDNF gene regulation (Cotman & Berchtold, 2002). IGF-1 increases levels of 

TrkB in hippocampal neurons, establishing IGF-1 as a promoter of BDNF signaling 

(Cotman, Berchtold, & Christie, 2007).  
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IGF-1 can regulate Aβ clearance by stimulating release and clearance by albumin 

and transthyretin (Carro & Torres-Aleman, 2004; Carro, Trejo, Gomez-Isla, LeRoith, & 

Torres-Aleman, 2002; Gasparini et al., 2001). Furthermore, IGF-1 can enhance BDNF 

signaling to modulate neuroplasticity (Ding, Vaynman, Akhavan, Ying, & Gomez-

Pinilla, 2006) and inhibits GSK3β through activation of PI3K/Akt.  

Cathepsin B 

Systemic factors in the blood of young animals can modify neuroplasticity in aged 

animals through paracrine and endocrine effects (Katsimpardi et al., 2014). Muscle 

secretory factors have been termed “myokines” and can exhibit profound effects 

(Whitham & Febbraio, 2016). Recently, CatB has been identified as a myokine that can 

cross the blood brain barrier and serve as a cross communicator between muscle and 

brain tissue. CatB is a member of the cathepsin lysosomal cysteine protease family that 

serves to catabolize intracellular protein; acting as an endopeptidase to cleave internal 

peptide bonds (Mort, 2013). 

The expression of BDNF and subsequent neurogenesis can be driven by CatB, 

which is elevated in response to both AT (Moon et al., 2016) and RT (Norheim et al., 

2011). In a recent study, wild type mice subjected to aerobic exercise showed improved 

performance in spatial memory in a water maze task and increased neurogenesis while 

CatB knockout mice did not (Moon et al., 2016), suggesting a central role for CatB in 

exercise induced cognitive improvements. In order to model exercise effects in vitro, 

myoblast were treated with 5-aminoimidazole-4-carboxamide 1-β-D-ribofuranoside 5-

aminoimidazole-4-carboxamide riboside (AICAR), an AMPK agonist. Extracellular CatB 

levels were found to be increased via ELISA measurement. Recombinant application of 
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CatB to adult hippocampal progenitor cells caused an expression of BDNF and 

doublecortin (DCX), a marker for neurogenesis. Mice, rhesus monkeys, and humans have 

all shown elevated CatB levels in response to aerobic exercise training, suggesting a 

possible mechanism by which aerobic exercise enhances neurogenesis and improves 

cognitive impairment (Moon et al., 2016; Suzuki, 2016). 

Aβ aggregation is a hallmark of AD and presents an imbalance between 

production and clearance pathways. Aβ clearance involves several degrading enzymes 

including insulin-degrading enzyme (IDE) and neprilysin (NEP). During exercise, CatB 

may play a role as an alternative protease to degrade Aβ when aging related decreases in 

NEP expression affect Aβ clearance (Iwata et al., 2004; Mueller-Steiner et al., 2006; 

Saito et al., 2005). In neurons from mice expressing human APP, CatB degrades Aβ by 

C-terminal truncation, suggesting a proteolytic mechanism by which CatB induces exerts 

antiamyloidogenic and neuroprotective effects (Mueller-Steiner et al., 2006; B. Sun et al., 

2008).  

CatB may also exert beneficial effects through interaction with its binding partner 

annexin A II light chain (P11), a multifunctional protein that shows increased expression 

in brain tissue in response to exercise and promotes cleavage of proBDNF into BDNF 

(Sartori et al., 2011). P11 can also regulate serotonin, a neurotransmitter intimately 

associated with neurogenesis and NEP expression (Iwata et al., 2004; Klempin et al., 

2013; Svenningsson, Kim, Warner-Schmidt, Oh, & Greengard, 2013) 
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 CHAPTER III. METHODOLOGY

Mice 

 A 3xTg-AD mice model derived from PS1M146V, APPSwe, and tauP301L transgenes 

(Oddo et al., 2003) was used in this experiment. 3xTg-AD exhibits cognitive impairments 

early on and develop intraneuronal Aβ immunoreactivity in the CA1 pyramidal neurons 

of the hippocampus as one of the early neuropathological events. These findings can be 

observed as early as 3 months, with a significant increase in Aβ deposits in the 

hippocampus, depressed LTP, and synaptic dysfunction by 6 months of age. Cognitive 

deficits associated with learning and spatial memory manifest in an age related manner 

and can be detected between 3-6 months of age. Substantial defects in spatial working 

memory at 6 months are shown by the Morris Water Maze (Webster, Bachstetter, Nelson, 

Schmitt, & Van Eldik, 2014)   

Experimental protocol 

 Three-month old 3xTg-AD (N=30) females were purchased from Jackson 

Laboratories (Bar Harbor, ME).  In compliance with institutional guidelines, mice were 

provided a three-day acclimation period.  During this timeline, mice were not handled for 

any research purpose. After acclimation, 3xTg-AD mice were randomly assigned to one 

of the following groups: Sedentary (Tg, n=10), aerobic training (Tg+AT, n=10), or 

resistance training (Tg+RT, n=10).  All mice underwent a pre-training assessments to 

obtain baseline values (rotarod and grip strength). Mice assigned to training groups then 

underwent a familiarization period for one week where they were introduced to their 

http://topics.sciencedirect.com/topics/page/Amyloid_precursor_protein
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respective exercises.  After familiarization, Tg+AT and Tg+RT performed their 

respective training for 9 weeks.  After the training period, the mice performed the same 

assessments followed by euthanasia and tissue extraction.  

Exercise Training 

Aerobic Training.  

Aerobic training was conducted on a 5-lane mouse treadmill (Harvard Apparatus). 

Mice went through a one-week familiarization period in which they ran at a speed of 15 

m/min for 10 minutes daily on three nonconsecutive days, with the duration increased to 

15 minutes by the third day of training. If a mouse could not adhere, they were switched 

out for a control mouse. After the familiarization period, mice trained at a frequency of 5 

days per week on the first week of training, gradually increasing from 30 minutes on day 

1 to 60 minutes by day 5. Afterwards, speed and frequency of training remained constant, 

but length of training session per mouse was increased to 75 minutes on week 5 and 90 

minutes on week 7.  

  Only gentle reinforcement in which the researcher lightly touched the hips was 

used to encourage mice to run. No reward or electrical shock was administered. Mice 

were continuously monitored during exercise, any mouse unable to keep running on the 

treadmill for a duration greater than 30 seconds despite encouragement was removed for 

the day.  

Resistance Training. 

 Weighted ladder climbing was used to simulate resistance training. The apparatus 

is a ladder with a height of 100 cm and 1.5 cm grids, placed at an 85 degree angle to the 

ground. A one week familiarization period was conducted in which mice climbed the 
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ladder unweighted for 4 repetitions with one minute rest in between repetitions. If an 

animal is unable to climb during this familiarization period they were switched out for a 

control mouse.  

 After the familiarization period, mice underwent 3 sessions of resistance training 

per week on nonconsecutive days for 9 weeks. The initial resistance on the mice was 50% 

of the animals body mass for 16 total repetitions per training session with one minute of 

rest between repetitions. Load was increased by 12.5% of body mass weekly. After 

reaching 100% of body mass, total repetitions were decreased to 10 per training session. 

No positive or negative stimulus was used as incentive for climbing. Resistance training 

sessions were terminated for the day if: 1) mouse slid down the ladder 2) mouse ceased 

ladder climbing for 90 consecutive seconds regardless of gentle encouragement.  

Grip Strength 

The purpose of the grip strength test is to assess the strength of the mouse’s 

forelimb muscles.  In the grip strength test, the animal’s forelimbs are placed on a rod 

while it is restrained at the base of the tail.  The animal is gently retracted by its tail until 

it releases the rod.  The force generated while the animal attempts to maintain grip is 

quantified in grams by a strain gauge (Harvard Apparatus).  Peak and average force for 

each animal was recorded for 4 trials with one minute of rest between trials.  

Rotarod   

Motor coordination, balance, and fatigue resistance were measured using a 

rotarod apparatus.  The rotarod consists of a rotating rod with a preprogrammed rate of 

rotation (Harvard Apparatus).  Mice were placed on a rotating tube with an initial speed 

of 4 rotations per minute (rpm).  Once all mice were positioned on the rod (5 mice), the 
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assessment began.  The speed of the rotarod increased at a rate of 1 rpm every 8 seconds 

(up to 40 rpm maximum).  When an animal fell off the rotating tube, the timer was 

deactivated and the device recorded time and rpm.  After 500 seconds, if the mouse was 

still balancing the test was terminated.  A total of 4 trials were given to measure time with 

15 minutes of recovery between trials. The maximum time spent on the rotarod was used 

for analysis. 

Euthanasia and Tissue Collection 

 Euthanasia via overdose of ketamine/xylazine delivered i.p. at 300/30 mg/kg was 

used in accordance with the AVMA guidelines. Signs of death such as lack of breathing 

and heartbeat were monitored post injection. Tissue was collected 48-72 hours after the 

final exercise bout to control for any acute effects of exercise.  After euthanasia 

gastrocnemius, soleus, plantaris, tibialis anterior, and quadricep skeletal muscle were 

collected for analysis. 

Tissue Analysis 

 Skeletal muscle protein was isolated from the gastrocnemius and protein 

concentration was determined via BCA assay.  Equal amounts of protein (45 µg/lane) 

were loaded and separated by SDS-PAGE using CRITERION TGX precast gels (Bio-

Rad, Hercules, CA), and transferred to PVDF membranes (Bio-Rad, Hercules, CA). After 

electrotransfer, membranes were blocked for 1 hr in 6% non-fat milk.  Membranes were 

then incubated at 4°C overnight with monoclonal anti-Cathepsin B primary antibody 

(Abcam Inc., Cambridge, MA) in 3% non-fat milk. After washing, membranes were 

incubated with an HRP-conjugated goat anti-mouse secondary antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA), and specific complexes were  visualized using the 



 19 

SuperSignal West Pico Chemiluminescent Substrate detection kit (Thermo Scientific, 

Rockford, IL) and CCD camera ((Bio-Rad, Hercules, CA)). ImageJ software was used to 

quantify bands using densitometry and the Bio-Safe Coomassie G-250 blue stain (Bio-

Rad, Hercules, CA) served as a normalizing control. 

Statistical Analysis 

 All data is presented as mean ± SD.  A three (groups; Tg, Tg + AT, Tg + RT) x 

two (timepoints; pre-and post-intervention) factorial analysis of variance (ANOVA; 

GraphPad Prism version 7.00 for Mac, GraphPad Software, La Jolla California USA) was 

used to evaluate differences in physical function tests (i.e. grip strength, rotarod).  A one-

way ANOVA was used to determine differences in muscle weight, procathepsin B, and 

cathepsin B expression.  In order to investigate significant interactions or main effects, a 

Tukey’s HSD was used. Statistical significance was set at p ≤ 0.05.
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CHAPTER IV. RESULTS

Peak Latency 

 To assess effects of exercise modalities on motor coordination, balance, and 

fatigue, peak latency amongst four trials on the rotarod were recorded. No statistically 

significant differences existed between groups at baseline (Tg+AT [86.5 ± 55.69 s], 

Tg+RT [95.75 ± 35.85 s], Tg [129.13 ± 54.96 s], p > 0.05).  Only Tg+AT significantly 

increased peak latency after training (+81%, p=0.0183) (Figure 1). 

 

Figure 1.RotaRod Peak Latency 
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Grip Strength 

 To investigate exercise induced adaptations in forelimb strength, mice were 

subjected to grip strength testing. Four trials on the grip strength apparatus were 

conducted for each mouse with the average of all four trials used for analysis. No 

between group differences existed at baseline (Tg+AT [108.63 ± 15.24 g], Tg+RT [109.9 

± 13.13 g], Tg [111.2 ± 16.21 g], p > 0.05). All groups improved grip strength at post-

testing (Tg+AT [148.77 ± 12.3 g], Tg+RT [169.8 ± 13.36 g], Tg [149.86 ± 14.24 g], p ≤ 

0.05).  However, post-test grip strength was greater in Tg+RT compared to Tg and 

Tg+AT (p ≤ 0.05) (Figure 2), consistent with the assertion that resistance training is most 

beneficial for improving strength. 

 

Figure 2. Grip Strength 
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Gastrocnemius Weight 

Group differences in gastrocnemius weight were only observed between Tg+RT 

and Tg (93.15 ± 6.98 vs. 88.64 ± 6.74 mg, p ≤ 0.05). No significant differences were 

observed between Tg+AT and Tg or Tg+AT and Tg+RT (p > 0.05) (Figure 3). Pearson’s 

correlation analyses revealed a moderate positive relationship between gastrocnemius 

weight and grip strength (r = 0.5964, R2 =  0.3557, p = 0.0005) (Figure 4).  

 

 

Figure 3. Gastrocnemius Weight 
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Figure 4. Association of Gastrocnemius Weight and Grip Strength 

 

Procathepsin B and Cathepsin B Expression 

  Procathepsin B and CatB expression in mouse gastrocnemius muscle after 

exercise training were investigated via Western blot analyses. No significant differences 

were observed between groups in gastrocnemius levels of procathepsin B (p > 0.05) 

(Figure 5) or cathepsin B (p > 0.05) (Figure 6). There was a weak negative relationship 

between gastrocnemius CatB levels and rotarod peak latency time, however this did not 

reach statistical significance (r = -0.2516, R2 =  0.0633, p = 0.246) (Figure 7). 
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Figure 5. Procathepsin B 
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Figure 6. Cathepsin B 
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Figure 7. Association of Cathepsin B with Peak Latency
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CHAPTER V. DISCUSSION

Exercise benefits both the body and brain through a variety of mechanisms that 

can alleviate the symptoms associated with cognitive decline in AD. Centrally, exercise 

improves neuronal maintenance and survival partially through the upregulation of 

neurotrophic factors such as BDNF as well as modulation of Aβ levels in the brain 

(Griffin et al., 2009). Peripheral factors released during exercise can also contribute to 

positive physiological changes in brain biochemistry (Suzuki, 2016). Recently, lysosomal 

cysteine protease CatB has been implicated as a potential peripheral component 

contributing to exercise induced cognitive improvements. CatB can positively influence 

neurogenesis, neuronal migration, expression of growth factors, as well as mediate levels 

of Aβ (Moon et al., 2016; Mueller-Steiner et al., 2006).  

 Myokine  CatB can was found to cross the blood brain barrier from peripheral 

secretion in muscles during AT in humans, rhesus monkeys, and mice. Myokine Catb 

was highlighted as a potential mechanism by which AT improves cognition in AD. 

Although the relationship between AT and CatB has been established in the literature, the 

present study is the first to our knowledge to investigate the relationship between RT, 

CatB, and AD. As a common and potentially therapeutic exercise modality, research into 

the pathways by which RT improves cognition can give rationale for the integration of 

RT into interventions aimed at improving AD symptomology.  

 In contrast to Moon et al. (2016), our first hypothesis that AT and RT would 

increase expression of CatB in skeletal muscle was not supported by our data, therefore 
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we fail to reject the null hypothesis. Additionally, our second hypothesis that both 

Tg+AT and Tg+RT would show improved motor coordination, but that greater strength 

and muscle would only be observed in Tg+RT was partially supported by our data. Only 

Tg+AT improved motor coordination on the rotarod, however Tg+RT did show increased 

muscle mass and strength in comparison with Tg+AT and Tg. We believe that all groups 

showed an increase in grip strength due to maturation of relatively young mice across the 

timespan of the study, however Tg+RT’s significant increase over Tg+AT and Tg 

indicate the presence of RT induced exercise adaptations. 

The present study design contained a few limitations that may have impacted the 

findings. Firstly, increases in grip strength seen across groups may likely have been a 

result of maturation and growth of animals as they aged from 8 weeks to 17 weeks across 

the length of the study. Additionally, another limitation in our study may have been the 

use of involuntary treadmill training as our AT exercise. In a quintessential study by 

Moon et al. (2016), CatB expression in mouse muscle increased in response to voluntary 

wheel running, with distance ran reaching an average of over 19,000 meters per week. In 

the present study, animals ran an average distance of 4,500 meters in the first four weeks 

of training and 6,750 meters by the last week of training. Increasing training volume on 

either exercise modality was met with an inability of the animals to complete the training 

session.  

Previous research has shown AMPK agonist application to muscle cells elevated 

CatB levels (Moon et al., 2016).  It may be possible that exercise that is sufficiently 

exhaustive to deplete muscle glycogen and activate AMPK may be necessary to elicit an 

increase in CatB in skeletal muscle. Tg+RT may have failed to increase CatB levels due 



 29 

to the training load limiting achievable repetitions per training session.  It’s likely that the 

totality of training volume in both Tg+AT and Tg+RT may not have been enough to elicit 

overexpression of CatB peripherally in skeletal muscle tissue.  

Conclusion 

 In summary, the findings of the current study do not fully elucidate if RT 

improves symptomology in AD through a mechanism involving CatB. RT has shown 

potential as an intervention that can mitigate cognitive defects through divergent 

pathways that are separate than AT (Cassilhas et al., 2012), however due to the absence 

of an improvement in motor coordination in the current study it may be possible a more 

aggressive RT protocol is needed to draw meaningful conclusions on the relationship 

between CatB dependent pathways  and RT’s effects on cognition. Due to the propensity 

of AD to develop in the elderly, RT can be efficacious in increasing quality of life in 

those who suffer from AD and should be considered when designing an exercise 

intervention  ("2017 Alzheimer's disease facts and figures," 2017). It is well established 

in the literature that RT can increase strength and muscle mass, both of which are 

compromised during aging and physical inactivity. Integrating RT into an exercise 

intervention for elderly individuals suffering from AD may mitigate impairments in 

muscle mass and resulting loss of function and independence. Future research 

investigating the effects of exercise on cognition using an animal model should 

incorporate voluntary AT and a higher volume RT protocol to ensure a proper dosage of 

training volume is reached to elicit adaptations. 



 30 

APPENDIX 

IACUC Approval Letter 

 

 
  



 31 

REFERENCES

2017 Alzheimer's disease facts and figures. (2017). Alzheimer's & Dementia, 13(4), 325-  
373. doi:10.1016/j.jalz.2017.02.001 

 
Abramov, A. Y., Canevari, L., & Duchen, M. R. (2003). Changes in intracellular calcium 

and glutathione in astrocytes as the primary mechanism of amyloid neurotoxicity. 
Journal of Neuroscience, 23(12), 5088-5095.  

 
Abramov, A. Y., Canevari, L., & Duchen, M. R. (2004). β-amyloid peptides induce 

mitochondrial dysfunction and oxidative stress in astrocytes and death of neurons 
through activation of NADPH oxidase. Journal of Neuroscience, 24(2), 565-575.  

 
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. Journal of 
Neuroscience, 25(17), 4217-4221.  

 
Ahlskog, J. E., Geda, Y. E., Graff-Radford, N. R., & Petersen, R. C. (2011). Physical 

exercise as a preventive or disease-modifying treatment of dementia and brain 
aging. Mayo Clin Proc, 86(9), 876-884. doi:10.4065/mcp.2011.0252 

 
Ahtiainen, J., Ahtiainen, J. P., Walker, S., Silvennoinen, M., Kyrolainen, H., Hakkinen, 

K., & ... Selanne, H. (2015). Exercise type and volume alter signaling pathways 
regulating skeletal muscle glucose uptake and protein synthesis. European 
Journal of Applied Physiology, 115(9), 1835-1845.   

 
Arsenijevic, Y., & Weiss, S. (1998). Insulin-like growth factor-I is a differentiation factor 

for postmitotic CNS stem cell-derived neuronal precursors: Distinct actions from 
those of brain-derived neurotrophic factor. Journal of Neuroscience, 18(6), 2118-
2128.  

 
Bakota, L., & Brandt, R. (2016). Tau biology and tau-directed therapies for Alzheimer's 

disease. Drugs, (3), 301. 
 
Barker, P. A., & Shooter, E. M. (1994). Disruption of NGF binding to the low affinity 

neurotrophin receptor p75LNTR reduces NGF binding to TrkA on PC12 cells. 
Neuron, 13(1), 203-215.  

 
Bayer, K.-U., De Koninck, P., Leonard, A. S., Hell, J. W., & Schulman, H. (2001). 

Interaction with the NMDA receptor locks CaMKII in an active conformation. 
Nature, 411(6839), 801.  



 32 

Bendiske, J., & Bahr, B. A. (2003). Lysosomal activation is a compensatory response 
against protein accumulation and associated synaptopathogenesis—An approach 
for slowing Alzheimer disease? Journal of Neuropathology & Experimental 
Neurology, 62(5), 451-463.  

 
Borst, S., De Hoyos, D., Garzarella, L., Vincent, K., Pollock, B., Lowenthal, D., & 

Pollock, M. (2001). Effects of resistance training on insulin-like growth factor-I 
and IGF binding proteins. Medicine & Science in Sports & Exercise, 33(4), 648-
653.  

 
Camandola, S., & Mattson, M. P. (2017). Brain metabolism in health, aging, and 

neurodegeneration. Embo Journal, 36(11), 1474-1492..  
 
Carro, E., & Torres-Aleman, I. (2004). The role of insulin and insulin-like growth factor I 

in the molecular and cellular mechanisms underlying the pathology of 
Alzheimer's disease. European Journal of Pharmacology, 490(1-3), 127-133.  

 
Carro, E., Trejo, J., Gomez-Isla, T., LeRoith, D., & Torres-Aleman, I. (2002). Serum 

insulin-like growth factor I regulates brain amyloid-β levels. Nature Medicine, 
8(12), 1390.  

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

 
Cassilhas, R. C., Viana, V. A., Grassmann, V., Santos, R. T., Santos, R. F., Tufik, S., & 

Mello, M. T. (2007). The impact of resistance exercise on the cognitive function 
of the elderly. Medicine & Science in Sports & Exercise, 39(8), 1401-1407.  

 
Castren, E., Zafra, F., Thoenen, H., & Lindholm, D. (1992). Light regulates expression of 

brain-derived neurotrophic factor mRNA in rat visual cortex. Proceedings of the 
National Academy of Sciences, 89(20), 9444-9448.  

 
Chater, T. E., & Goda, Y. (2014). The role of AMPA receptors in postsynaptic 

mechanisms of synaptic plasticity. Frontiers in Cellular Neuroscience, 8, 401.  
 
Cheng, A., Yang, Y., Zhou, Y., Maharana, C., Lu, D., Peng, W., & ... Mattson, M. 

(2016). Mitochondrial SIRT3 mediates adaptive responses of neurons to exercise 
and metabolic and excitatory challenges. Cell Metabolism, 23(1), 28-142. 
doi:10.1016/j.cmet.2015.10.013  

 
Connor, B., Young, D., Yan, Q., Faull, R., Synek, B., & Dragunow, M. (1997). Brain-

derived neurotrophic factor is reduced in Alzheimer's disease. Molecular Brain 
Research, 49(1-2), 71-81.  

 



 33 

Cotman, C. W., & Berchtold, N. C. (2002). Exercise: A behavioral intervention to 
enhance brain health and plasticity. Trends in Neurosciences, 25(6), 295.  

 
Cotman, C. W., Berchtold, N. C., & Christie, L. A. (2007). Exercise builds brain health: 

Key roles of growth factor cascades and inflammation. Trends Neurosciences, 
30(9), 464-472. doi:10.1016/j.tins.2007.06.011 

 
Crawford, D. R., Leahy, K. P., Abramova, N., Lan, L., Wang, Y., & Davies, K. J. (1997). 

Hamster adapt78 mRNA is a down syndrome critical region homologue that is 
inducible by oxidative stress. Archives of Biochemistry and Biophysics, 342(1), 6.  

 
Devi, L., Prabhu, B. M., Galati, D. F., Avadhani, N. G., & Anandatheerthavarada, H. K. 

(2006). Accumulation of amyloid precursor protein in the mitochondrial import 
channels of human Alzheimer’s disease brain is associated with mitochondrial 
dysfunction. Journal of Neuroscience, 26(35), 9057-9068.  

 
Ding, Q., Vaynman, S., Akhavan, M., Ying, Z., & Gomez-Pinilla, F. (2006). Insulin-like 

growth factor I interfaces with brain-derived neurotrophic factor-mediated 
synaptic plasticity to modulate aspects of exercise-induced cognitive function. 
Neuroscience, 140(3), 823-833.  

 
Dringen, R. (2000). Metabolism and functions of glutathione in brain. Progress in 

Neurobiology, 62(6), 649-671. doi:10.1016/S0301-0082(99)00060-X.  
 
Duchen, M. R. (2000). Mitochondria and calcium: From cell signalling to cell death. The 

Journal of Physiology, 529(1), 57-68.  
 
Duzel, E., van Praag, H., & Sendtner, M. (2016). Can physical exercise in old age 

improve memory and hippocampal function? Brain, 139(3), 662-673.  
 
Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., . . . 

White, S. M. (2011). Exercise training increases size of hippocampus and 
improves memory. Proceedings of the National Academy of Sciences, 108(7), 
3017-3022.  

 
Eriksson, P. S., Perfilieva, E., Björk-Eriksson, T., Alborn, A., Nordborg, C., Peterson, D. 

A., & Gage, F. H. (1998). Neurogenesis in the adult human hippocampus. Nature 
Medicine, 4(11), 1313.  

 
Ermak, G., Harris, C. D., Battocchio, D., & Davies, K. A. (2006). RCAN1 (DSCR1 or 

Adapt78) stimulates expression of GSK-3beta. The FEBS Journal, 273(10), 2100-
2109. 

 
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. 
European Journal of Neuroscience, 18(10), 2803-2812.  



 34 

Fink, C. C., & Meyer, T. (2002). Review: Molecular mechanisms of CaMKII activation 
in neuronal plasticity. Current Opinion in Neurobiology, 12(3), 293-299. 
doi:10.1016/S0959-4388(02)00327-6  

 
Fukuda, M., Takatori, A., Nakamura, Y., Suganami, A., Hoshino, T., Tamura, Y., & 

Nakagawara, A. (2016). Effects of novel small compounds targeting TrkB on 
neuronal cell survival and depression-like behavior. Neurochemistry 
International, 97, 42-48. doi:10.1016/j.neuint.2016.04.017  

 
Gall, C. M., & Isackson, P. J. (1989). Limbic seizures increase neuronal production of 

messenger RNA for nerve growth factor. Science, 245(4919), 758-761.  
 
Gasparini, L., Gouras, G. K., Wang, R., Gross, R. S., Beal, M. F., Greengard, P., & Xu, 

H. (2001). Stimulation of β-amyloid precursor protein trafficking by insulin 
reduces intraneuronal β-amyloid and requires mitogen-activated protein kinase 
signaling. Journal of Neuroscience, 21(8), 2561-2570.  

 
Giraldo, E., Lloret, A., Fuchsberger, T., & Viña, J. (2014). Aβ and tau toxicities in 

Alzheimer’s are linked via oxidative stress-induced p38 activation: Protective role 
of vitamin E. Redox Biology, 2, 873-877. doi:10.1016/j.redox.2014.03.002  

 
Gong, C., Grundke-Iqbal, I., & Iqbal, K. (2010). Targeting tau protein in Alzheimer's 

disease. Drugs & Aging, 27(5), 351-365. doi:10.2165/11536110-000000000-
00000  

 
Greene, L. A., & Kaplan, D. R. (1995). Early events in neurotrophin signalling via Trk 

and p75 receptors. Current Opinion in Neurobiology, 5(5), 579-587.  
 
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.  

 
Gupta, V. K., You, Y., Gupta, V. B., Klistorner, A., & Graham, S. L. (2013). TrkB 

receptor signalling: Implications in neurodegenerative, psychiatric and 
proliferative disorders. International Journal of Molecular Sciences, 14(5), 
10122-10142.  

 
Hardy, J. (1997). Amyloid, the presenilins and Alzheimer's disease. Trends in 

Neurosciences, 20(4), 154-159.  
 
Hardy, J., & Allsop, D. (1991). Amyloid deposition as the central event in the aetiology 

of Alzheimer's disease. Trends Pharmacol Sci, 12(10), 383-388.  
 
Haughey, N. J., Nath, A., Chan, S. L., Borchard, A., Rao, M. S., & Mattson, M. P. 

(2002). Disruption of neurogenesis by amyloid β‑peptide, and perturbed neural 



 35 

progenitor cell homeostasis, in models of Alzheimer's disease. Journal of 
Neurochemistry, 83(6), 1509-1524.  

 
Huang, E. J., & Reichardt, L. F. (2001). Neurotrophins: Roles in neuronal development 

and function. Annual Review of Neuroscience, 24(1), 677-736.  
 
Intlekofer, K. A., & Cotman, C. W. (2013). Exercise counteracts declining hippocampal 

function in aging and Alzheimer's disease. Neurobiol Dis, 57, 47-55. 
doi:10.1016/j.nbd.2012.06.011 

 
Iulita, M. F., Millón, M. B. B., Pentz, R., Aguilar, L. F., Do Carmo, S., Allard, S., . . . 

Bruno, M. A. (2017). Differential deregulation of NGF and BDNF neurotrophins 
in a transgenic rat model of Alzheimer's disease. Neurobiology of Disease, 108, 
307-323.  

 
Iwata, N., Mizukami, H., Shirotani, K., Takaki, Y., Muramatsu, S.-i., Lu, B., . . . Saido, 

T. C. (2004). Presynaptic localization of neprilysin contributes to efficient 
clearance of amyloid-β peptide in mouse brain. Journal of Neuroscience, 24(4), 
991-998.  

 
Jia, Q., Deng, Y., & Qing, H. (2014). Potential therapeutic strategies for Alzheimer’s 

disease targeting or beyond β-amyloid: Insights from clinical trials. BioMed 
Research International, 2014.  

 
Jin, M., Shepardson, N., Yang, T., Chen, G., Walsh, D., & Selkoe, D. J. (2011). Soluble 

amyloid β-protein dimers isolated from Alzheimer cortex directly induce Tau 
hyperphosphorylation and neuritic degeneration. Proceedings of the National 
Academy of Sciences, 108(14), 5819-5824.  

 
Kamenetz, F., Tomita, T., Hsieh, H., Seabrook, G., Borchelt, D., Iwatsubo, T., . . . 

Malinow, R. (2003). APP processing and synaptic function. Neuron, 37(6), 925-
937.  

 
Kang, E.-B., Kwon, I.-S., Koo, J.-H., Kim, E.-J., Kim, C.-H., Lee, J., . . . Cho, J.-Y. 

(2013). Treadmill exercise represses neuronal cell death and inflammation during 
Aβ-induced ER stress by regulating unfolded protein response in aged presenilin 
2 mutant mice. Apoptosis, 18(11), 1332-1347.  

 
Katsimpardi, L., Litterman, N. K., Schein, P. A., Miller, C. M., Loffredo, F. S., 

Wojtkiewicz, G. R., . . . Rubin, L. L. (2014). Vascular and neurogenic 
rejuvenation of the aging mouse brain by young systemic factors. Science, 
344(6184), 630-634. doi:10.1126/science.1251141 

 
Keck, S., Nitsch, R., Grune, T., & Ullrich, O. (2003). Proteasome inhibition by paired 

helical filament-tau in brains of patients with Alzheimer's disease. Journal of 
Neurochemistry, 85(1), 115-122. doi:10.1046/j.1471-4159.2003.01642.x 



 36 

Kessels, H. W., & Malinow, R. (2009). Synaptic AMPA receptor plasticity and behavior. 
Neuron, 61(3), 340-350.  

 
Klempin, F., Beis, D., Mosienko, V., Kempermann, G., Bader, M., & Alenina, N. (2013). 

Serotonin is required for exercise-induced adult hippocampal neurogenesis. 
Journal of Neuroscience, 33(19), 8270-8275.  

 
Lazarov, O., Lee, M., Peterson, D. A., & Sisodia, S. S. (2002). Evidence that synaptically 

released β-amyloid accumulates as extracellular deposits in the hippocampus of 
transgenic mice. Journal of Neuroscience, 22(22), 9785-9793.  

 
Lazarov, O., Mattson, M. P., Peterson, D. A., Pimplikar, S. W., & van Praag, H. (2010). 

When neurogenesis encounters aging and disease. Trends Neurosci, 33(12), 569-
579. doi:10.1016/j.tins.2010.09.003 

 
Li, S., Hong, S., Shepardson, N. E., Walsh, D. M., Shankar, G. M., & Selkoe, D. (2009). 

Soluble oligomers of amyloid β protein facilitate hippocampal long-term 
depression by disrupting neuronal glutamate uptake. Neuron, 62(6), 788-801.  

 
Lisman, J., & Raghavachari, S. (2015). Biochemical principles underlying the stable 

maintenance of LTP by the CaMKII/NMDAR complex. Brain research, 1621, 
51-61.  

 
Liu, S., Liu, Y., Hao, W., Wolf, L., Kiliaan, A. J., Penke, B., . . . Hartmann, T. (2012). 

TLR2 is a primary receptor for Alzheimer’s amyloid β peptide to trigger 
neuroinflammatory activation. The Journal of Immunology, 188(3), 1098-1107.  

 
Liu-Ambrose, T., Nagamatsu, L. S., Graf, P., Beattie, B. L., Ashe, M. C., & Handy, T. C. 

(2010). Resistance training and executive functions: A 12-month randomized 
controlled trial. Archives of Internal Medicine, 170(2), 170-178.  

 
Lloret, A., Badia, M.-C., Giraldo, E., Ermak, G., Alonso, M.-D., Pallardó, F. V., . . . 

Viña, J. (2011). Amyloid-β toxicity and tau hyperphosphorylation are linked via 
RCAN1 in Alzheimer's disease. Journal of Alzheimer's Disease, 27(4), 701-709.  

 
Lüscher, C., & Malenka, R. C. (2012). NMDA receptor-dependent long-term potentiation 

and long-term depression (LTP/LTD). Cold Spring Harbor Perspectives in 
Biology, 4(6), a005710.  

 
Marosi, K., & Mattson, M. P. (2014). BDNF mediates adaptive brain and body responses 

to energetic challenges. Trends Endocrinol Metab, 25(2), 89-98. 
doi:10.1016/j.tem.2013.10.006 

 
Mattson, M. P. (2004). Pathways towards and away from Alzheimer's disease. Nature, 

430(7000), 631-639.  
 



 37 

Mattson, M. P. (2008). Hormesis defined. Ageing Research Reviews, 7(1), 1-7.  
 
Mattson, M. P., Gleichmann, M., & Cheng, A. (2008). Mitochondria in neuroplasticity 

and neurological disorders. Neuron, 60(5), 748-766. 
doi:10.1016/j.neuron.2008.10.010 

 
Minichiello, L. (2009). TrkB signalling pathways in LTP and learning. Nature Reviews 

Neuroscience, 10(12), 850.  
 
Molteni, R., Ying, Z., & Gómez‑Pinilla, F. (2002). Differential effects of acute and 

chronic exercise on plasticity‑related genes in the rat hippocampus revealed by 
microarray. European Journal of Neuroscience, 16(6), 1107-1116.  

 
Moon, H. Y., Becke, A., Berron, D., Becker, B., Sah, N., Benoni, G., & ... van Praag, H. 

(2016). Running-induced systemic cathepsin b secretion is associated with 
memory function. Cell Metabolism, 24(2), 332. doi:10.1016/j.cmet.2016.05.025  

 
Moore, K. M., Girens, R. E., Larson, S. K., Jones, M. R., Restivo, J. L., Holtzman, D. M., 

. . . Timson, B. F. (2016). A spectrum of exercise training reduces soluble Aβ in a 
dose-dependent manner in a mouse model of Alzheimer's disease. Neurobiology 
of Disease, 85, 218-224.  

 
Mort, J. S. (2013). Cathepsin B. In Handbook of Proteolytic Enzymes (Third Edition) (pp. 

1784-1791): Elsevier. 
 
Mueller-Steiner, S., Zhou, Y., Arai, H., Roberson, E. D., Sun, B., Chen, J., . . . Gan, L. 

(2006). Antiamyloidogenic and neuroprotective functions of cathepsin B: 
Implications for Alzheimer's disease. Neuron, 51(6), 703-714. 
doi:10.1016/j.neuron.2006.07.027 

 
Murphy, M. P., & LeVine III, H. (2010). Alzheimer's disease and the amyloid-β peptide. 

Journal of Alzheimer's Disease, 19(1), 311-323.  
 
Narisawa-Saito, M., Carnahan, J., Araki, K., Yamaguchi, T., & Nawa, H. (1999). Brain-

derived neurotrophic factor regulates the expression of AMPA receptor proteins 
in neocortical neurons. Neuroscience, 88(4), 1009-1014.  

 
Nikolaev, A., McLaughlin, T., O’Leary, D. D., & Tessier-Lavigne, M. (2009). APP binds 

DR6 to trigger axon pruning and neuron death via distinct caspases. Nature, 
457(7232), 981.  

 
Norheim, F., Raastad, T., Thiede, B., Rustan, A. C., Drevon, C. A., & Haugen, F. (2011). 

Proteomic identification of secreted proteins from human skeletal muscle cells 
and expression in response to strength training. Am J Physiol Endocrinol Metab, 
301(5), E1013-1021. doi:10.1152/ajpendo.00326.2011 

 



 38 

Norman, S. G., & Johnson, G. V. (1994). Compromised mitochondrial function results in 
dephosphorylation of tau through a calcium-dependent process in rat brain 
cerebral cortical slices. Neurochemical Research, 19(9), 1151-1158.  

 
O'Brien, R. J., & Wong, P. C. (2011). Amyloid precursor protein processing and 

Alzheimer's disease. Annu Rev Neurosci, 34, 185-204. doi:10.1146/annurev-
neuro-061010-113613 

 
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.  

 
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. Behavioural Brain Research, 176(2), 362-366.  

 
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 with 
plaques and tangles: Intracellular Aβ and synaptic dysfunction. Neuron, 39(3), 
409-421.  

 
Parachikova, A., Nichol, K., & Cotman, C. (2008). Short-term exercise in aged Tg2576 

mice alters neuroinflammation and improves cognition. Neurobiology of Disease, 
30(1), 121-129.  

 
Peig-Chiello, P., Perrig, W. J., Ehrsam, R., Staehelin, H. B., & Krings, F. (1998). The 

effects of resistance training on well-being and memory in elderly volunteers. Age 
and Ageing, 27(4), 469-475.  

 
Perluigi, M., Pupo, G., Tramutola, A., Cini, C., Coccia, R., Barone, E., . . . Di Domenico, 

F. (2014). Neuropathological role of PI3K/Akt/mTOR axis in Down syndrome 
brain. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease, 1842(7), 
1144-1153.  

 
Phillips, C., Akif Baktir, M., Das, D., Lin, B., & Salehi, A. (2015). The link between 

physical activity and cognitive dysfunction in Alzheimer disease. Physical 
Therapy, 95(7), 1046-1060.  

 
Phillips, H. S., Hains, J. M., Armanini, M., Laramee, G. R., Johnson, S. A., & Winslow, 

J. W. (1991). BDNF mRNA is decreased in the hippocampus of individuals with 
Alzheimer's disease. Neuron, 7(5), 695-702.  

 
Poo, M.-m. (2001). Neurotrophins as synaptic modulators. Nature Reviews Neuroscience, 

2(1), 24-32.  
 



 39 

Poon, W. W., Carlos, A. J., Aguilar, B. L., Berchtold, N. C., Kawano, C. K., Zograbyan, 
V., . . . Cotman, C. W. (2013). β-Amyloid (Aβ) oligomers impair brain-derived 
neurotrophic factor retrograde trafficking by down-regulating ubiquitin C-
terminal hydrolase, UCH-L1. Journal of Biological Chemistry, 288(23), 16937-
16948.  

 
Ramser, E. M., Gan, K. J., Decker, H., Fan, E. Y., Suzuki, M. M., Ferreira, S. T., & 

Silverman, M. A. (2013). Amyloid-β oligomers induce tau-independent disruption 
of BDNF axonal transport via calcineurin activation in cultured hippocampal 
neurons. Molecular Biology of the Cell, 24(16), 2494-2505.  

 
Reinders, N. R., Pao, Y., Renner, M. C., da Silva-Matos, C. M., Lodder, T. R., Malinow, 

R., & Kessels, H. W. (2016). Amyloid-β effects on synapses and memory require 
AMPA receptor subunit GluA3. Proceedings of the National Academy of 
Sciences, 113(42), E6526-E6534.  

 
Reynolds, C. H., Nebreda, A. R., Gibb, G. M., Utton, M. A., & Anderton, B. H. (1997). 

Reactivating kinase/p38 phosphorylates τ protein in vitro. Journal of 
Neurochemistry, 69(1), 191-198.  

 
Rothwell, N. J., & Luheshi, G. N. (2000). Interleukin 1 in the brain: Biology, pathology 

and therapeutic target. Trends in Neurosciences, 23(12), 618-625.  
 
Saito, T., Iwata, N., Tsubuki, S., Takaki, Y., Takano, J., Huang, S.-M., . . . Saido, T. C. 

(2005). Somatostatin regulates brain amyloid β peptide Aβ 42 through modulation 
of proteolytic degradation. Nature Medicine, 11(4), 434.  

 
Sartori, C., Vieira, A., Ferrari, E., Langone, F., Tongiorgi, E., & Parada, C. (2011). The 

antidepressive effect of the physical exercise correlates with increased levels of 
mature BDNF, and proBDNF proteolytic cleavage-related genes, p11 and tPA. 
Neuroscience, 180, 9-18.  

 
Seifert, T., Brassard, P., Wissenberg, M., Rasmussen, P., Nordby, P., Stallknecht, B., . . . 

Nielsen, H. B. (2009). Endurance training enhances BDNF release from the 
human brain. American Journal of Physiology-Regulatory, Integrative and 
Comparative Physiology, 298(2), R372-R377.  

 
Sofroniew, M. V., Howe, C. L., & Mobley, W. C. (2001). Nerve growth factor signaling, 

neuroprotection, and neural repair. Annual review of neuroscience, 24(1), 1217-
1281.  

 
Solé-Auró, A. (2013). Explaining divergent levels of longevity in high-income countries. 

Population, 68(4), 729-732. 
 
Sun, B., Zhou, Y., Halabisky, B., Lo, I., Cho, S. H., Mueller-Steiner, S., . . . Gan, L. 

(2008). Cystatin C-cathepsin B axis regulates amyloid beta levels and associated 



 40 

neuronal deficits in an animal model of Alzheimer's disease. Neuron, 60(2), 247-
257. doi:10.1016/j.neuron.2008.10.001 

 
Sun, X., Chen, W.-D., & Wang, Y.-D. (2015). β-Amyloid: The key peptide in the 

pathogenesis of Alzheimer’s disease. Frontiers in Pharmacology, 6.  
 
Suzuki, W. A. (2016). How Body Affects Brain. Cell Metabolism, 24(2), 192-193.  
 
Svenningsson, P., Kim, Y., Warner-Schmidt, J., Oh, Y.-S., & Greengard, P. (2013). p11 

and its role in depression and therapeuic responses to antidepressants. Nature 
Reviews Neuroscience, 14(10), 673.  

 
Tamagno, E., Guglielmotto, M., Aragno, M., Borghi, R., Autelli, R., Giliberto, L., . . . 

Tabaton, M. (2008). Oxidative stress activates a positive feedback between the 
gamma- and beta-secretase cleavages of the beta-amyloid precursor protein. J 
Neurochem, 104(3), 683-695. doi:10.1111/j.1471-4159.2007.05072.x 

 
Tanila, H. (2017). The role of BDNF in Alzheimer's disease. Neurobiology of Disease, 

97, 114-118.  
 
Tatarnikova, O., Orlov, M., & Bobkova, N. (2015). Beta-amyloid and tau-protein: 

Structure, interaction, and prion-like properties. Biochemistry (Moscow), 80(13), 
1800-1819.  

 
Thinakaran, G., & Koo, E. H. (2008). Amyloid precursor protein trafficking, processing, 

and function. J Biol Chem, 283(44), 29615-29619. doi:10.1074/jbc.R800019200 
 
Tong, L., Balazs, R., Thornton, P. L., & Cotman, C. W. (2004). β-amyloid peptide at 

sublethal concentrations downregulates brain-derived neurotrophic factor 
functions in cultured cortical neurons. Journal of Neuroscience, 24(30), 6799-
6809.  

 
Trejo, J. L., Carro, E., & Torres-Aleman, I. (2001). Circulating insulin-like growth factor 

I mediates exercise-induced increases in the number of new neurons in the adult 
hippocampus. Journal of Neuroscience, 21(5), 1628-1634.  

 
Van Praag, H., Christie, B. R., Sejnowski, T. J., & Gage, F. H. (1999). Running enhances 

neurogenesis, learning, and long-term potentiation in mice. Proceedings of the 
National Academy of Sciences, 96(23), 13427-13431.  

 
Vargas, L., Cerpa, W., Muñoz, F., Zanlungo, S., & Alvarez, A. (2018). Amyloid-β 

oligomers synaptotoxicity: The emerging role of EphA4/c-Abl signaling in 
Alzheimer's disease. Biochimica et Biophysica Acta (BBA)-Molecular Basis of 
Disease.  

 



 41 

Vassar, R., Bennett, B. D., Babu-Khan, S., Kahn, S., Mendiaz, E. A., Denis, P., ... & Luo, 
Y. (1999). β-secretase cleavage of Alzheimer's amyloid precursor protein by the 
transmembrane aspartic protease BACE. Science, 286(5440), 735-741. 

 
Vaynman, S., Ying, Z., & Gomez-Pinilla, F. (2003). Interplay between brain-derived 

neurotrophic factor and signal transduction modulators in the regulation of the 
effects of exercise on synaptic-plasticity. Neuroscience, 122(3), 647-657. 

 
Voss, M. W., Prakash, R. S., Erickson, K. I., Basak, C., Chaddock, L., Kim, J. S., . . . 

White, S. M. (2010). Plasticity of brain networks in a randomized intervention 
trial of exercise training in older adults. Frontiers in Aging Neuroscience, 2, 32. 

 
Webster, S. J., Bachstetter, A. D., Nelson, P. T., Schmitt, F. A., & Van Eldik, L. J. 

(2014). Using mice to model Alzheimer's dementia: An overview of the clinical 
disease and the preclinical behavioral changes in 10 mouse models. Frontiers in 
Genetics, 5, 88. 

 
Weingarten, M. D., Lockwood, A. H., Hwo, S.-Y., & Kirschner, M. W. (1975). A protein 

factor essential for microtubule assembly. Proceedings of the National Academy 
of Sciences, 72(5), 1858-1862. 

 
Whitham, M., & Febbraio, M. A. (2016). The ever-expanding myokinome: Discovery 

challenges and therapeutic implications. Nat Rev Drug Discov, 15(10), 719-729. 
doi:10.1038/nrd.2016.153 

 
Wilkinson, S. B., Phillips, S. M., Atherton, P. J., Patel, R., Yarasheski, K. E., 

Tarnopolsky, M. A., & Rennie, M. J. (2008). Differential effects of resistance and 
endurance exercise in the fed state on signalling molecule phosphorylation and 
protein synthesis in human muscle. The Journal of Physiology, 586(15), 3701-
3717. 

 
Zhang, Q., Liu, G., Wu, Y., Sha, H., Zhang, P., & Jia, J. (2011). BDNF promotes EGF-

induced proliferation and migration of human fetal neural stem/progenitor cells 
via the PI3K/Akt pathway. Molecules, 16(12), 10146-10156. 

 
Zheng, Z., Sabirzhanov, B., & Keifer, J. (2010). Oligomeric amyloid-β inhibits the 

proteolytic conversion of brain-derived neurotrophic factor (BDNF), AMPA 
receptor trafficking, and classical conditioning. Journal of Biological Chemistry, 
285(45), 34708-34717. 

 
Zhu, N., Lin, J., Wang, K., Wei, M., Chen, Q., & Wang, Y. (2015). Huperzine A protects 

neural stem cells against Aβ-induced apoptosis in a neural stem cells and 
microglia co-culture system. International Journal of Clinical and Experimental 
Pathology, 8(6), 6425.  


	LIST OF FIGURES
	CHAPTER I: INTRODUCTION
	CHAPTER II: REVIEW OF LITERATURE
	Amyloid Precursor Protein Processing
	Aβ Neurotoxicity
	Tau Neurofibrillary Tangles
	Brain-derived Neurotrophic Factor and AD
	Physical Exercise and AD
	Cathepsin B

	CHAPTER III. METHODOLOGY
	Mice
	Experimental protocol
	Exercise Training
	Aerobic Training.
	Resistance Training.

	Grip Strength
	Rotarod
	Euthanasia and Tissue Collection
	Tissue Analysis
	Statistical Analysis

	CHAPTER IV. RESULTS
	Grip Strength
	Gastrocnemius Weight

	CHAPTER V. DISCUSSION
	APPENDIX
	IACUC Approval Letter

	REFERENCES



