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The primary purpose of this study was to investigate the effects of aerobic and 

resistance training on BDNF and IGF-I expression in a 3xTg-AD mouse model of 

Alzheimer’s disease. Twenty-four 3xTg-AD mice were randomly assigned to either an 

aerobic (AT, n=8), resistance (RT, n=8), or control (CNT, n=8) group. Intervention 

groups underwent 9 weeks of exercise training. Motor behavior and grip strength were 

measured pre- and post- intervention. Our results showed a significant increase in 

hippocampal BDNF expression in AT mice after a 9-week intervention. Further, AT mice 

were found to have higher concentrations of IGF-I, and improved motor behavior when 

compared to RT and CNT. No significant differences were observed in IGF-I 

concentration between RT and other groups. RT improved grip strength after nine weeks 

of training. These findings support the use of AT and RT as a tool to improve 

comorbidities found in Alzheimer’s disease. 
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CHAPTER I: INTRODUCTION 

Alzheimer’s Disease (AD) is the result of genetic susceptibility and 

environmental influences presenting as an incurable progressive brain disorder affecting 

memory, decision- making, and eventually life supporting neurobiological systems 

(Kumar & Singh, 2015; Selkoe, 2001). In 2016, more than 5 million Americans suffered 

from AD, with an estimated healthcare cost nearing $236 billion (CDC).  

Neurotrophins derive from a highly conserved family of proteins in mammals 

essential for maintenance, survival and neurogenesis (Luppi et al., 2009; Olson & 

Humpel, 2010; C. Phillips, Baktir, Das, Lin, & Salehi, 2015).  Unfortunately, in 

neurodegenerative disease such as AD, critically important growth factors including 

BDNF and IGF-1 are downregulated, suggesting a pivotal role in the pathophysiology of 

AD (Angelini et al., 2009; Connor et al., 1997; C. Phillips et al., 2015; Talbot et al., 

2012). Indeed, a reduction in BDNF expression parallels the degeneration of 

hippocampal neuronal populations in AD (H. S. Phillips et al., 1991; Talbot et al., 2012). 

Similarly, reduced serum IGF-1 levels have been closely associated with the severity of 

cognitive decline, and dementia in AD (Castro-Alamancos & Torres-Aleman, 1994). 

Importantly, neurotrophin expression is upregulated in response to the bioenergetic 

challenge of voluntary exercise (Mattson, 2012; Raefsky & Mattson, 2017). As such, 

voluntary exercise may offer an alternative or adjuvant therapy to pharmacological 

interventions aimed at promoting neurotrophin expression (C. Phillips et al., 2015; 

Selkoe, 2001; H. S. Um et al., 2008) in hopes of mitigating AD related neurodegeneration 
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(Cotman, Berchtold, & Christie, 2007; de Melo Coelho et al., 2013; Garuffi et al., 

2013; Gómez-Pinilla, Ying, Roy, Molteni, & Edgerton, 2002; C. Phillips et al., 2015).   

It is well documented that aerobic exercise (AT) can support brain health by 

delaying age related cognitive decline and changing the trajectory of neurodegenerative 

disease (Cotman et al., 2007; C. Phillips et al., 2015). For example, murine models of AD 

show AT can increase levels of hippocampal BDNF and its high affinity receptor TrkB 

(Cotman et al., 2007). Similarly, human longitudinal studies have shown that AT helps to 

maintain and increase grey and white matter, while improving memory and executive 

function in healthy and AD older adults (Bherer, Erickson, & Liu-Ambrose, 2013; 

Erickson et al., 2009; Erickson et al., 2011). 

Although resistance exercise (RT) has been studied far less than AT, RT activates 

anabolic and neurotrophic signaling pathways. For example, Church (2016) and 

colleagues found that baseline levels of BDNF rose significantly following acute RT in 

healthy young subjects.  Similarly, other acute RT studies have shown an increase in 

BDNF expression (Yarrow, White, McCoy, & Borst, 2010) in older adults, while other 

investigations have reported no change in BDNF expression following RT (Correia et al., 

2010; Goekint et al., 2010).  However, despite the conflicting results, RT may still 

modulate neuroprotection via IGF-1 (Liu-Ambrose & Donaldson, 2009).  Specifically, 

serum IGF-1 increases in response to acute and chronic RT and may support 

hippocampal neurogenesis (Carro, Trejo, Gomez-Isla, LeRoith, & Torres-Aleman, 2002; 

R. C. Cassilhas et al., 2007) and neuroprotection (Carro et al., 2002), whereas blocking 

brain uptake of IGF-1 eliminates these effects (R. Cassilhas et al., 2012).  Finally, IGF-1 

has been linked to AD pathophysiology due to its role in Ab-amyloid plaque clearance 
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through the upregulation of essential proteins (Angelini et al., 2009; Carro et al., 2002; de 

Melo Coelho et al., 2013).  

While the there are many known mechanisms that drive the bioenergetic adaptive 

response to voluntary exercise in support of brain health (Mattson, 2012; Raefsky & 

Mattson, 2017) there remains a lack of information concerning RT induced mechanisms 

and brain health, particularly in AD(Garuffi et al., 2013; Rivera et al., 2005; Steen et al., 

2005). Therefore, the primary aim of this study will be to investigate the effects of AT 

and RT on hippocampal growth factor expression versus a sedentary cohort over an 8-

week training protocol.  Additionally, hippocampal mitogen activated protein kinase 

(MAPK) expression will be measured post training as representative of signaling 

cascades induced by IGF-1.  Finally, the expression of a key transcription factor, cyclic 

element binding protein (CREB), will be quantified post-training as a correlate of BDNF 

expression.  It is hypothesized that both exercise modalities will cause greater expression 

of all markers compared to a sedentary group of mice. Further, we predict that mice 

performing AT will express BDFNF and CREB more than and RT group, however RT 

will express IGF-1 and MAPK more than AT.   
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CHAPTER II: REVIEW OF LITERATURE  

AD pathogenesis: Ab-plaque. 

 A hallmark of AD, neuritic plaques are microscopic concentrations of 

extracellular amyloid deposition containing amyloid b-protein (Ab ) (Selkoe, 2001). Ab 

derives from its large single transmembrane amyloid precursor protein (APP), and a 

series of proteolytic cleavages (Selkoe, 2001). APP is a type 1 transmembrane protein 

synthesized in the endoplasmic reticulum, and transported into the trans-Golgi network, 

where it can be transported to the cell surface and undergo a series of cleavages by 

proteases a-, b-, ¡-secretase, which release APP derivatives into the extracellular space 

(J. Hardy & Selkoe, 2002; J. A. Hardy & Higgins, 1992; Selkoe, 2001; Y.-w. Zhang, 

Thompson, Zhang, & Xu, 2011). APP processing has been categorized into two, 

constantly active and competing pathways: the amyloidogenic, and anti-amyloidogenic 

pathways (Haass, Kaether, Thinakaran, & Sisodia, 2012). Under the anti-amyloidogenic 

pathway, APP is cleaved by a-secretase producing the large soluble ectodomain of APP 

sAPPa, which may play a role promoting neuronal plasticity, as well as carboxyl-

terminal fragment aCTF (Haass et al., 2012; Y.-w. Zhang et al., 2011). APP cleavage by 

a-secretase is then followed by ¡-secretase which cleaves pathologically irrelevant Ab 

peptide p3, and P83; which are then rapidly degraded and do not seem to serve important 

functions (Haass et al., 2012; Y.-w. Zhang et al., 2011). 
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 Mutations in APP processing at proteases b-, and ¡-secretase give rise to the 

amyloidogenic pathway (Haass et al., 2012). Under this pathway, b-secretase takes 

charge of cleaving APP primarily through BASE1 generating APP carboxy-terminal 

fragment (bCTF) (Haass et al., 2012; Y.-w. Zhang et al., 2011) bCTF production has 

been thought to act as the rate-limiting factor in Ab generation from APP, as it can lead 

to perturbations in APP signal transduction (Y.-w. Zhang et al., 2011). Following b-

secretase activity, the remaining APP is cleaved by ¡-secretase, liberating pathologic Ab 

into the extracellular space (Haass et al., 2012). Most of the Ab liberated extracellularly 

ends at amino acid 42 (Ab42) and 40 (Ab40) (Selkoe, 2001). Thus, the amyloidogenic 

pathway promotes an imbalance between production and clearance of Ab, allowing these 

peptides to aggregate into soluble oligomers which can coalesce into fibrils and 

eventually be deposited into compact plaques (i.e. senile plaques) (Kumar & Singh, 

2015).  

Ab42 oligomers have been observed to induce toxic effects on synapses, and 

promote tau hyperphosphoylation,(Kumar & Singh, 2015). Synthetic Ab-which is prone 

to significant aggregation- has been reported to induce toxicity in cultured rat 

hippocampal neurons, with an observed reduction in toxicity once Ab aggregation was 

reversed with Congo red (Lorenzo & Yankner, 1994; Pike, Burdick, Walencewicz, 

Glabe, & Cotman, 1993) Moreover, it has been demonstrated that the removal of Ab via 

antibody results in increased synthesis of neuronal dendritic spines (Spires-Jones & 

Hyman, 2014).  

Recently the involvement of glycogen synthase kinase 3b (GSK3b) has been 

closely investigated due to its abnormal activation, and subsequent modulation of APP 
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processing in AD. GSK3 is an isoenzyme that acts as a serine kinase in multiple cellular 

pathways ranging from metabolic control of glucose to pathological apoptosis (Muyllaert 

et al., 2008). Although expressed in multiple tissues, GSK3b is most abundantly found in 

neurons of developing, and adult brains (Muyllaert et al., 2008). Over activity of GSK3b 

has been proposed to account for increased amyloid production in AD (Hernández & 

Avila, 2008). In vitro and animal models of AD indicate Ab promotes activation of 

GSK3b by preventing extracellular inhibitory phosphorylation mainly from insulin/IGF-1 

and their subsequent activation of MAPK, PI3K/Akt pathways (Llorens-Marítin, Jurado, 

Hernández, & Ávila, 2014; Steen et al., 2005). This is of particular interest as Ab 

stimulation of GSK3b can further promote abnormal APP processing in the early stages 

of AD and allow for exponential aggregation of pathologic Ab (Llorens-Marítin et al., 

2014). In APP transgenic mice, Inhibition of this pathway with lithium chloride  has been 

observed to be neuroprotective, and to reduce the aggregation of extracellular Ab, as well 

as the toxicity (Llorens-Marítin et al., 2014; Rockenstein et al., 2007).  Furthermore, 

activation of GSK3b has been observed to happen in response to negative stimuli such as 

growth factor deprivation, hypoxia, and DNA damage (Llorens-Marítin et al., 2014). 

Tau, an important protein for microtubule regulation and stability is 

hyperphosphorylated in AD; compromising axonal transport, microtubule integrity, and 

neuronal health (Spires-Jones & Hyman, 2014). Ab oligomers have been shown to induce 

hyperphosphorylation of tau (De Felice et al., 2008) as shown by the presence of 

endogenous tau in dendrites undergoing Ab-induced spine loss in cultured 

neurons(Zempel, Thies, Mandelkow, & Mandelkow, 2010). Substantiating this, Jin et al. 

(2011) demonstrated that natural Ab42 oligomers isolated from typical late-onset AD 
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patients were sufficient alone to induce tau hyperphosphorylation, leading to disruption in 

microtubule cytoskeleton, and neuritic dystrophy (Jin et al., 2011).  

Neurotrophins in AD. 

  Although neurotrophins are vital proteins in the brain known to stimulate 

the survival, growth, and maintenance of neurons (C. Phillips et al., 2015), their actions 

are attenuated and exacerbated in AD (C. Phillips et al., 2015). Early studies on 

neurotrophins and AD reported a reduction of BDNF mRNA in the hippocampus of 

individuals suffering from this neurodegenerative condition (H. S. Phillips et al., 1991). 

This finding has been supported by data revealing a reduction in the number and intensity 

of BDNF-immunopositive neurons within cell bodies of hippocampi in AD patients 

(Connor et al., 1997).  Additionally, in AD there is an observed reduction in synthesis of 

BDNF’s immature precursor, pro-BDNF (Michalski & Fahnestock, 2003), further 

corroborating reports suggesting reduced BDNF levels in AD (Michalski & Fahnestock, 

2003). Importantly, a reduction in BDNF expression may result in the degeneration of 

hippocampal neuronal populations, as well as the progressive atrophy of cholinergic 

neurons in AD; attenuating learning and memory retention in AD patients (H. S. Phillips 

et al., 1991). Furthermore, it has been shown that serum levels of BDNF decrease during 

the course of AD, and these levels seem to correlate well with the severity of AD 

dementia (Laske et al., 2007). Of particular interest, BDNF has shown to inhibit GSK3b 

through activation of PKB as well as MAPK (Foulstone, Tavaré, & Gunn-Moore, 1999; 

Tanila, 2017)  

Insulin-like growth factor 1 (IGF-1) is a protein highly expressed in the brain 

including the hypothalamus and hippocampus.  Additionally, peripherally generated IGF-
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1 as occurs in response to exercise, crosses the blood brain barrier through binding 

proteins 1-6 (IGFBP 1-6) which may contribute to central effects by promoting overall 

brain health and viability.  (Gasparini & Xu, 2003; Luppi et al., 2009; Salehi, 

Mashayekhi, & Naji, 2008). Interestingly, IGF-1 may also be neuroprotective (Angelini 

et al., 2009; Luppi et al., 2009) as there seems to be a significant association between 

serum IGF-1 levels and performance on tasks testing cognition and perceptual motor 

speed in healthy older men (Aleman et al., 1999). Based on this, Angelini et al. (2009) 

measured serum IGF-1 levels and cognitive performance in hypertensive elderly subjects 

and reported a close relationship between IGF-1 concentration and performance in the 

mini-mental state examination (MMSE). Subjects whose IGF-1 concentrations were 

lower significantly underperformed in specific subdomains of the MMSE such as 

memory, orientation, and executive function (Angelini et al., 2009). In animal models, 

IGF-1 concentration has been associated with the animal’s ability to learn a motor skill, 

as well as associative learning paradigms (Castro-Alamancos & Torres-Aleman, 1994). 

 In AD, lower serum IGF-1 concentrations have been significantly related to 

dementia; with higher rates of IGF-1 reduction closely associated with the severity of 

dementia (Watanabe et al., 2005).  Westwood et al. (2014) reported higher IGF-1 levels 

were associated with greater total brain volumes as indicated by MRI measures, with 

lower serum IGF-1 levels increasing the risk of AD dementia in older individuals 

(Westwood et al., 2014). This may be partially explained on the basis of downstream 

mechanisms failing to mediate neuronal survival due to observed reductions in IGF-1 and 

IGF receptor expression in brains with advanced AD (Steen et al., 2005). Due to its 

similarities with insulin, IGF-1 can activate intracellular pathways including  MAPK, PI3 
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kinase/Akt  all of which can play an imperative role in inhibiting GSK3b (Steen et al., 

2005).  A reduction in local IGF-1 and its receptors can be paralleled by reduced 

Akt/PI3K activity, and thus, allowing for increased phosphorylation of GSK3b and the 

promotion of neuronal death, and compromised axonal integrity (Rivera et al., 2005; 

Steen et al., 2005). To support this, Rivera et al. (2005) demonstrated that progressive 

reductions in IGF-1 gene expression paralleled Braak stage severity in AD, with 

abnormalities developing early during AD causing IGF-1 resistance throughout the 

progression of the disease (Rivera et al., 2005). These findings support the increasingly 

important role IGF-1 and its receptor expression play in neuronal survival mechanisms.  

BDNF, IGF-1, and Ab. 

 Due to its complexity, AD pathophysiology is intricately involved with 

various neurodegenerative mechanisms in the brain (Kim, 2014) including the toxicity of 

Ab42 associated with the phosphorylation of GSK3b,  However, BDNF has been 

observed to play a neurorptective role by activating MAPK, and even PI3K/Akt pathway 

while inhibiting GSK3b (Kim, 2014). Furthermore, BDNF protection against Ab42 

toxicity appears to be dose dependent with the observation that neuroprotection is 

obstructed when tyrosine kinase inhibitors such as K252a are introduced; indicating this 

response may be highly mediated by TrkB (Arancibia et al., 2008). Corroborating this, in 

vivo models of Ab42 toxicity, injection of exogenous BDNF is reported to allay the toxic 

effects of Ab peptides in regions related to cognitive function (Arancibia et al., 2008). 

Moreover, culture models of human progenitor cells have benefited from BDNF by 

providing neuroprotection against Ab42 toxicity and cell death (Kitiyanant, Kitiyanant, 

Svendsen, & Thangnipon, 2012).  Equally important, BDNF can also contribute to 
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increased degradation of Ab by promoting expression of somatostatin- a peptide 

observed to upregulate Ab degrading enzyme neprilysin (Laske et al., 2007). Given the 

evidence, BDNF may play a significant role in alleviating Ab: a key component of AD 

pathogenesis. 

Another important neuroprotective molecule, IGF-1 has been observed to exert 

protection against AD pathogenesis (Angelini et al., 2009; Bondy & Cheng, 2004; 

Intlekofer & Cotman, 2013). Although not entirely understood, IGF-1 may promote Ab 

clearance in various ways. First, due to its structural similarities, IGF-1 has been 

observed to mimic insulin’s direct ability to reduce intracellular levels of Ab42/40 and 

increase its release from neurons by stimulating protein transport through secretory 

pathways (Carro & Torres-Aleman, 2004; Gasparini et al., 2001). Interestingly, IGF-1 

may also play a central role in modulating brain availability of albumin, and 

transthyretin; peptides known to promote clearance of Ab due to their high binding 

affinity to Ab (Carro et al., 2002). Lastly, IGF-1 may directly stimulate neuronal activity, 

and thus, Ab clearance (Carro & Torres-Aleman, 2004). 

One of the most prominent mechanisms believed to be involved in Ab clearance 

is insulin’s stimulation of intracellular trafficking of Ab. Insulin has been reported to 

selectively decrease intracellular levels of Ab42/40 through accelerated Ab trafficking 

from the trans-Golgi network to the plasma membrane through (Gasparini et al., 2001).  

Evidence suggests that the insulin activation of MAPK, a target of IGF-1, can 

dramatically reduce intracellular levels of Ab42/40 in neuronal cultures by promoting 

bAPP trafficking, as well as promoting the release of Ab from neurons (Carro & Torres-

Aleman, 2004; Gasparini et al., 2001). 
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Albumin, a molecule transcytosed across epithelia has been noted to work with 

other serum proteins such as transthyretin to promote Ab clearance from the choroid 

plexus (Angelini et al., 2009).  Importantly, serum IGF-1 levels have been observed to 

modulate brain levels of Ab, as well as brain availability of albumin and transthyretin. 

For example, Carro et al. (2002) demonstrated systemic administration of IGF-1 led to an 

increase in Ab bound to albumin and transthyretin in cerebrospinal fluid and blood, and a 

reduction in brain levels of Ab (Carro et al., 2002). Thus, this finding suggests that IGF-1 

can promote Ab clearance, and therefore, neuroprotection and attenuate AD progression. 

Lastly, IGF-1 may also promote Ab clearance by favoring neuronal release of this 

peptide. Given that generation of Ab42/40, and surface APP endocytosis in hippocampal 

slices has been reported to be regulated by neuronal activity, it may be possible to 

promote Ab clearance via neuronal excitability (Kamenetz et al., 2003) and thus 

presenting another route by which IGF-1 can induce Ab clearance (Carro & Torres-

Aleman, 2004). 

 Similar to BDNF, IGF-1 mediates the activation of intracellular pathways such as 

MAPK and Akt/PI3K which can inhibit GSK3b (Summers & Birnbaum, 1997).  

Unfortunately, Ab can act as a direct antagonist to insulin/IGF-1 receptors and thereby 

augment GSK3b activity and its subsequent apoptotic pathways (Hernández & Avila, 

2008).  Indeed, chronic exposure to Ab has effectively led to inhibition of Akt 

phosphorylation and in turn, increased GSK3b activity (Abbott, Howlett, Francis, & 

Williams, 2008).  However, in cultured neurons, IGF-1 promotes Akt/PKB inhibitory 
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serine phosphorylation of GSK3b (Bondy & Cheng, 2004). Thus, IGF-1 may play a 

pivotal role in regulating Ab levels in AD.  

Physical Activity and AD.  

Treatment for AD has traditionally relied on pharmacotherapy aimed at isolating 

molecular mechanism involved in the pathogenesis of the disease (H. S. Um et al., 2008). 

As such, treatment for AD has been rather inefficient despite an increased understanding 

of the disease (C. Phillips et al., 2015; Selkoe, 2001). Physical exercise, a subcategory of 

physical activity, has emerged as a strong preventive measure, and even as an adjuvant 

therapy for AD due to convergent evidence demonstrating its effects on molecular 

mechanisms promoting cognition, as well as structural changes within the brain, 

particularly in the hippocampus (Ahlskog, Geda, Graff-Radford, & Petersen, 2011; 

Intlekofer & Cotman, 2013; C. Phillips et al., 2015).  

In healthy older individuals, epidemiological studies have demonstrated improved 

cognitive function as a result of high levels of physical exercise (Ahlskog et al., 2011). 

These observations are supplemented by reports indicating structural changes such as 

increased hippocampal volumes of up to 2% in elderly individuals who undergo a 6- or 

12-month exercise intervention, as well as improved performance on spatial memory 

tasks (Erickson et al., 2011).  

 Human and animal models of AD suggest a reduction in brain ATP levels, 

accompanied by impaired mitochondrial biogenesis (Raefsky & Mattson, 2017). This is 

of particular interest, as physical exercise has been reported to induce mitochondrial 

biogenesis in neurons, and improved ability to reduce reactive oxygen species (Raefsky 

& Mattson, 2017). The bioenergetic demands of physical activity allow for increased 
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synthesis of transcription factors such as cyclic AMP response element-binding protein 

(CREB), and Nuclear factor kappa-B (NF-kB), which target the production of proteins 

observed to mediate mitochondrial biogenesis such as BDNF (Mattson, 2012; Raefsky & 

Mattson, 2017).  Not surprising, decreased mitochondrial function and reduced trophic 

factor signaling early in the development of AD has been associated with the triggering 

of oxidative stress, and thus, stimulating the production of Ab (Raefsky & Mattson, 

2017).  Thus, physical exercise that induces growth factor expression, including BDNF 

and IGF-1, appears to support brain health particularly in the hippocampus, by 

attenuating AB formation while also influencing energy production and protein synthesis.  

(Bherer et al., 2013; Cotman et al., 2007). 

Aerobic Exercise and BDNF. 

The neuroprotective effects of aerobic exercise (AT) are well documented (C. 

Phillips et al., 2015). The rapid introduction of BDNF mRNA, and subsequent synthesis 

of the protein in the hippocampus is seen as key to increased structural volume, and 

cognitive enhancement associated with exercise (Intlekofer & Cotman, 2013). 

Converging evidence places BDNF as a central modulator of exercise mediated 

neuroprotection (Molteni, Ying, & Gómez-Pinilla, 2002).  Indeed, a host of BDNF 

mediated molecular mechanisms are activated as an adaptive stress response to exercise 

(Mattson, 2012; Raefsky & Mattson, 2017) as evidenced by the upregulation of key 

signaling pathways such as MAPK ERK 1/2 , and transcription factors such as cyclic 

AMP response element binding protein (CREB).  Furthermore, aerobic exercise has been 

observed to increase BDNF’s high affinity receptor, TrkB, key synaptic proteins such as 

synapsin 1, and synaptogamin (Gómez-Pinilla et al., 2002; Molteni et al., 2002). 
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Moreover, there has been an observed upregulation of proteins essential for axonal 

growth, neurotransmitter release, and learning and memory such as GAP-43 (Gómez-

Pinilla et al., 2002; Molteni et al., 2002).Thus, exercise can in fact trigger an increased 

expression of molecules associated with synaptic function (Gómez-Pinilla et al., 2002; 

Molteni et al., 2002; Vaynman, Ying, & Gomez-Pinilla, 2004) whereas , inactivity, 

effectively compromises growth factor expression and synaptic protein availability 

leading to a loss in neuroprotection (Gómez-Pinilla et al., 2002)  

In murine models, it is well established that hippocampal BDNF levels increase 

with regular voluntary exercise as well as when exercise is introduced following a 

sedentary period (Berchtold, Chinn, Chou, Kesslak, & Cotman, 2005; C. Phillips, Baktir, 

Srivatsan, & Salehi, 2014). Similarly, in humans, it has been shown that prolonged 

moderate exercise (e.g. 4 hours of rowing) increases plasma BDNF levels centrally, and 

peripherally as measured from the internal jugular, and radial artery respectively (C. 

Phillips et al., 2014).  Chronic exercise training lasting months also positively influences 

BDNF expression in young healthy individuals as measured via jugular vein (Seifert et 

al., 2010).  Furthermore, rodents subjected to acute bouts of intense exercise have been 

shown to improve performance in hippocampal dependent learning tasks in conjunction 

with increased serum BDNF concentrations (Griffin et al., 2011). Thus, AT induced 

BDNF expression can be manipulated depending upon the exercise dosage while still 

offering neuroprotective benefits (Brunelli et al., 2012).  

Resistance training, BDNF and IGF-1. 

Although RT is a well-known lifestyle intervention to slow muscle wasting 

associated with aging (Hurley, Hanson, & Sheaff, 2011), it is only recently that RT has 
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been considered as a means of promoting neuroprotection by upregulating the expression 

of BDNF and IGF-1.  However, BNDF expression in response to RT exercise seems to 

be equivocal. Acute studies have indicated that BDNF expression is not affected by RT 

(Correia et al., 2010; Goekint et al., 2010). For example, it has been reported that BDNF 

expression following 2 acute bouts of resistance exercise of different intensities was not 

significantly elevated above baseline in a healthy population (Vega, Knicker, Hollmann, 

Bloch, & Strüder, 2010). In contrast, Yarrow et al. (2010) showed a significant increase 

in BDNF following 5 weeks of resistance training  (Yarrow, White, McCoy, & Borst, 

2010).   

Despite the limited number of RT studies that have examined growth factor 

response, RT may  support  brain health by increasing IGF-1 expression (Liu-Ambrose & 

Donaldson, 2009) which in turn, promotes the survival of newly generated neurons and 

hippocampal memory consolidation (Intlekofer & Cotman, 2013). Certainly, RT has been 

observed to promote an increase in peripheral IGF-1 as fast as 1 hour post-exercise (R. C. 

Cassilhas et al., 2007; Schwarz, Brasel, Hintz, Mohan, & Cooper, 1996). Paralleling this, 

rodent models of exercise have observed an increase in hippocampal IGF-1 mRNA, and 

this response seems to be analogous to that of exercise induced BDNF; meaning it is 

intensity dependent (Zafra, Castren, Thoenen, & Lindholm, 1991). Of great importance, 

peripheral IGF-1 can readily cross the brain blood barrier and interact with BDNF to 

enhance exercise mediated neuroprotection (Cotman et al., 2007). Indeed, increasing 

evidence supports the significant role IGF-1 plays in exercise mediated neuroprotection 

due to a close relationship with BDNF.  In vivo studies have effectively shown blocking 

of IGF-1 leads to a reduced induction of exercise dependent BDNF in the hippocampus 
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(Cotman et al., 2007). Additionally, IGF-1 blocking via injection of antibody has been 

related to reduced spatial recall but not acquisition, lessened activation of MAPK and 

inhibiting exercise dependent induction of synapsin I; all of which are mechanisms 

associated with exercise mediated BDNF action (Ding, Vaynman, Akhavan, Ying, & 

Gomez-Pinilla, 2006).  In hippocampal cultures, IGF-1 has been observed to increase 

neuronal availability of TrkB, and as a result, enhance BDNF signaling; an interaction 

that may be present in vivo. (McCusker et al., 2006). Furthermore, IGF-1 has been 

observed to be a weak activator of important signaling pathways-such as MAPK-that are 

necessary for long term potentiation, plasticity, and learning (Cotman et al., 2007). 

Despite this, a direct independent role between IGF-1 and synaptic plasticity is yet to be 

elucidated. Instead, evidence strongly supports IGF-1 and BDNF orchestrating synaptic 

plasticity through shared downstream mechanisms (Cotman et al. 2007).  

BDNF, IGF-1, Exercise, and AD.  

As an adaptive stress response to physical exercise, neurons and neural networks 

upregulate their production of BDNF and IGF-1.  As a result, physical exercise is under 

careful inquiry as a preventative intervention, or even as an adjuvant therapy to combat 

neurodegenerative disease, including AD. Indeed, an abundance of human and animal 

investigations have revealed that physical exercise, particularly AT, activates key 

signaling pathways in support of learning and memory, attributes attenuated or lost in 

AD.  Importantly, while BDNF is primary a centrally derived protein, IGF-1 is expressed 

more widely, namely in skeletal muscle.  Furthermore, based on rodent studies, muscle 

derived IGF-1 appears to act as a peripheral driver of BDNF expression by enhancing the 

effect of BDNF on the hippocampus, an area associated with learning and memory.  
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Again, these findings are more prevalent in AT studies, whereas RT investigations are 

less forthcoming in terms of unveiling neuromodulatory effects.  Still, there is no doubt 

that RT is an anabolic trigger as evidenced by the peripheral release of IGF-1.  Finally, it 

is important to note that RT offers the additional benefit of promoting strength and 

functional independence, comorbidities of AD.  Thus, RT represents an important area of 

study in AD not only from the standpoint of the well-known strength benefits but from a 

potential neuroprotective perspective as well. 
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CHAPTER III: METHODS 

Mice 

 3xTg-AD mice were used in this experiment. This model derives from 

PS1M146V, APPsew, and tauP301L transgenes (Oddo, Caccamo, Kitazawa, Tseng, & LaFerla, 

2003), and exhibits cognitive impairments early on. Of great importance, 3xTg-AD mice 

develop intraneuronal Ab immunoreactivity, particularly in 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 Ab deposits in the frontal 

cortex, and the hippocampus by 6 months of age. In accordance with this, the first 

cognitive deficits seen are with associative learning and can be observed between 3-5 

months of age. This is followed by a marked decrease in spatial working memory at 6 

months as shown by the MWM(Webster, Bachstetter, Nelson, Schmitt, & Van Eldik, 

2014).  

Experimental protocol 

 Two-month old 3xTg-AD (N=24) females were purchased from Jackson 

Laboratories (Bar Harbor, ME).  Upon arrival, mice were provided a three-day 

acclimation period per institutional guidelines.  During this period, mice were not 

handled for any research purposes during this window. 

 After acclimation, 3xTg-AD mice were randomly assigned to one of the 

following groups: sedentary (CNT=8), aerobic training (AT, n=8), or resistance training 
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(RT, n=8).  Mice assigned to training groups were familiarized to their respective 

exercises during a four-day period.  All mice participated in pre-training assessments 

(grip strength, rota-rod,).  After pre-tests, AT and RT groups performed aerobic and 

resistance training, respectively, for 8 weeks.  The same assessments were repeated after 

training, followed by euthanasia and tissue collection 

Aerobic Training.  

Aerobic training was performed on a 5-lane mouse treadmill (Harvard 

Apparatus).  Mice underwent a four-day acclimation period in which mice ran two days 

at a speed of 10 m/min for 10 minutes followed by two days running at a speed of 

15m/min for 15 minutes.  If an animal was not able to acclimate, they were moved to the 

control group.  

The frequency and duration of training consisted of 5 days per week for 8 weeks. 

During the first two weeks mice ran at a speed of 15m/min with the duration 

progressively increased from 20 to 60 minutes.  This was then followed by 6 weeks in 

which mice ran five times per week at a constant speed of 15m/min with the duration 

progressively increasing from 60 to 90 minutes. No electrical shock or rewarding system 

was used to entice the mice to run. All mice were monitored visually for difficulties in 

performing the exercise, and if the animal was unable to stay on treadmill belt for a 

duration greater than 30 seconds despite gentle encouragement, the exercise was 

discontinued. 
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Resistance Training. 

Resistance training was implemented using weighted ladder climbing. The ladder 

climbing apparatus was 100 cm high with 1.5cm grids, and placed at an 80-degree angle 

to the ground.  A four-day acclimation period was designated for mice to climb the ladder 

in the following manner: The first day consisted of one set of four repetitions at 12.5% 

body weight. Each consecutive day the intensity was increased by 12.5% of body weight 

and an additional set was added so that by the fourth day mice were performing four sets 

of four repetitions at 50% of body weight. If an animal was unable to acclimate, they 

were moved to the control group. 

 Mice underwent three sessions of ladder climbing per week for 8 weeks.  Each 

session consisted of 4 sets of 4 repetitions with load attached at the base of the tail with a 

soft foam clip.  The initial load was 50% of the animal’s total body mass, followed by 

increments of 12.5% of the animal’s body weigh every week. Once the animals reached a 

load that exceeded 100% their total body mass, the sessions consisted of 5 sets of 2 

repetitions. The rest interval between repetitions was set at 60 seconds.  If the increase in 

weight was too difficult, the load was reduced by 1 gram until the animal was able to 

perform all the prescribed repetitions (or all weight may be removed entirely so that 

repetitions are performed unloaded). No incentive (positive or negative stimulus) were 

used to motivate the mice to climb the ladder as none have been shown to be necessary in 

previous work. 

Criteria for resistance training cessation consisted of: 1) sliding down the ladder 

despite assistance provided by the investigator in the form of gentle pushing at the hips 



	

21	

and 2) failure to reach the pre-labeled fourth distance point (7 distance points will be 

labeled on the ladder) within 90 seconds.  

Pre-/post-Training Assessments 

Grip Strength.  

 The purpose of this test is to evaluate the strength of the animal’s limb muscles.  

In the grip strength test, the animal’s forelimbs and/or hind limbs are placed on a bar 

while it is restrained manually by the scruff of the neck and base of the tail.  The animal 

is gently pulled back by its tail until it loses its grip from the bar.  The force that the 

animal generates as it attempts to maintain its grip is measured in grams by a strain gauge 

(Harvard Apparatus).  Each animal was subjected to four trials with the peak and average 

force being the recorded measures.  

Rotarod.   

The rotarod device evaluates balance, motor coordination, and fatigue resistance.  

This commercially available device consists of a rotating rod in which the speed of 

rotation can be programmed (Harvard Apparatus).  For this test, mice ran on a rotating 

tube.  The initial speed was set at 4 rotations per min (rpm).  The mice were then placed 

on the tube of the rotarod as it slowly rotated.  Once all mice were positioned on the rod 

(5 mice tested simultaneously), the test program began.  The speed of the tube increased 

at a rate of one rpm every 8 seconds (up to 40 rpm maximum).  The running time was 

continuously recorded by the device.  Running time stops automatically when a mouse 

fell off the tube as this deactivates the timer at the base of the device (latency time).  If a 

mouse was able to run for a duration of 500 sec, the test was terminated.  A maximum of 

three more attempts were given to allow the mice to improve their time for a total of four 
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attempts.  Fifteen minutes of recovery were provided between trials.  The maximum 

running time was used for further analysis.  

Euthanasia and Tissue Collection. 

 Tissue was collected at least 48 hours after the final exercise bout to control for 

any acute effects of exercise.  Mice were euthanized by ketamine/xylazine overdose 

delivered i.p. at 300/30 mg/kg in accordance with the AVMA guidelines for the 

euthanasia of animals.  After injection, clinical signs of death were monitored including 

lack of respiration and heartbeat.  Skeletal muscle, brain, and vital organs were collected 

and stored for further analysis before the remains were disposed.  

Tissue Analysis 

Western Blot. 

 Hippocampal protein was isolated with the use of NP-40 lysing buffer containing 

phosphate and protease inhibitors. Protein concentration was determined via Pierce BCA 

protein assay (ThermoFisher Scientific, Waltham, MA). Equal amounts of protein (35 

µg/lane) were loaded and separated by SDS-PAGE using Mini-PROTEAN TGX precast 

gels (2% SDS, 25% glycerol, 0.01% bromophenol blue) (Bio-Rad, Hercules, CA), and 

transferred to PVDF membranes (Bio-Rad, Hercules, CA) which were then be blocked in 

6% milk buffer for one hour. Membranes were then incubated at 4°C overnight with 

primary monoclonal anti-BDNF (Abcam Inc, Cambridge, MA), anti-MAPK 42/44 and p-

MAPK 42/44 (Cell Signaling Technology, Danvers, MA), anti-CREB and p-CREB 

(Santa Cruz Biotechnology, Dallas, TX), anti-IGF1R and p-IGF1R (MilliporeSigma, 

Burlignton, MA), and anti-B-Actin (Cell Signaling Technology, Danvers, MA) 

antibodies. An HRP-conjugated secondary antibody was used (Santa Cruz 
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Biotechnology, Santa Cruz, CA), and specific complexes will be visualized using the 

SuperSignal West Pico Chemiluminescent Substrate detection kit (ThermoFisher 

Scientific, Waltham, MA). ImageJ software was used to quantify bands using 

densitometry and the expression of the b-actin housekeeping gene (Cell Signaling 

Technology, Danvers, MA) will serve as a normalizing control. 

ELISA. 

Hippocampal tissue homogenate will be obtained with the use of NP-40 lysing 

buffer containing phosphate and protease inhibitors. Hippocampal IGF-1 concentrations 

were obtained via IGF-1 mouse/rat ELISA kit as per manufacturer protocol (R&D 

Systems, Minneapolis, MN).  

Statistical Analysis. 

A one-way analysis of variance (ANOVA; GraphPad PRISM 7, La Jolla, CA) 

was conducted to determine the effects of training (i.e. CNT, AT, RT) on BDNF, IGF-1, 

p-MAPK, and p-CREB levels. In addition, a three (groups; CNT, AT, RT) x two (time-

points; pre-and post-intervention) factorial analysis of variance (ANOVA; GraphPad 

PRISM 7, La Jolla, CA) was used to evaluate the effects of exercise on grip strength and 

rotarod measures. Tukey’s post-hoc test was employed to identify differences between 

groups. Finally, a Pearson correlation was run to identify the strength of the relationship 

between all independent variables.	
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CHAPTER IV: RESULTS 

The primary aim of this study was to investigate the effects of AT and RT on 

hippocampal growth factor expression as well as CREB and MAPK in an AD rodent 

model.  We predicted that both exercise modalities would promote a greater expression of 

all markers compared to a control (CNT) cohort. Further, we predicted that mice 

performing AT would express more BDNF and CREB than the RT group, whereas the 

RT group would express more IGF-1 and MAPK than AT.  In addition, we looked at the 

effect of training on strength as function of time.  Again, we expected training to increase 

strength over the course of 10 weeks.  

Hippocampal BDNF Expression 

As shown in Figure 1, AT hippocampal BDNF expression increased in 

comparison to the RT and CNT groups (AT 0.8566 ± 0.1415; RT 0.6193 ± 0.1068; CNT 

0.5934 ± 0.0732; F (2,21) = 13.73; P < 0.001), indicating that training had a positive effect 

on BDNF expression over 10 weeks of training. These data support our hypothesis that 

AT BDNF expression would be greater than RT and CNT following training, whereas the 

data do not support our prediction that RT BDNF expression would differ from CNT.   
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Figure 1 Effect of AT and RT on hippocampal BDNF expression.  The hippocampal BDNF of the 
aerobic exercise (AT, N=8), resistance exercise (RT, N=8) and control (CNT, N=8) groups was 
measured after 10 weeks of exercise.  Data reported as means + SD.  *** P < 0.00 

 
 

	

Figure 2 Shows Western Blot analyses of hippocampal lysate in AD mice. Images generated with 
monoclonal anti-BDNF antibody normalized with monoclonal anti-Beta Actin antibody 

 
IGF-1 hippocampal expression 

As illustrated in Figure 3, hippocampal concentrations of IGF-1 were not 

significantly different between training and control groups (RT 41.85 ± 4.834; RT 41.04 

± 4.261; CNT 
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36.71 ± 4.119; F (2,21) = 0.2319; P> 0.05. However, the hippocampal IGF-1 concentration 

in AT mice approached significance (p < 0.07) when compared to CNT mice, suggesting 

that an increase in IGF-1 following training may have been the result of AT.   These 

results were contrary to our prediction that RT would increase more than either AT or 

CNT following 10 weeks of training. 

 

Figure 3 Effect of AT and RT on hippocampal IGF-1 concentration.  Hippocampal IGF-1 in the 
aerobic exercise (AT, N=8), resistance exercise (RT, N=8) and control (CNT, N=8) groups was 
measured after 10 weeks of exercise with data reported as means + SD.  P > 0.05 (one-way 
ANOVA) 

 
p-CREB  

As seen in Figure 4, the results of a one-way ANOVA revealed that the 

phosphorylation of CREB in hippocampal samples was not significantly different 

between groups (AT, 1.268 ± 0.1387; RT 1.207 ± 0.1715; CNT 1.205 ± 0.1856; F (2,21) = 

1.985 P> 0.05) following 10 weeks of training. None of our predictions were supported 

by these data. 
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Figure 4 Effect of AT and RT on p-CREB in the hippocampus.  Hippocampal p-CREB in the 
aerobic exercise (AT, N=8), resistance exercise (RT, N=8) and control (CNT, N=8) groups was 
measured after 10 weeks of exercise with data reported as means + SD.  P > 0.05 (one-way 
ANOVA) 

 .  
Figure 5 Shows Western Blot analyses of hippocampal lysate in AD mice. Images generated with 
monoclonal anti-CREB/p-CREB antibodies normalized with monoclonal anti-Beta Actin 
antibody. 

	
p-MAPK 

As shown in Figure 6, the results of a one-way ANOVA revealed that the 

phosphorylation of MAPK in hippocampal samples was not significantly different 

between groups (AT 0.6687 ± 0.1369; RT 0.8457 ± 0.3216; CNT 0.8386 ± 1932; F (2,21) = 
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0.3888 P> 0.05) following 10 weeks of training. None of our predictions were supported 

by these  

	

Figure 6 Effect of AT and RT on p-MAPK in the hippocampus.  Hippocampal p-MAPK in the 
aerobic exercise (AT, N=8), resistance exercise (RT, N=8) and control (CNT, N=8) groups was 
measured after 10 weeks of exercise with data reported as means + SD.  P > 0.05 (one-way 
ANOVA) 

	
	
	

 

Figure 7 Shows Western Blot analyses of hippocampal lysate in AD mice. Images generated with 
monoclonal anti-p44/42MAPK/p-p44/42MAPK antibodies normalized with monoclonal anti-Beta 
Actin antibody. 
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Effect of training on motor behavior  

Using the rotarod, a motor driven rotating cylinder, we challenged the animals 

balance, coordination and fatigue by slowly increasing the revolutions until the mouse 

fell from the rotating rod.  As shown in Figures 10 and 11, there was a significant 

improvement in peak latency and peak rotations required to induce a fall for the AT 

group (AT peak latency pre-mean = 86.50 ± 55.68 vs. AT peak latency post mean = 

156.37 ± 34.19; F (19) =, P < 0.01; AT peak rotations mean = 14.00 ± 6.866; AT peak 

rotations post mean = 22.375 ± 4.340; F (1,9) = 30.01, P < 0.01), with no significant 

changes observed in CNT and RT groups. 

 

Figure 8 Effect of AT and RT on peak latency.  The peak latency for the aerobic exercise (AT, 
N=8), resistance exercise (RT, N=8) and control (CNT, N=8) groups was measured before and 
after 10 weeks of exercise.  Data reported as means + SD.  * P < 0.01 (two-way ANOVA) 
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Figure 9 Effect of AT and RT on peak rotations.  The peak rotations for the aerobic exercise (AT, 
N=8), resistance exercise (RT, N=8) and control (CNT, N=8) groups were measured before and 
after 10 weeks of exercise.  Data reported as means + SD.  * P < 0.01 (two-way ANOVA) 

	
Effect of training on Grip Strength 

Using a dynamometer, we assessed the effects of training on grip strength in the 

mouse.  As illustrated in Figure 12, there was a significant group by time interaction as 

evidenced by an increase in grip strength in all groups post-training. (AT 148.77 ± 12.29; 

RT 169.81 ± 13.37; CNT 149.88 ± 14. F (2, 18) = 3.912, p <0.05).  with the RT resulting 

in significantly greater grip strength than as compared to AT and CNT groups.  
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Figure 10 Effect of AT and RT on average grip strength.  The average grip strength for the 
aerobic exercise (AT, N=8), resistance exercise (RT, N=8) and control (CNT, N=8) groups were 
measured before and after 10 weeks of exercise.  Data reported as means + SD. * P < 0.01 (two-
way ANOVA) 
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CHAPTER V: DISCUSSION 

This investigation examined the effects of aerobic and resistance exercise training 

on growth factor and motor behavior adaptive responses in a murine model of 

Alzheimer’s disease. Importantly, considerable exercise neuroscience literature suggests 

that exercise can reduce symptoms and the  progression of neurodegenerative disease by 

upregulating the expression of growth factors including BDNF and IGF-1 (Van Praag, 

Kempermann, & Gage, 1999; Van Praag, Shubert, Zhao, & Gage, 2005).  For example,  

aerobic exercise  upregulates the expression of BDNF (Marlatt, Potter, Lucassen, & van 

Praag, 2012) and its phosphorylation of molecular cascades involved in activation of 

transcription factors (Gómez-Pinilla et al., 2002; Molteni et al., 2002) associated with 

brain health. Similarly, it has been reported that, resistance exercise up-regulates cellular 

mechanisms that can also be neuroprotective such as the IGF-1 molecular cascade. 

However, there is a lack of investigations exploring the use of resistance exercise as a 

potential neuroprotective tool in AD, and thus, this study explored this question in hopes 

of adding to the existing literature wherein exercise might serve as an adjuvant therapy in 

AD.  

The current study supports existing evidence demonstrating that AT can 

effectively upregulate hippocampal BDNF. Indeed, we observed significantly higher 

expression of BDNF in AT mice (p<0.0001) when compared to RT, and CNT mice.  This 
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finding adds to the growing body of evidence that AT upregulates BDNF which 

in turn may be linked to a reduction in AB load in AD (Adlard, Perreau, Pop, & Cotman, 

2005; García-Mesa et al., 2014; Nigam et al., 2017).  That is, AT may shift APP 

processing towards a non-amyloidogenic pathway via redistribution of alpha secretase to 

intracellular compartments, a response considered to be mediated by BDNF (Nigam et 

al., 2017). However, despite higher expression of BDNF, the phosphorylation of cAMP 

response element-binding protein (CREB) was not found to be different between 

experimental groups and control mice. To this extent, our original hypothesis was 

partially supported, as only BDNF was significantly higher in aerobic training mice. 

Animal studies have shown exercise induced upregulation of BDNF can go in hand with 

the phosphorylation of CREB in both healthy, and AD mice (García-Mesa et al., 2014; 

H.-S. Um et al., 2011; Vaynman et al., 2004). However, our current results did not 

corroborate this relationship. The current investigation did not house 3xTg-AD mice 

individually, and thus, social isolation was not present. It is widely accepted the efficacy 

of environmental enrichment in the upregulation of neurogenic markers such as the 

phosphorylation of CREB (Xie et al., 2012; X. Q. Zhang et al., 2016). Social interaction 

is among the components of an enriched environment, and as such, it is a possibility the 

inclusion of this in the current investigation mitigated differences in the phosphorylation 

of CREB between experimental groups and controls. Finally, despite the current 

investigation not observing a relationship between BDNF and phosphorylation of CREB, 

it is clear that BDNF is a key neuroprotective agent, whose mechanisms expand beyond 

this relationship. As such, our findings support the use of aerobic exercise to promote the 

production of BDNF, a key neuroprotective agent.  
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 There was no significant difference in IGF-1 levels between resistance exercise 

and control mice. Yet contrary to our original hypothesis, the current study found AT 

mice to have a higher (i.e. p<0.07) concentration of hippocampal IGF-1 when compared 

to control mice. Furthermore, no differences were found in the phosphorylation of 

mitogen activated protein kinase (MAPK) between experimental groups and controls. 

Taken together, these findings do not support our original hypothesis, and suggest 

resistance exercise may not be an effective tool to upregulate hippocampal IGF-1 and its 

downstream signaling cascade. While our finding that AT IGF-1 concentrations   

approached significance (p<0.07) this should be taken with caution.  However, other 

animal studies have shown that AT can upregulate IGF-1 and may serve as a mechanism 

to enhance BDNF and its neuroprotective molecular machinery (R. Cassilhas et al., 

2012). Specifically, blocking of IGF-1 and its receptor diminished the exercise induced 

up-regulation of immature pro-BDNF, BDNF, phosphorylation of CAMKII, and levels of 

synapsin I (Ding et al., 2006) suggesting IGF-1  plays a key role in exercise mediated 

BDNF action. Constant neuronal stimulation has been observed to be key in upregulating 

local mechanisms of cognitive health. Indeed, it has been reported stimulation of 

neuronal circuits can cause adaptive responses ((Llorens-Martin, Torres-Aleman, & 

Trejo, 2008; Voss et al., 2010) such as upregulation of local IGF-1 ((Morimoto et al., 

2005). It is possible continued stimulation of hippocampal neurons via AT may induce 

the upregulation of local IGF-1 and work in tandem with BDNF. Finally, this study has is 

consistent with other investigations demonstrating that AT can mediate an increase in 

hippocampal levels of both, IGF-1, and BDNF in support of neuroprotection for the 

hippocampus, a structure targeted in AD. 
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The current study also assessed the effects of AT and RT on tests of motor 

behavior including motor coordination and grip strength. Peak latency to falling and 

rotations per minute in the rotarod that induced a fall were found to be higher in AT mice 

from pre- to post-intervention; indicating increased motor coordination in this group. 

Importantly, given that recent animal investigations have found AD to induce a loss in 

motor coordination (Manczak, Kandimalla, Yin, & Reddy, 2018), our findings 

demonstrate that aerobic exercise can may be effective in combating the loss motor 

control associated with AD. Further, grip strength was found to be significantly higher in 

all groups post- intervention when compared to pre-intervention measures. This 

observation may be partially explained by a natural increase in strength associated with 

development, particularly as it pertains to the CNT group. However, more importantly is 

the finding that RT mice had significantly greater grip strength when compared to AT, 

and CNT after training. Considering translational studies  have found an inverse 

relationship between cognitive decline and muscular strength (Boyle, Buchman, Wilson, 

Leurgans, & Bennett, 2009; Buchman, Wilson, Boyle, Bienias, & Bennett, 2007)  the 

present study supports the use of RT to combat the loss in muscular strength, a 

comorbidity of AD, which in turn may leverage brain health as revealed in a mouse 

model of AD. 

While this study adds to the literature by exploring two different exercise 

modalities in a mouse model of AD, it is not without limitations. Among these, this study 

did not measure memory deficits known to happen in AD and how exercise may alter 

them. Specifically, spatial memory should be assessed as it seems to be heavily mediated 

by the hippocampus, and highly affected in AD. Additionally, the current investigation 
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did not measure Ab load and how the two different exercise modalities may affect its 

accumulation process. Future investigations should address this and explore what 

molecular mechanisms responsible for Ab accumulation and if these can be altered by the 

two exercise modalities. Finally, relative to the phenotype expression in the 3xTg-AD 

model, the current investigation focused on the early progression, and thus did not assess 

the chronic use of exercise into the late stage of the disease. Thus, future studies should 

explore the effects of chronic exercise on AD etiology, motor behavior and cognitive 

function through late stage disease in both rodents and humans. 
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APPENDIX 

IACUC Approval Letter 



	

38 

REFERENCES

Abbott, J. J., Howlett, D. R., Francis, P. T., & Williams, R. J. (2008). Aβ 1–42 
modulation of Akt phosphorylation via α7 nAChR and NMDA receptors. 
Neurobiology of aging, 29(7), 992-1001.  

 
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. Paper presented at the Mayo Clinic Proceedings. 

 
Aleman, A., Verhaar, H. J., de Haan, E. H., de Vries, W. R., Samson, M. M., Drent, M. 

L., . . . Koppeschaar, H. P. (1999). Insulin-like growth factor-I and cognitive 
function in healthy older men. The Journal of Clinical Endocrinology & 
Metabolism, 84(2), 471-475.  

 
Angelini, A., Bendini, C., Neviani, F., Bergamini, L., Manni, B., Trenti, T., . . . Neri, M. 

(2009). Insulin-like growth factor-1 (IGF-1): relation with cognitive functioning 
and neuroimaging marker of brain damage in a sample of hypertensive elderly 
subjects. Archives of gerontology and geriatrics, 49, 5-12.  

 
Arancibia, S., Silhol, M., Mouliere, F., Meffre, J., Höllinger, I., Maurice, T., & Tapia-

Arancibia, L. (2008). Protective effect of BDNF against beta-amyloid induced 
neurotoxicity in vitro and in vivo in rats. Neurobiology of disease, 31(3), 316-326. 

  
Berchtold, N., Chinn, G., Chou, M., Kesslak, J., & Cotman, C. (2005). Exercise primes a 

molecular memory for brain-derived neurotrophic factor protein induction in the 
rat hippocampus. Neuroscience, 133(3), 853-861.  

 
Bherer, L., Erickson, K. I., & Liu-Ambrose, T. (2013). A review of the effects of physical 

activity and exercise on cognitive and brain functions in older adults. Journal of 
aging research, 2013.  

 
Bondy, C. A., & Cheng, C. M. (2004). Signaling by insulin-like growth factor 1 in brain. 

European journal of pharmacology, 490(1), 25-31.  
 
Boyle, P. A., Buchman, A. S., Wilson, R. S., Leurgans, S. E., & Bennett, D. A. (2009). 

Association of muscle strength with the risk of Alzheimer disease and the rate of 



	

39	

cognitive decline in community-dwelling older persons. Archives of neurology, 
66(11), 1339-1344.  

 
Brunelli, A., Dimauro, I., Sgrò, P., Emerenziani, G. P., Magi, F., Baldari, C., . . . 

Caporossi, D. (2012). Acute exercise modulates BDNF and pro-BDNF protein 
content in immune cells. Med Sci Sports Exerc, 44, 1871-1880.  

 
Buchman, A. S., Wilson, R. S., Boyle, P. A., Bienias, J. L., & Bennett, D. A. (2007). Grip 

strength and the risk of incident Alzheimer’s disease. Neuroepidemiology, 29(1-
2), 66-73.  

 
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), 127-133.  

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

insulin-like growth factor I regulates brain amyloid-β levels. Nature medicine, 
8(12), 1390-1397.  

 
Cassilhas, R., Lee, K., Fernandes, J., Oliveira, M., Tufik, S., Meeusen, R., & De Mello, 

M. (2012). Spatial memory is improved by aerobic and resistance exercise 
through divergent molecular mechanisms. Neuroscience, 202, 309-317.  

 
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 and science in sports and exercise, 39(8), 1401.  

 
Castro-Alamancos, M. A., & Torres-Aleman, I. (1994). Learning of the conditioned eye-

blink response is impaired by an antisense insulin-like growth factor I 
oligonucleotide. Proceedings of the National Academy of Sciences, 91(21), 
10203-10207.  

 
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), 71-81.  

 
Correia, P. R., Pansani, A., Machado, F., Andrade, M., Silva, A. C. d., Scorza, F. A., . . . 

Arida, R. M. (2010). Acute strength exercise and the involvement of small or 
large muscle mass on plasma brain-derived neurotrophic factor levels. Clinics, 
65(11), 1123-1126.  

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

key roles of growth factor cascades and inflammation. Trends in neurosciences, 
30(9), 464-472.  

 



	

40	

De Felice, F. G., Wu, D., Lambert, M. P., Fernandez, S. J., Velasco, P. T., Lacor, P. N., . . 
. Shughrue, P. J. (2008). Alzheimer's disease-type neuronal tau 
hyperphosphorylation induced by Aβ oligomers. Neurobiology of aging, 29(9), 
1334-1347.  

 
de Melo Coelho, F. G., Gobbi, S., Andreatto, C. A. A., Corazza, D. I., Pedroso, R. V., & 

Santos-Galduróz, R. F. (2013). Physical exercise modulates peripheral levels of 
brain-derived neurotrophic factor (BDNF): a systematic review of experimental 
studies in the elderly. Archives of gerontology and geriatrics, 56(1), 10-15.  

 
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.  

 
Erickson, K. I., Prakash, R. S., Voss, M. W., Chaddock, L., Hu, L., Morris, K. S., . . . 

Kramer, A. F. (2009). Aerobic fitness is associated with hippocampal volume in 
elderly humans. Hippocampus, 19(10), 1030-1039.  

 
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.  

 
Foulstone, E. J., Tavaré, J. M., & Gunn-Moore, F. J. (1999). Sustained phosphorylation 

and activation of protein kinase B correlates with brain-derived neurotrophic 
factor and insulin stimulated survival of cerebellar granule cells. Neuroscience 
letters, 264(1), 125-128.  

 
García-Mesa, Y., Pareja-Galeano, H., Bonet-Costa, V., Revilla, S., Gómez-Cabrera, M. 

C., Gambini, J., . . . Sanfeliu, C. (2014). Physical exercise neuroprotects 
ovariectomized 3xTg-AD mice through BDNF mechanisms. 
Psychoneuroendocrinology, 45, 154-166.  

 
Garuffi, M., Costa, J. L. R., Hernández, S. S. S., Vital, T. M., Stein, A. M., Santos, J. G. 

d., & Stella, F. (2013). Effects of resistance training on the performance of 
activities of daily living in patients with Alzheimer's disease. Geriatrics & 
gerontology international, 13(2), 322-328.  

 
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.  

 
Gasparini, L., & Xu, H. (2003). Potential roles of insulin and IGF-1 in Alzheimer's 

disease. Trends in neurosciences, 26(8), 404-406.  



	

41	

Goekint, M., De Pauw, K., Roelands, B., Njemini, R., Bautmans, I., Mets, T., & 
Meeusen, R. (2010). Strength training does not influence serum brain-derived 
neurotrophic factor. European journal of applied physiology, 110(2), 285-293.  

 
Gómez-Pinilla, F., Ying, Z., Roy, R. R., Molteni, R., & Edgerton, V. R. (2002). 

Voluntary exercise induces a BDNF-mediated mechanism that promotes 
neuroplasticity. Journal of neurophysiology, 88(5), 2187-2195.  

 
Griffin, É. W., Mullally, S., Foley, C., Warmington, S. A., O'Mara, S. M., & Kelly, Á. M. 

(2011). Aerobic exercise improves hippocampal function and increases BDNF in 
the serum of young adult males. Physiology & behavior, 104(5), 934-941.  

 
Haass, C., Kaether, C., Thinakaran, G., & Sisodia, S. (2012). Trafficking and proteolytic 

processing of APP. Cold Spring Harbor perspectives in medicine, 2(5), a006270.  
 
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. 
  
Hardy, J. A., & Higgins, G. A. (1992). Alzheimer's disease: the amyloid cascade 

hypothesis. science, 256(5054), 184.  
 
Hernández, F., & Avila, J. (2008). The role of glycogen synthase kinase 3 in the early 

stages of Alzheimers’ disease. FEBS letters, 582(28), 3848-3854.  
 
Hurley, B. F., Hanson, E. D., & Sheaff, A. K. (2011). Strength training as a 

countermeasure to aging muscle and chronic disease. Sports Medicine, 41(4), 
289-306.  

 
Intlekofer, K. A., & Cotman, C. W. (2013). Exercise counteracts declining hippocampal 

function in aging and Alzheimer's disease. Neurobiology of disease, 57, 47-55. 
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.  

 
Kim, J. H. (2014). Brain-derived neurotrophic factor exerts neuroprotective actions 

against amyloid β-induced apoptosis in neuroblastoma cells. Experimental and 
therapeutic medicine, 8(6), 1891-1895.  

 
Kitiyanant, N., Kitiyanant, Y., Svendsen, C. N., & Thangnipon, W. (2012). BDNF-, IGF-

1-and GDNF-secreting human neural progenitor cells rescue amyloid β-induced 
toxicity in cultured rat septal neurons. Neurochemical research, 37(1), 143-152.  



	

42	

Kumar, A., & Singh, A. (2015). A review on Alzheimer's disease pathophysiology and its 
management: an update. Pharmacological Reports, 67(2), 195-203.  

 
Laske, C., Stransky, E., Leyhe, T., Eschweiler, G. W., Maetzler, W., Wittorf, A., . . . 

Bartels, M. (2007). BDNF serum and CSF concentrations in Alzheimer’s disease, 
normal pressure hydrocephalus and healthy controls. Journal of psychiatric 
research, 41(5), 387-394.  

 
Liu-Ambrose, T., & Donaldson, M. G. (2009). Exercise and cognition in older adults: is 

there a role for resistance training programmes? British journal of sports 
medicine, 43(1), 25-27.  

 
Llorens-Marítin, M., Jurado, J., Hernández, F., & Ávila, J. (2014). GSK-3β, a pivotal 

kinase in Alzheimer disease. Frontiers in molecular neuroscience, 7, 46.  
 
Llorens-Martin, M., Torres-Aleman, I., & Trejo, J. L. (2008). Growth factors as 

mediators of exercise actions on the brain. Neuromolecular medicine, 10(2), 99-
107.  

 
Lorenzo, A., & Yankner, B. A. (1994). Beta-amyloid neurotoxicity requires fibril 

formation and is inhibited by congo red. Proceedings of the National Academy of 
Sciences, 91(25), 12243-12247.  

 
Luppi, C., Fioravanti, M., Bertolini, B., Inguscio, M., Grugnetti, A., Guerriero, F., . . . 

Marazzi, E. (2009). Growth factors decrease in subjects with mild to moderate 
Alzheimer's disease (AD): potential correction with dehydroepiandrosterone-
sulphate (DHEAS). Archives of gerontology and geriatrics, 49, 173-184.  

 
Manczak, M., Kandimalla, R., Yin, X., & Reddy, P. H. (2018). Hippocampal mutant APP 

and amyloid beta-induced cognitive decline, dendritic spine loss, defective 
autophagy, mitophagy and mitochondrial abnormalities in a mouse model of 
Alzheimer’s disease. Human molecular genetics, 27(8), 1332-1342.  

 
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. Developmental neurobiology, 72(6), 
943-952.  

 
Mattson, M. P. (2012). Evolutionary aspects of human exercise—born to run 

purposefully. Ageing research reviews, 11(3), 347-352.  
 
McCusker, R. H., McCrea, K., Zunich, S., Dantzer, R., Broussard, S. R., Johnson, R. W., 

& Kelley, K. W. (2006). Insulin-like growth factor-I enhances the biological 
activity of brain-derived neurotrophic factor on cerebrocortical neurons. Journal 
of neuroimmunology, 179(1), 186-190.  

 



	

43	

Michalski, B., & Fahnestock, M. (2003). Pro-brain-derived neurotrophic factor is 
decreased in parietal cortex in Alzheimer’s disease. Molecular Brain Research, 
111(1), 148-154.  

 
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.  

 
Morimoto, T., Miyoshi, T., Matsuda, S., Tano, Y., Fujikado, T., & Fukuda, Y. (2005). 

Transcorneal electrical stimulation rescues axotomized retinal ganglion cells by 
activating endogenous retinal IGF-1 system. Investigative ophthalmology & 
visual science, 46(6), 2147-2155.  

 
Muyllaert, D., Kremer, A., Jaworski, T., Borghgraef, P., Devijver, H., Croes, S., . . . Van 

Leuven, F. (2008). Glycogen synthase kinase-3β, or a link between amyloid and 
tau pathology? Genes, Brain and Behavior, 7(s1), 57-66.  

 
Nigam, S. M., Xu, S., Kritikou, J. S., Marosi, K., Brodin, L., & Mattson, M. P. (2017). 

Exercise and BDNF reduce Aβ production by enhancing α-secretase processing of 
APP. Journal of neurochemistry, 142(2), 286-296.  

 
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. Neurobiology of aging, 24(8), 1063-1070.  

 
Olson, L., & Humpel, C. (2010). Growth factors and cytokines/chemokines as surrogate 

biomarkers in cerebrospinal fluid and blood for diagnosing Alzheimer’s disease 
and mild cognitive impairment. Experimental gerontology, 45(1), 41-46.  

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

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

 
Phillips, C., Baktir, M. A., Srivatsan, M., & Salehi, A. (2014). Neuroprotective effects of 

physical activity on the brain: a closer look at trophic factor signaling. Frontiers 
in cellular neuroscience, 8, 170.  

 
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.  

 
Pike, C. J., Burdick, D., Walencewicz, A. J., Glabe, C. G., & Cotman, C. W. (1993). 

Neurodegeneration induced by beta-amyloid peptides in vitro: the role of peptide 
assembly state. Journal of Neuroscience, 13(4), 1676-1687.  

 



	

44	

Raefsky, S. M., & Mattson, M. P. (2017). Adaptive responses of neuronal mitochondria 
to bioenergetic challenges: Roles in neuroplasticity and disease resistance. Free 
Radical Biology and Medicine, 102, 203-216.  

 
Rivera, E. J., Goldin, A., Fulmer, N., Tavares, R., Wands, J. R., & de la Monte, S. M. 

(2005). Insulin and insulin-like growth factor expression and function deteriorate 
with progression of Alzheimer's disease: link to brain reductions in acetylcholine. 
Journal of Alzheimer's Disease, 8(3), 247-268.  

 
Rockenstein, E., Torrance, M., Adame, A., Mante, M., Bar-On, P., Rose, J. B., . . . 

Masliah, E. (2007). Neuroprotective effects of regulators of the glycogen synthase 
kinase-3β signaling pathway in a transgenic model of Alzheimer's disease are 
associated with reduced amyloid precursor protein phosphorylation. Journal of 
Neuroscience, 27(8), 1981-1991.  

 
Salehi, Z., Mashayekhi, F., & Naji, M. (2008). Insulin like growth factor-1 and insulin 

like growth factor binding proteins in the cerebrospinal fluid and serum from 
patients with Alzheimer's disease. Biofactors, 33(2), 99-106.  

 
Schwarz, A. J., Brasel, J., Hintz, R. L., Mohan, S., & Cooper, D. (1996). Acute effect of 

brief low-and high-intensity exercise on circulating insulin-like growth factor 
(IGF) I, II, and IGF-binding protein-3 and its proteolysis in young healthy men. 
The Journal of Clinical Endocrinology & Metabolism, 81(10), 3492-3497.  

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

Nielsen, H. B. (2010). Endurance training enhances BDNF release from the 
human brain. American Journal of Physiology-Regulatory, Integrative and 
Comparative Physiology, 298(2), R372-R377.  

 
Selkoe, D. J. (2001). Alzheimer's disease: genes, proteins, and therapy. Physiol Rev, 

81(2), 741-766.  
 
Spires-Jones, T. L., & Hyman, B. T. (2014). The intersection of amyloid beta and tau at 

synapses in Alzheimer’s disease. Neuron, 82(4), 756-771.  
 
Steen, E., Terry, B. M., J Rivera, E., Cannon, J. L., Neely, T. R., Tavares, R., . . . de la 

Monte, S. M. (2005). Impaired insulin and insulin-like growth factor expression 
and signaling mechanisms in Alzheimer's disease–is this type 3 diabetes? Journal 
of Alzheimer's Disease, 7(1), 63-80.  

 
Summers, S., & Birnbaum, M. (1997). A role for the serine/threonine kinase, Akt, in 

insulin-stimulated glucose uptake: Portland Press Limited. 
 
Talbot, K., Wang, H.-Y., Kazi, H., Han, L.-Y., Bakshi, K. P., Stucky, A., . . . Wilson, R. 

S. (2012). Demonstrated brain insulin resistance in Alzheimer’s disease patients is 



	

45	

associated with IGF-1 resistance, IRS-1 dysregulation, and cognitive decline. The 
Journal of clinical investigation, 122(4), 1316-1338.  

 
Tanila, H. (2017). The role of BDNF in Alzheimer's disease. Neurobiology of disease, 97, 

114-118.  
 
Um, H.-S., Kang, E.-B., Koo, J.-H., Kim, H.-T., Kim, E.-J., Yang, C.-H., . . . Cho, J.-Y. 

(2011). Treadmill exercise represses neuronal cell death in an aged transgenic 
mouse model of Alzheimer's disease. Neuroscience research, 69(2), 161-173.  

 
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 reduction of the 
pathogenic phenotypes for Alzheimer's disease in an NSE/APPsw-transgenic 
model. International journal of molecular medicine, 22(4), 529.  

 
Van Praag, H., Kempermann, G., & Gage, F. H. (1999). Running increases cell 

proliferation and neurogenesis in the adult mouse dentate gyrus. Nature 
neuroscience, 2(3), 266.  

 
Van Praag, H., Shubert, T., Zhao, C., & Gage, F. H. (2005). Exercise enhances learning 

and hippocampal neurogenesis in aged mice. Journal of Neuroscience, 25(38), 
8680-8685.  

 
Vaynman, S., Ying, Z., & Gomez-Pinilla, F. (2004). Hippocampal BDNF mediates the 

efficacy of exercise on synaptic plasticity and cognition. European Journal of 
Neuroscience, 20(10), 2580-2590.  

 
Vega, S. R., Knicker, A., Hollmann, W., Bloch, W., & Strüder, H. (2010). Effect of 

resistance exercise on serum levels of growth factors in humans. Hormone and 
metabolic research, 42(13), 982-986.  

 
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.  

 
Watanabe, T., Miyazaki, A., Katagiri, T., Yamamoto, H., Idei, T., & Iguchi, T. (2005). 

Relationship Between Serum Insulin-Like Growth Factor-1 Levels and 
Alzheimer's Disease and Vascular Dementia. Journal of the American Geriatrics 
Society, 53(10), 1748-1753.  

 
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.  

 



	

46	

Westwood, A. J., Beiser, A., DeCarli, C., Harris, T. B., Chen, T. C., He, X.-m., . . . 
Braverman, L. E. (2014). Insulin-like growth factor-1 and risk of Alzheimer 
dementia and brain atrophy. Neurology, 82(18), 1613-1619.  

 
Xie, T., Wang, W.-p., Jia, L.-j., Mao, Z.-f., Qu, Z.-z., Luan, S.-q., & Kan, M.-c. (2012). 

Environmental enrichment restores cognitive deficits induced by prenatal 
maternal seizure. Brain research, 1470, 80-88.  

 
Yarrow, J. F., White, L. J., McCoy, S. C., & Borst, S. E. (2010). Training augments 

resistance exercise induced elevation of circulating brain derived neurotrophic 
factor (BDNF). Neuroscience letters, 479(2), 161-165.  

 
Zafra, F., Castren, E., Thoenen, H., & Lindholm, D. (1991). Interplay between glutamate 

and gamma-aminobutyric acid transmitter systems in the physiological regulation 
of brain-derived neurotrophic factor and nerve growth factor synthesis in 
hippocampal neurons. Proceedings of the National Academy of Sciences, 88(22), 
10037-10041.  

 
Zempel, H., Thies, E., Mandelkow, E., & Mandelkow, E. M. (2010). Abeta oligomers 

cause local missorting of endogenous tau into dendrites, tau phosphorylation, 
destruction of microtubules and spines. Alzheimer's & Dementia: The Journal of 
the Alzheimer's Association, 6(4), S102.  

 
Zhang, X. Q., Mu, J. W., Wang, H. B., Jolkkonen, J., Liu, T. T., Xiao, T., . . . Zhao, C. S. 

(2016). Increased protein expression levels of pCREB, BDNF and SDF-1/CXCR4 
in the hippocampus may be associated with enhanced neurogenesis induced by 
environmental enrichment. Molecular medicine reports, 14(3), 2231-2237.  

 
Zhang, Y.-w., Thompson, R., Zhang, H., & Xu, H. (2011). APP processing in 

Alzheimer's disease. Molecular brain, 4(1), 3.  
 


