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ABSTRACT 

 

Over 70 million Americans inherit the strongest genetic risk factor for 

Alzheimer’s disease (AD), the E4 allele for apolipoprotein E (APOE4), but have few 

strategies to reduce their risk.  To identify markers associated with APOE genotype, we 

have examined APOE4 knock-in mice, which display deficits in spatial learning and 

dendritic spine density in the medial entorhinal cortex, an area of the brain affected early 

in AD. Here, we report new APOE4-associated phenotypes in mice: increased levels of 

post-translational modifications (PTMs) of APOE via O-linked glycosylation and 

sialylation, increased ATP-Binding Cassette Transporter A1 (ABCA1) levels, increased 

Glucose Transporter 1 (GLUT1) levels, and decreased medial temporal lobe volume.  

We examined these phenotypes after putative AD preventive drug treatments to 

investigate whether APOE4-associated phenotypes are modifiable. Epidemiology studies 

suggest that non-steroidal anti-inflammatory drugs (NSAIDs) reduce AD risk, 

particularly in APOE4-carriers. Thus, we treated APOE4 mice with NSAID ibuprofen, 

which acts as both a COX-2 inhibitor and PPAR-γ agonist. We also treated independent 

cohorts of animals with a selective COX-2 inhibitor (celecoxib) and a PPAR-γ agonist 

(pioglitazone). We found that ibuprofen fully mitigated, while celecoxib and pioglitazone 

partially mitigated, the APOE4-associated phenotypes, suggesting that both targets of 

ibuprofen are important for its effects. 
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To identify the mechanism by which APOE affects dendritic spine density and 

cognition, we also studied the APOE receptor Very Low Density Lipoprotein Receptor, 

VLDLR. We discovered that VLDLR is found at the synapse, and dendritic spine number 

was dependent on VLDLR expression. Additionally, VLDLR knockdown differentially 

regulated levels of glutamate receptor subunits. We further found that VLDLR interacts 

with the Ras signaling pathway, which is involved in spinogenesis and 

neurodegeneration, to exert its effects at the synapse.  

Importantly, these findings have relevance in human APOE4-carriers.  As seen in 

mice, alterations in PTMs of APOE and medial entorhinal cortex volume were observed 

in human APOE4 carriers. Functionally, APOE4 risk also contributed to performance on 

a memory task. These findings demonstrate that APOE4 mice are a powerful model to 

identify measures of APOE-associated AD risk, and demonstrate a mechanism by which 

ibuprofen may reduce risk of AD in APOE4 carriers. 
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CHAPTER I:  INTRODUCTION 

 

 

APOE4 is the strongest genetic risk factor for sporadic Alzheimer’s disease (AD), and is 

associated with an increase in amyloid burden and an early age of onset. AD pathological 

changes occur decades before clinical symptoms, raising questions about the precise 

onset of the disease. A convergence of approaches in mice and humans has demonstrated 

that APOE4 affects normal brain function even very early in life in the absence of gross 

AD pathological changes. Knock-in mice expressing human APOE4 have deficits in 

synaptic structure and performance on behavioral tasks. Young humans possessing 

APOE4 are more adept than APOE4 negative individuals at some behavioral tasks, and 

magnetic resonance imaging has shown that inheritance of APOE4 has specific effects on 

medial temporal brain structure and function. These findings suggest that inheritance of 

APOE4 causes life long changes to brain structure and function that may be related to the 

risk of AD.  
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A. APOE in Alzheimer’s Disease  

 

Alzheimer’s disease (AD) is a progressive neurodegenerative brain disorder that typically 

begins with memory loss. AD is the sixth leading cause of death in the United States, and 

it is the only top ten leading cause of death without a means to prevent, cure, or slow its 

progression (Alzheimer's, 2015). The disease is further characterized by a rise in 

extracellular amyloid-β plaques during the prodromal period, and an accumulation of 

intracellular tau tangles in the brain that correlates with symptom presentation. One of the 

earliest affected brain regions in the disease is the medial temporal lobe (MTL) (Braak, 

Thal, Ghebremedhin, & Del Tredici, 2011). The MTL contains the hippocampus and the 

entorhinal cortex, both of which are important in learning and memory. 

 

The neuropathological processes of AD occur up to twenty years before clinical 

symptoms of the disease. Analysis of brain amyloid imaging and CSF biomarkers 

demonstrate early deposition of amyloid in individuals with early-onset mutations in the 

amyloid precursor protein (APP), presenilin 1 or presenilin 2 genes (Bateman et al., 

2012), as well as those with the APOE4 genetic risk factor (Jansen et al., 2015). These 

findings raise the possibility of preventing clinical symptoms of AD after recognition that 

amyloid accumulation has occurred (Sperling, Mormino, & Johnson, 2014).  

 

In addition, these findings highlight the idea that AD processes occur slowly and that the 

onset of disease may begin even before it is recognized by amyloid accumulation in the 

central nervous system. Carriers of the presenilin 1 mutation show higher levels of Aβ42 
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in the CSF in childhood, as well as functional and structural changes in the brain (Quiroz 

et al., 2015). These early differences in brain structure and function may reflect processes 

that promote earlier amyloid accumulation.  

 

The strongest genetic risk for late onset Alzheimer’s disease is associated with the gene 

for apolipoprotein E (APOE).  APOE encodes for three different isoforms of a secreted 

299 amino acid protein (APOE2, APOE3, APOE4) that differ in amino acid sequence at 

positions 112 and 158 (Mahley & Rall, 2000). APOE4 is present in 25% of the US 

population and associated with a 300% increased risk of Alzheimer’s Disease (Bertram, 

McQueen, Mullin, Blacker, & Tanzi, 2007; Jansen et al., 2015), while APOE2 is present 

in about 14% of US individuals and has protective effects by decreasing risk by 60% 

(Bertram et al., 2007; Serrano-Pozo, Qian, Monsell, Betensky, & Hyman, 2015). 

Inexpensive genome sequencing and genomic testing allow individuals to easily know 

their APOE genotypes and implied AD risk early in life. Those with APOE4 alleles have 

decreased average age of amyloid and AD onset by 10-15 years per allele (Jansen et al., 

2015), and a large fraction of the genetic effect on age of onset of sporadic AD is 

accounted for by inheritance of APOE4 (Naj et al., 2014). 

 

In addition to raising disease risk, the APOE4 allele also exacerbates brain changes 

associated with AD compared to APOE3 carriers, increasing amyloid deposition and 

dysfunction of the medial temporal lobe. The APOE4 allele is associated with increased 

brain amyloid imaging in mild cognitive impairment and the early stages of AD (Caselli 

et al., 2009; Villemagne et al., 2013).  These findings are consistent with the higher levels 



	 4	

of amyloid seen overall in the post-mortem APOE4 AD brains (Nelson et al., 2013; 

Rebeck, Reiter, Strickland, & Hyman, 1993; Tai et al., 2013), in pre-mortem PET 

amyloid imaging of AD brains (Lautner et al., 2014), and in animal models of AD (J. 

Kim, Basak, & Holtzman, 2009; Tai et al., 2013; Youmans et al., 2012). Anatomically, 

APOE4 is associated with decreased hippocampal volumes in AD patients (Manning et 

al., 2014).  Cognitively, APOE4 is associated with greater memory impairment in AD, 

but reduced impairment of other functions such as executive attention, verbal fluency, 

and memory tasks (Filippini, MacIntosh, et al., 2009b; Samieri et al., 2014; Wolk, 

Dickerson, & Neuroimaging, 2010).  Thus, late in life, APOE genotype preferentially has 

effects on amyloid accumulation and medial temporal lobe dysfunction.   

 

However, APOE genotype effects are not limited to AD pathological processes late in 

life. APOE is important in brain lipid homeostasis (Huang & Mahley, 2014) and synapse 

formation (Mauch et al., 2001).  Complete knockout of APOE causes profound 

alterations in serum lipoprotein types and levels, although it does not have strong effects 

on cognition or brain structure (Mak et al., 2014).  In order to define the effects of APOE 

genotype on the normal brain, data are needed in the absence of AD pathological 

changes.  In mice, this means analyzing mouse models that have not been developed to 

study AD pathological changes (i.e., mice not transgenic for APP).  In humans, this 

means analyzing behavior in individuals with negative amyloid PET scans, or in young 

populations devoid of amyloid-positive individuals (i.e., within the first few decades of 

life). Gathering this type of data will be the first step toward identifying markers of 

APOE-associated AD risk in the normal brain. These markers will be valuable as they 
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can be used to decipher the underlying mechanism by which APOE confers AD risk. In 

particular, identifying which phenotypes are most prevalent in individuals with the 

APOE4 risk factor who subsequently develop AD compared to those who do not develop 

AD will become critical as preventive strategies are discovered. 

 

B.  APOE Genotype Effects on the Normal Brain  

Although APOE genotype is the strongest genetic risk factor for AD, the normal function 

of APOE is to transport lipids throughout the body. To do so, it binds to a family of 

receptors that undergo endocytosis upon APOE binding to carry lipids into the cell. In 

addition to participating in cholesterol transport, APOE receptors are also implicated in 

neuronal development, synaptic function, and AD.  For example, two of these receptors 

with 50% homology to one another, APOE Receptor 2 (APOER2) and Very Low Density 

Lipoprotein Receptor (VLDLR), are important for nervous system development (Beffert 

et al., 2005; Dulabon et al., 2000; D. H. Kim et al., 1996; Niu, Renfro, Quattrocchi, 

Sheldon, & D'Arcangelo, 2004).  Specifically, APOER2 and VLDLR knockout caused 

deficits in neuronal migration in the developing brain (Trommsdorff et al., 1999). Like 

APOE, mutations in VLDLR are also associated with subsequent AD risk later in life 

(Okuizumi et al., 1995).  

 

In addition to their roles in neuronal development and disease, APOE receptors are also 

implicated in synaptic function. In particular, APOER2 knockout mice demonstrate 

severe defects in long-term potentiation (LTP) and dentate granule cell organization 

while the VLDLR knockout mice have moderate defects in the hippocampus (Drakew et 
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al., 2002; Weeber et al., 2002). Moreover, APOER2 can alter dendritic spine formation 

with different cytoplasmic adaptor proteins moderating this effect (Dumanis et al., 2011). 

Blocking the function of another APOE receptor, low-density lipoprotein receptor-related 

protein-1 (LRP1), also induces deficits in the late phase of LTP (Zhuo et al., 2000) and 

decreases dendritic spine density (Liu et al., 2010). Taken together, this research suggests 

that APOE receptors could be important in synapse function and dendritic spine 

formation, and therefore, in learning and memory. In addition to its interaction with 

receptors, the APOE ligand itself could also be implicated in these functions in an 

isoform dependent manner. 

 

i.  APOE Genotype Effects on Normal Brain Function in Mice 

Several models have been created to define the effects of APOE in mice, including APOE 

knockout animals (Buttini et al., 1999; Hayek, Oiknine, Brook, & Aviram, 1994) and 

animals with APOE expressed as part of a human bacterial artificial chromosome (Raffai, 

Dong, Farese, & Weisgraber, 2001). However, the simplest model is one in which the 

human APOE alleles have replaced the murine APOE (APOE mice) (Sullivan et al., 

1997), which have the normal murine expression pattern (Sullivan, Mace, Maeda, & 

Schmechel, 2004). The specific effects of APOE4 in brain have been investigated by 

comparing human APOE4 mice with APOE3 (which is most like murine APOE) and 

APOE2 knock-in mice. APOE4 mice have no gross AD pathology, such as amyloid 

plaques and neurofibrillary tangles (Wang et al., 2005), although there is evidence of 

intraneuronal Aβ42 and phospho-tau in hippocampal subfields (Liraz, Boehm-Cagan, & 
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Michaelson, 2013).  Thus, APOE mice are a good in vivo model to study the effects of 

APOE alleles in the normal brain lacking classical AD pathological changes. 

 

a. Effects of APOE Genotype on Mouse Behavior 

APOE4 mice have deficits in spatial learning as measured by the Barnes Maze 

(Rodriguez, Burns, Weeber, & Rebeck, 2013) and the Morris Water Maze (Salomon-

Zimri, Boehm-Cagan, Liraz, & Michaelson, 2014), assays dependent on hippocampal 

function.  Female APOE4 mice are more vulnerable to memory and behavioral deficits 

than the male mice (Bour et al., 2008; Raber et al., 1998; Raber et al., 2000; Siegel, 

Haley, & Raber, 2012).  The APOE4 mice also show an increased risk of seizures and 

synchronous hippocampal neurons firing, as well as a greater sensitivity to treatment with 

pentylenetetrazol to induce seizures (Hunter et al., 2012). Overall, these studies 

demonstrate that APOE4 mice have impairments in behavior dependent on the 

hippocampus. 

 

b. Effects of APOE Genotype on Mouse Brain Structure   

Neuronal structure has been investigated in APOE mice with biocytin filling of neurons, 

Golgi staining, and immunohistochemistry.  Neurons from APOE4 mice have simpler 

structures compared to APOE3 mice in the amygdala (Wang et al., 2005), cortical layers 

II/III (Dumanis et al., 2009), and entorhinal cortex (Rodriguez et al., 2013).  These 

differences are observed in young mice (from one to seven months of age) (Dumanis et 

al., 2009; Rodriguez et al., 2013; Wang et al., 2005).  In older mice (16 months), APOE4 

mice have fewer inhibitory neurons in the hippocampal hilus (Andrews-Zwilling et al., 
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2010).  Together, these data show gross changes to neuronal morphology of cells 

throughout the brains of mice expressing APOE4. 

 

c. Effects of APOE Genotype on Mouse Brain Function 

The behavioral and structural differences observed in APOE4 mice also have functional 

correlates in the brain.  Post-synaptically, APOE4 mice have reduced spontaneous 

excitatory postsynaptic currents in the amygdala (Wang et al., 2005). APOE mice show 

alterations in LTP in different subregions of the hippocampus related to the N-Methyl-D-

Aspartate glutamate receptor (NMDAR)-dependent signaling pathway. APOE4 mice 

show increased LTP in the mossy fibers compared to APOE2 mice (Korwek, Trotter, 

Ladu, Sullivan, & Weeber, 2009), while APOE4 and APOE2 mice have reduced LTP 

compared to APOE3 mice in the dentate gyrus (Trommer et al., 2004).  In addition, an 

increase in NMDAR-related signaling in the APOE4 mice is observed across the 

hippocampus (Korwek et al., 2009). An age dependent difference in levels of the 

phosphorylated form of one of the NMDAR subunits was also observed in APOE4 mice 

(Yong, Lim, Low, & Wong, 2014), an effect that may be due to changes in levels of the 

APOE receptor LRP1 (Yong et al., 2014). 

 

Studies also demonstrate pre-synaptic differences based on APOE genotype.  Compared 

to APOE2 and APOE3 mice, APOE4 mice have altered levels of the vesicular glutamate 

transporter, VGLUT1 (Dumanis, DiBattista, Miessau, Moussa, & Rebeck, 2013; Liraz et 

al., 2013).  These effects are related to the diet of the animals: a diet high in fat results in 

APOE4 mice with lowered VGLUT1 levels (Kariv-Inbal et al., 2012; Liraz et al., 2013), 
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while APOE4 mice fed a normal diet have increased VGLUT1 levels (Dumanis et al., 

2013). Since APOE is a lipid transporter, fat content in the diet may alter the pathological 

effects of APOE4 (Kariv-Inbal et al., 2012). APOE4 mice also have increased brain 

glutamine levels and decreased levels of glutaminase, the enzyme responsible for the 

conversion of glutamine to glutamate (Dumanis et al., 2013). Interestingly, several of the 

pre-synaptic differences observed are related to the glutamate cycle, suggesting that 

APOE4 may be disrupting the normal cycling of glutamate prior to AD onset (Barger, 

2013). 

 

Together, the studies of APOE4 mice show that, at an early age, APOE4 alters brain 

biochemistry, reduces dendritic spine density, and produces some deficits in behavior, 

with a particular sensitivity of hippocampal regions. 

 

ii. APOE Genotype Effects on Normal Brain Function in Humans 

Although knock-in mice allow easy analysis of brains homozygous for specific APOE 

alleles, human studies of the effects of APOE genotype have relied mostly on APOE4 

heterozygotes.  While APOE4/APOE4 homozygotes are common in AD populations 

(approximately one tenth of AD patients in research studies (Ward et al., 2012)), they 

comprise less than two percent of general populations (Farrer et al., 1997). 

APOE3/APOE3 homozygotes comprise 50-75% of control populations (Farrer et al., 

1997), and are used as a typical comparison group. 
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a. Effects of APOE Genotype on Human Behavior 

There are few studies on the effects of APOE genotype on behavior in humans 

((Acevedo, Piper, Craytor, Benice, & Raber, 2010; Berteau-Pavy, Park, & Raber, 2007; 

Haley, Berteau-Pavy, Parkv, & Raber, 2010; Yasen, Raber, Miller, & Piper, 2015), with 

somewhat inconsistent results, perhaps due to confounding effects of age and sex. APOE 

genotype has no effect on measures of general intelligence (Luck et al., 2015; Pendleton 

et al., 2002; Taylor et al., 2011; Yu, Lin, Chen, Hong, & Tsai, 2000), or ability to 

perform Memory Island, mental rotation, and spatial span tasks (Yasen et al., 2015). 

However, for some measures, APOE4 is associated with behavioral deficits: APOE4-

positive children have poorer immediate and delayed recall on the Family Pictures test 

and worse spatial memory retention on the Memory Island test, with an effect of sex 

(Acevedo et al., 2010). However, in several behavioral tasks, APOE4 confers an 

advantage: college-aged APOE4 carriers perform better in executive attention, verbal 

fluency, and memory tasks (Jochemsen, Muller, van der Graaf, & Geerlings, 2012; 

Mondadori et al., 2007; J. M. Rusted et al., 2013; Tuminello & Han, 2011). This positive 

effect at a young age of a characteristic that is detrimental in old age is known as 

antagonistic pleiotropy (J. Rusted & Carare, 2015; Tuminello & Han, 2011). An 

advantage of APOE4 at a young age could help explain its persistence in the human 

population despite slightly negative effects on lipid levels and an increased risk of 

coronary artery disease after the peak reproductive age (Bennet et al., 2007). 

 

Any behavioral advantages of APOE4 dissipate by middle age, with impairments evident 

in old age; these effects may be due to the early accumulation of amyloid in APOE4 
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subjects (Jansen et al., 2015). APOE4-positive elderly subjects score lower on novel 

image and novel location tests and spent less time in the target quadrant, suggesting that 

APOE4 impairs object recognition and spatial memory (Berteau-Pavy et al., 2007).  In 

addition, APOE4 carriers show poorer performance in a measure of executive function 

(Luck et al., 2015). APOE may also affect the risk of seizures prior to the development of 

AD. Seizures are common in later stages of sporadic AD, and the onset of seizures is 

associated with earlier onset of AD or dementia. Seizures are more common in early-

onset, more aggressive forms of AD, including Down’s syndrome (Vossel et al., 2013). 

Inheritance of APOE4 may lead to earlier onset of chronic seizures (Briellmann et al., 

2000) and increase the risk of epilepsy after traumatic brain injury (Diaz-Arrastia et al., 

2003).  

 

b. Effects of APOE Genotype on Human Brain Structure 

Consistent with the more extensive data in mouse brains, hippocampal neurons from 

healthy APOE3/APOE4 humans in their eighties (without imaging or CSF evidence of 

amyloid) have lower dendritic spine density (Ji et al., 2003). APOE4 carriers at birth have 

reduced grey matter volume in temporal areas and increased grey matter volume in 

frontal areas, suggesting early developmental differences in brain structure (Dean et al., 

2014; Knickmeyer et al., 2014). In young healthy APOE4 carriers (average age of 20-25 

years), white and grey matter volumes in the medial temporal lobe (MTL) are either 

larger (DiBattista, Stevens, Rebeck, & Green, 2014) (Chapter VI); unchanged (Dennis et 

al., 2010; Filippini, Rao, et al., 2009; Matura et al., 2014; Mondadori et al., 2007) or 

smaller (Alexopoulos et al., 2011; O'Dwyer et al., 2012). In middle-aged adults, however, 
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no differences are seen in the cortex of temporal regions or in the hippocampus, although 

APOE4 carriers have thinner frontal cortices, while APOE2 carriers have thicker 

parahippocampal cortices (Espeseth et al., 2008; Fennema-Notestine et al., 2011). As the 

average age of subjects increase from 40 to 65 years of age, MTL volumes in APOE4 

carriers decrease compared to non-APOE4 carriers (Alexander et al., 2012; Espeseth et 

al., 2008; Wishart et al., 2006). In later ages, APOE4 is associated with accelerated brain 

atrophy in the MTL with AD (Fei & Jianhua, 2013; Shen et al., 2010; Thomann et al., 

2008). Overall, these data suggest that the MTL develops differently in APOE4 carriers 

from birth, and that by young adulthood, the differences in the MTL begin to disappear 

and eventually MTL decreases in APOE4 individuals as AD pathologies develop.   

 

c. Effects of APOE Genotype on Human Brain Function   

Like behavior, brain function in APOE4 carriers may also be altered prior to AD 

symptom onset. FDG-PET studies in healthy individuals show reduced glucose 

utilization in APOE4 positive individuals (Knopman et al., 2014; Reiman et al., 2001; 

Scarmeas et al., 2004). In college-aged APOE4 carriers, H2
15O PET uptake is decreased 

in the left right superior temporal and left fusiform gyri, but increased in the left middle 

temporal and right transverse temporal gyri during a non-verbal memory task (Scarmeas 

et al., 2005). As aging progresses, these increases disappear. Subjects 50-63 years of age 

with a family history of AD have a decline in glucose metabolism in the temporal cortex 

and parahippocampal gyrus when imaged before and after a 2 year interval (Reiman et 

al., 2001).  During a non-verbal memory task, cognitively intact elderly APOE4 carriers 

have altered temporal lobe activation as measured by H2
15O PET (Scarmeas et al., 
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2004).  In a study of cognitively normal subjects of 30-95 years of age, APOE4 carriers 

have a lower uptake of FDG-PET in several brain regions, including the temporal lobe 

(Knopman et al., 2014).  However, APOE4 carriers who were highly active and exercised 

regularly have greater temporal lobe activation when compared to sedentary carriers 

(Deeny et al., 2008), implying that behavior and lifestyle influence functionality of the 

brain. Thus, PET imaging studies suggest that brain activation may be increased in select 

brain areas in young APOE4 carriers, but decreased in healthy older APOE4 carriers.  

 

Functional magnetic resonance imaging (fMRI) studies found an increased level of brain 

activity in the default mode network in APOE4 individuals at 20-35 years old in the 

medial temporal lobe (Filippini, MacIntosh, et al., 2009b). This study also found more 

activation in the hippocampus in APOE4 carriers during an encoding task (Filippini, 

MacIntosh, et al., 2009b).  Another study showed increased activation in the 

parahippocampus and precuneus in APOE4 carriers 18-30 years of age (J. M. Rusted et 

al., 2013). Furthermore, young APOE4 carriers perform as well as, or better than, non-

carriers in behavioral studies (Alexander et al., 2012; Green et al., 2014; Jochemsen et al., 

2012; J. M. Rusted et al., 2013). In contrast, older APOE4 adults (approximately 60 years 

of age) have increased activity in the medial temporal lobe, but worse behavioral 

performance in a contextual memory task (Kukolja, Thiel, Eggermann, Zerres, & Fink, 

2010). Older APOE4 adults also show increased activity in the superior temporal gyrus, 

supramarginal gyrus and insula, and decreased activity in the posterior cingulate cortex 

and precuneus (Patel et al., 2013).  One study recapitulated these findings in the same 

experiment, concluding that brain activation is increased in younger APOE4 carriers but 
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decreased in older APOE4 carriers (Filippini et al., 2011). These differences seen in aging 

may be exacerbated as task difficulty changes. In a low demand working memory task, 

healthy middle-aged APOE4 carriers have more instances of higher activation compared 

to non-carriers, but this disappears during moderate to high demand tasks (C. J. Chen et 

al., 2013). These studies suggest that APOE4 carriers have increased brain activities, 

which decrease with task difficulty and aging. 

  

Together, the studies in humans show that the effect of APOE4 on brain structure and 

function is age dependent. APOE4 carriers have an advantage in behavioral tasks in 

young adulthood that disappears by old age.  Brain function follows this pattern as 

APOE4 carriers in middle age have greater brain activation, but equal or worse 

behavioral performance.  By old age, APOE4 carriers have increased brain activity as a 

compensatory response in those regions which remain intact, but lower brain activity in 

regions of the brain affected by AD. 

 

C. Mechanisms of APOE Genotype Effects 

The consistent findings in studies of mouse models and young humans suggest several 

hypotheses of how APOE genotype may affect normal brain function. Three considered 

here are that: 1) APOE genotype affects levels of APOE isoforms, 2) APOE genotype 

affects the integrity of the blood brain barrier, and 3) APOE genotype affects 

inflammation in the brain prior to the development of AD pathological changes.  
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i. Levels of APOE Isoforms 

In mice, APOE4 protein is reproducibly found at lower levels in the brain and blood 

compared to APOE3 or APOE2 (Riddell et al., 2008; Sullivan et al., 2011; Yong et al., 

2014), although levels of APOE mRNA are unaffected (Sullivan et al., 2011). Lower 

APOE4 levels could be due to impaired folding and increased degradation of APOE4 in 

astrocytes compared to APOE2 and APOE3 (Zhong & Weisgraber, 2009). In humans, 

APOE4 is associated with lower APOE levels and APOE2 with higher APOE levels in 

both CSF (Cruchaga et al., 2012), and in plasma (Cruchaga et al., 2012; Martinez-Morillo 

et al., 2014). Levels of CSF and plasma APOE did not correlate well with each other, but 

CSF APOE levels are correlated to CSF Aβ42 levels (Cruchaga et al., 2012). In a large 

prospective study, low plasma APOE levels correlate with increased risk of AD, 

controlling for APOE genotype (Rasmussen, Tybjaerg-Hansen, Nordestgaard, & Frikke-

Schmidt, 2015). These studies suggest that APOE4 may contribute to increased AD risk 

through reductions in APOE levels and its normal functions, particularly clearance of 

debris (including amyloid) and normal transport of cholesterol. 

 

ii. Blood Brain Barrier 

Alterations in the blood brain barrier (BBB) could impair processes important to normal 

brain function, such as the import of glucose and essential fatty acids.  APOE is able to 

cross the BBB and can carry other molecules such as nanoparticles and drugs across the 

barrier (Zensi et al., 2009). APOE knockout mice have an impaired blood brain barrier 

(Hafezi-Moghadam, Thomas, & Wagner, 2007; Nishitsuji, Hosono, Nakamura, Bu, & 
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Michikawa, 2011); APOE4 mice also show impairment of the BBB after stress 

(Nishitsuji et al., 2011).  APOE promotes the stability of the BBB through interactions 

with APOE receptors (Michaelis et al., 2006).  Changes in glucose metabolism due to an 

impaired BBB could explain differences in glucose metabolism seen in APOE4 mice 

(Alata, Ye, St-Amour, Vandal, & Calon, 2015; Dumanis et al., 2013) and reduced 

glucose utilization in APOE4 positive humans (Small et al., 2000). The impaired BBB 

could also result in differences in docosahexaenoic acid transport, as evidenced by more 

docosahexaenoic acid in the plasma of APOE4 mice and in the cortex of APOE2 mice 

(Vandal et al., 2014). Reduction in essential nutrients throughout life could leave neurons 

sensitive to the damages late in life associated with accumulation of Aβ. 

 

iii. Neuroinflammation 

Functional APOE could also protect the brain from inflammatory processes.  APOE 

reduces the inflammatory responses of macrophages (Li, Ching, Luk, & Raffai, 2015; 

Vitek, Brown, & Colton, 2009) and microglia (Pocivavsek, Burns, & Rebeck, 2009).  

Reductions in APOE levels in APOE4 animals is thus consistent with APOE4 animal 

susceptibility to brain damage related to inflammatory processes such as experimental 

autoinflammatory encephalitis (Tu et al., 2009), traumatic brain injury (Friedman et al., 

1999), and lipopolysaccharide exposure (Vitek et al., 2009; Y. Zhu et al., 2012). 

Although there are no studies yet of the effect of APOE genotype on inflammatory 

processes in normal brains, chronic low-level brain inflammation in the presence of 

APOE4 could leave the brain more susceptible to injuries that accumulate with aging 

(Colton et al., 2004; Vitek et al., 2009).  This hypothesis would suggest that anti-
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inflammatory approaches may be more effective in protecting humans with APOE4 from 

brain damages. Indeed, the protective effects of non-steroidal anti-inflammatory drugs 

(NSAIDs) against risk of AD are strongest in individuals with APOE4 (Szekely et al., 

2008). 

 

APOE genotype now is recognized as the major genetic risk factor of sporadic AD 

(Genin et al., 2011; Strittmatter et al., 1993). APOE genotype also affects normal brain 

function early in life before the age when brain amyloid typically accumulates.  Whether 

these early effects of APOE are related to the later development of AD is unknown, but, 

importantly, several of these effects are altered by diet or drugs.  Studies of animal 

models of APOE4-risk without gross AD pathology, along with studies of APOE4 

positive individuals early in life, could lead to the identification of new biomarkers not 

associated with AD pathological changes. These biomarkers would allow very early 

preventative therapies to be tested first in an APOE animal model, and subsequently in 

older APOE4 positive asymptomatic individuals. 
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CHAPTER II: METHODS 

 
A.  Mice 

 
APOE Mice.  Male and female C57BL/6J mice expressing human APOE3 or APOE4 

under the control of the endogenous murine APOE promoter were used (APOE3 and 

APOE4 mice (Sullivan et al., 1997)). Analyses of brain phenotypes associated with 

APOE4 were performed in age-matched mice at four ages: 5-6 months, 8 months, 12 

months, and 22 months. For analysis of the effects of ibuprofen treatment, additional 

cohorts of animals were fed a control diet (Purina Rodent Chow, #5001, C11000; 

Research Diets Inc., New Brunswick, NJ, USA) or the identical diet containing 375 ppm 

ibuprofen (C12694) for 2 months beginning at 8 weeks of age, or 1 week beginning at 23 

weeks of age ad libitum. Other cohorts were also fed the same control diet, or an identical 

diet containing 240 ppm pioglitazone (C13418) for 1 week beginning at 23 weeks of age, 

or 120 ppm celecoxib (C12693) for 2 months beginning at 8 weeks of age ad libitum. The 

dosages were chosen based on previously published studies (Heneka et al., 2005; Varvel 

et al., 2009).  

 

Wild-type and VLDLR Knockout Mice. VLDLR knockout mice were raised from stocks 

originally created through targeted gene deletion (Frykman, Brown, Yamamoto, 

Goldstein, & Herz, 1995). All VLDLR experiments used wild-type littermates as controls. 

The animals were provided a standard rodent chow diet (Diet 7001, Harlan Teklad, 

Madison, WI) and water ad libitum.  
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B.  Tissue Homogenization and Processing 

Animals were transcardially perfused with phosphate-buffered saline solution and 

euthanized. Brain cortex and hippocampi were dissected and homogenized using a 

dounce homogenizer in Tris-buffered saline (TBS) buffer (50mM Tris-HCl, 150 mM 

NaCl, 1x protease and phosphatase inhibitor cocktails, pH 7.4) at 4°C. Homogenates 

were centrifuged at 100,000 x g at 4°C for 45 min, and the supernatant solutions were 

collected as the TBS-soluble fractions. The insoluble pellets were sonicated following 

resuspension in TBS-X buffer (50mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 1x 

protease and phosphatase inhibitor cocktails, pH 7.4) at 4°C, and centrifuged at 100,000 x 

g at 4°C for 45 min. These supernatant solutions were collected as the TBSX-soluble 

fractions. Because ionic detergents (such as SDS) allow new micelle formation, we used 

the non-ionic detergent Triton X-100 in the TBSX solubilization to allow for the isolation 

of APOE associated with its lipid components (Youmans et al., 2011). Total protein 

concentrations were measured using the BCA Protein Assay Kit (Pierce, Rockford, IL, 

USA). 

 

C.  Western Blot and Two-Dimensional (2D) Gel Electrophoresis 

For immunoblots, 20 µg of TBS-soluble or TBSX-soluble brain proteins were used. 

During SDS-PAGE, an equal volume of LDS sample buffer (NuPAGE, Thermo Fisher 

Scientific) with 10% β-mercaptoethanol was added to each sample. Samples for which 

APOE was measured were heated to 95°C for 5 min. During Native –PAGE, samples 

were prepared using NativePAGE 4X Sample Buffer (Life Technologies, Grand Island, 

NY, USA), and were not heated.  Samples were subjected to gel electrophoresis and 



	 20	

separated by size (Western blot) or isoelectric point and size (2D gel electrophoresis). 

Separated proteins were transferred to nitrocellulose (Western blot) or PVDF (2D gel 

electrophoresis) membranes and incubated in blocking buffer (5% non-fat dry milk in 

TBS with 0.05% Tween 20 (TBS-T)) for 1 hr at room temperature, or 3 days at 4°C for 

Native-PAGE. Primary antibodies were diluted 1:1000 in blocking buffer and incubated 

overnight at 4°C. Membranes were washed 3x in TBS-T. The appropriate horseradish 

peroxidase-conjugated secondary antibody was diluted 1:5000 in blocking buffer and 

incubated at room temperature for 1 hr. Membranes were then washed 3x in TBS-T. 

SuperSignal West DURA luminol/enhancer solution (Pierce, Rockford, IL, USA) was 

added to membranes for 5 min. As a negative control, blots were analyzed in the absence 

of primary antibody to define endogenous mouse antibody bands detected by secondary 

antibodies. Images were captured using radiography film, and band density was 

quantified using densitometry analysis of the mean grey value for each band in ImageJ 

software (NIH, Bethesda MD, USA). 

 

D.  Dendritic Spine Quantification 

In vivo.  Four to six-month old APOE4 mice were treated with 375 ppm ibuprofen or 

control diets for 1 week or 2 months (n=4 animals/treatment group). Four to six-month 

old APOE4 mice were also treated with control diets, 120 ppm celecoxib for 2 months, or 

240 ppm pioglitazone for 1 week (n=6 animals/treatment group). Dendritic spines were 

counted in Golgi-stained brains in the medial entorhinal cortex (MEC) along apical 

oblique (AO) dendrites (20 micron sections) and basal shaft (BS) dendrites (10 micron 

sections). Dendritic spine density was measured as dendritic spine count divided by the 
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length of the dendritic segment. A minimum of 30 dendritic segments were analyzed per 

dendritic region (AO vs BS) / treatment group. When analyzing dendritic segments, at 

least five neurons were measured and averaged per animal, and equal numbers of male 

and female mice were obtained from each cohort.   

In vitro.  For quantification of spine number, images of the dendritic shaft were collected 

at 63x magnification in the GFP channel. Groups were coded to prevent bias, and 

dendritic spines were counted on 100 µm dendritic segments (one to three dendritic shafts 

per neuron). The numbers of spines were divided by the length measured to measure the 

density along the dendritic shaft. The spine measurements were collected from at least 8 

neurons per group. For each construct, individual spine measurements were first grouped 

and averaged per neuron; means from several neurons were then averaged to obtain a 

population mean (presented as mean ± SEM). 

 

E.  Barnes Maze 

Apparatus  

Mice were trained to locate one of twenty equidistant circular holes (50 mm diameter) 

along the perimeter of a raised circular platform (white polyethylene, 915 mm diameter, 

115 cm height), designated as the target hole (TH) (San Diego Instruments, San Diego, 

CA, USA). The TH was the only hole that allowed the animal to enter an escape chamber 

(108 mm x 55 mm x 55 mm) beneath the maze. Standard Barnes maze procedures were 

modified to enhance spatial learning and memory. Briefly, 78-dB white noise and bright 

overhead lighting (10.8 x 102 lux) was used to motivate animals to learn the location of 

the TH. Visual cues were placed on the floor and walls of the testing suite as landmarks. 
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We previously used this task to identify behavioral differences between APOE3 and 

APOE4 mice (Rodriguez et al., 2013). 

 

Habituation and Open Field Testing 

Six-month old (16 female/16 male) APOE mice were fed an ibuprofen or control diet for 

2 months prior to testing. I conducted all phases of testing, blinded to APOE status and 

treatment groups. Each mouse was handled daily for 5 consecutive days prior to testing 

for 5 minutes each. On the next day, animals were habituated to the Barnes maze testing 

conditions with a free exploration time of 120 sec before gentle guidance to a target hole 

(TH). This exploration time also served as an open field test during which several 

parameters were measured: total distance traveled, time spent in center of apparatus, and 

average speed. Animals were given an additional 120 sec inside of the TH before 

returning to their home cages. 

 

Spatial Learning and Memory 

One day following habituation, mice were trained to locate the TH during four days of 

spatial acquisition training (“spatial learning phase”, 4 trials/day, inter-trial interval = 30 

min, 16 trials total). Animals were placed underneath an opaque box at the center of the 

maze for 10 sec before the beginning of each trial. Each trial lasted a maximum of 180 

sec. Trials were terminated when an animal entered the TH. If the animal did not locate 

the TH within 180 sec, the animal was gently guided to the TH, and allowed to remain 

there for 120 seconds before returning to the home cage. The TH location differed 

between the habituation and spatial acquisition phases. Primary latency (time to enter the 
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TH) served as an indicator of spatial learning. Spatial memory was assessed via probe 

trials 24 and 72 hours following the final training day. During this phase, the TH was 

closed, and primary latency (time to first nose-poke in the former location of the TH) was 

measured. After each trial for each animal, the Barnes maze apparatus was thoroughly 

washed with a dilute soap solution followed by water to remove any residual odor. 

 

F.  Small Animal Imaging 

Image Acquisition.  Each mouse was anaesthetized with isoflurane (3% for initial 

induction and 2.0% during MRI scanning for maintenance) in a gas mixture of 30% O2 

and 70% N2. All MRI data were acquired using a 7.0-T Bruker Biospect with a 23 mm in 

diameter birdcage coil that was designed to image the mouse brain. T2-weighted high 

resolution 3D images were obtained using a T2-weighted rapid acquisition with 

refocused echoes (RARE) sequence with the following parameters: repetition time = 

2500 ms, effective echo time = 36 ms, RARE factor = 12, flip angle = 90 degrees, field of 

view = 17.5 × 17.5 x 20 mm3, matrix size = 190 × 190 x 170, spatial resolution 92 x 92 x 

118 mm3 in 1h46m. Images were acquired and reconstructed using ParaVision 5.1. 

Data Analysis.  The voxel-by-voxel two-sample t-test was tested for group-wise 

differences in the grey matter (GM) maps across the whole brain in the SPMMouse 

toolbox.  A whole brain analysis were reformed with a significance level of p < 0.01, 

uncorrected for multiple comparisons. 

Image Processing.  Bruker dicom files were converted to .nii file using mricron. Images 

were skull-stripped using the brain extraction tools within MIPAV 7.1.1 software. Images 

were resized by a factor of 10 with the Statistical Parametric Mapping 5/8 (SPM5/8) 
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running on Matlab and were initially aligned to the mouse brain template from 

SPMMouse. Images were further registered to the template with affine registration. Each 

image was segmented into GM, white matter and cerebrospinal fluid using SPMMouse, 

based on the unified segmentation algorithm. For the DARTEL (diffeomorphic 

anatomical registration through exponentiated lie algebra) template creation steps, the 

unmodulated GM maps were used for creating templates with the SPM8 toolbox. All of 

the individual GM maps were spatially normalized onto the DARTEL template space. 

Finally, all of the individual GM maps were smoothed with a 5 mm FWHM Gaussian 

kernel for the resized images.  

 

G.  Cell Lines and Culture Conditions 

COS7 cells (Lombardi Co-Resources Cancer Center, Georgetown University, 

Washington DC, USA) were maintained in Opti-MEM (Invitrogen, Carlsbad, CA, USA) 

with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) in a 5% CO2 

incubator. To examine the effect on cell surface levels of VLDLR by RasGRF1, COS7 

cells were transiently transfected with VLDLR + Vector or VLDLR + RasGRF1, with 

using FuGENE 6 (Roche, Indianapolis, IN, USA) according to the manufacturer’s 

protocol. After 24 hours, cell surface biotinlyation was conducted as previously described 

(Dumanis et al., 2011). 

 

H.  Antibodies 

The following antibodies were used: mouse anti-APOE (D6E10, ab1906, Cambridge, 

MA, USA), mouse anti-ABCA1 (HJ1, NB1002068, Novus Biologicals, Littleton, CO, 



	 25	

USA), rabbit anti-GLUT1 (ab652, Abcam, San Francisco, CA, USA), goat anti-GFAP 

(SC-6170, Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-tubulin (Sigma, St. 

Louis, MO, USA), mouse anti-β-actin (Sigma, St. Louis, MO, USA), anti-PSD-95 

(Chemicon Billerica, MA), anti-GFP (Invitrogen Carlsbad, CA, USA), beta-actin 

(Chemicon, Temecula, CA, USA), anti-GluA1 (Calbiochem. Darmstadt, Germany), anti-

GluA2 (Chemicon, Billerica, MA), anti-c-myc (Abcam, San Francisco, CA, USA), anti-

synaptophysin (Sigma, St. Louis, MO), anti-VLDLR (5F3, generous donation from Dr. 

Dudley Strickland; IIII, generated in the laboratory of Dr. Guojun Bu; 74, generous gift 

from Dr. Joachim Herz), anti-GluN1 (Neuromab, US Davis, Davis, CA, ISA), anti-

GluN2A (Chemicon Temecula, CA, USA), anti-GluN2B (Neuromab, UC Davis, Davis, 

CA, USA), anti-Ras (BD Biosciences, San Jose, Ca, USA), anti-RasGRF1 (BD 

Biosciences, San Jose, CA, USA, Santa Cruz Biotechnology, Santa Cruz, CA), anti-

CaMKIIa (Abcam San Francisco, CA, USA), anti-p-CaMKIIa (Abcam San Francisco, 

CA, USA),  CaMKIIb (Abcam San Francisco, CA, USA). 

 

I.  Primary Neuronal Culture and Transfection 

Hippocampal neurons from embryonic day 18–19 Sprague–Dawley rats (Rattus 

Norvegicus) were cultured at 150 cells/mm2 as described (Pak, Yang, Rudolph-Correia, 

Kim, & Sheng, 2001). Please note that these are mixed cultures, as no glial inhibitor is 

added to the media. To test the effect of VLDLR on spinogenesis, primary hippocampal 

neurons were transfected with GFP + vector, GFP + VLDLR, or GFP + VLDLR shRNA 

using lipofectamine 2000 (Invitrogen). After 72 hours, dendritic spine density was 

measured using Scion ImageJ. To examine which domain of VLDLR is responsible for 
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its effect on spinogenesis, primary hippocampal neurons were transfected with GFP + 

vector, GFP + VLDLR deletion #1 (without VLDLR ligand binding domain), GFP + 

VLDLR deletion #2 (without VLDLR extracellular domain), GFP + full length VLDLR 

for 72 hours, and spine density was measured. To measure the number of excitatory 

synapses, primary hippocampal neurons were transfected with GFP + vector, GFP + 

VLDLR, or GFP + VLDLR shRNA for 72 hours. After 72 hours, the puncta number of 

synaptophysin and PSD-95 was measured, as well as spinogenesis related proteins. To 

examine whether VLDLR promotes spinogenesis in a RasGRF1-dependent manner, 

primary hippocampal neurons were transfected with GFP + Vector + PLL, GFP + 

VLDLR + Vector, GFP + RasGRF1 shRNA + Vector,  GFP + RasGRF1 shRNA + 

VLDLR for 72 hours, and spine density was measured. To test the effect of CaMKIIα and 

CaMKIIβ on VLDLR mediated spinogenesis, primary hippocampal neurons were 

transfected with GFP + PLL + Vector, GFP + VLDLR+ Vector, GFP + CaMKIIα or 

CaMKIIβ shRNA + Vector, or GFP + VLDLR + CaMKIIα or CaMKIIβ shRNA for 72 

hours, and dendritic spine density was measured.  

 

J.  Plasmids 

The VLDLR shRNA constructs were a gift from Dr. Tracy Young-Pearse. The following 

was the target sequence for VLDLR shRNA #1: 5’ –CCGGCCAGCAATGAACC 

TTGTGCTACTCGAGTAGCACAAGGTTCATTGCTGGTTTTTG-3’, for VLDLR #3: 

5’-CGGGCCGAGTCTGATCTTCACTAACTCGAGTTAGTGAAGATCAGAC 

TCGGCTTTTTG-3’ and the shRNAs were expressed in a pLKO.1 plasmid vector. The 

CaMKIIα and β RNAi constructs were gifts from Dr. Dan Pak. The following sequences 
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were targeted: for CaMKIIα; 5′-CCACTACCTTATCTTCGAT-3′; for CaMKIIβ; 5′-

GAGTATGCAGCTAAGATCA-3′ and the RNAi were expressed in the pSuper plasmid 

vector.  The VLDLR-myc constructs were expressed in a pSEC, tag2 hygro plasmid 

under the CMV promoter. The VLDLR-GFP and GFP construct was expressed in the 

pEGF1 N1 plasmid under the CMV promoter. 

 

K.  Immunocytochemistry and Immunohistochemistry 

APOE3 or APOE4 mouse brain slices were sliced using a vibratome, fixed in 4% 

paraformaldehyde, and stored at -20°C in cryoprotectant until immunostaining.  Slices 

were washed with PBS, incubated with primary antibodies directed toward GLUT1 and 

APOE at 4°C overnight, washed with PBS, and incubated with secondary antibody for 1 

hour at room temperature.  Slices were washed again, and mounted onto microscope 

slides with fluoromount G. 

To test the co-localization between VLDLR and various synaptic proteins related 

to spinogenesis, primary hippocampal neurons (DIV 21) were fixed with 4% 

paraformaldehyde for 5 minutes, and continuously fixed with methanol for 5 minutes. 

After fixation, cells were washed with 1x PBS three times, and then incubated with 

primary antibody overnight at 4°C and secondary antibody for 1 hour at room 

temperature. Images were taken on a single plane using a confocal microscope (Zeiss 

LSM 510). To measure synaptic protein intensity, primary hippocampal neurons were 

fixed in either 4% paraformaldehyde at room temperature (for morphological analysis) or 

in methanol at -20°C (for immunostaining of endogenous synaptic markers) for 10 min. 

After fixation, cells were incubated with primary antibodies in GDB buffer (0.1% gelatin, 
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0.3% Triton X-100, 16 mM sodium phosphate pH 7.4, 450 mM NaCl) overnight. The 

next day, cells were washed with 1x PBS three times, and cells were incubated in 

secondary antibody with AlexaFluor 488 or AlexaFluor 555. To measure the cell surface 

levels of VLDLR, or AMPA receptor subunits, live neuronal cultures were incubated 

with antibodies directed against extracellular N-termini of VLDLR or AMPA receptor 

subunits (GluA1, GluA2, 10 mg/mL in conditioned medium, non-permeabilizing 

conditions) for 10 min.  Then, cells were fixed with 4% paraformaldehyde for 5 minutes 

and washed with 1x PBS three times. We then incubated with Alexa Fluor 555–linked 

anti-mouse secondary antibodies for 1 hr. Z-stacked images from a confocal microscope 

(Zeiss LSM510) were imaged and analyzed for the number of puncta and total intensity 

using Metamorph and ImageJ software. Dendrites were straightened using a customized 

macro, and puncta number was measured in the 0-50 micron dendritic region from the 

soma.  Puncta density was calculated by dividing the puncta number by the area of the 

dendritic branch. 

 

L. Co-Immunoprecipitation 

Primary hippocampal neurons or brain lysate were incubated with anti-synaptophysin, 

PSD-95, GluA1, GluA2, GluN1, GluN2A, GluN2B, CamKIIα or CaMKIIβ and protein 

G- or protein A-Sepharose beads overnight at 4°C (Amersham Biosciences, Pittsburgh, 

PA, USA). The next day, cell or brain lysate was washed with IP buffer 3 times, and re-

suspended in SDS sample buffer, and Western blot was conducted. 
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M.  Synaptosomal Fractionation  

Synaptosomal fractionation was performed as described [10]. Mouse brains were 

homogenized in sucrose HEPES buffer (0.32 M sucrose, 4 mM HEPES-NaOH, pH 7.3 

with protease inhibitors), and centrifuged at 10,000g for 10 min to recover the S1 

supernatant and the P1 pellet. The S1 supernatant was subsequently spun at 12,0000g for 

15 min to obtain the pellet P2 (Crude synaptosome) and the supernatant S1. The P2 

fraction was lysed via hypo-osmotic shock and centrifuged at 25,0000g for 20 min to 

generate the pellet LP1 and the supernatant LS1. The LS1 fraction was ultracentrifuged to 

obtain the synaptic vesicle fraction (LP2 or SV). The LP1 pellet was applied to a 

discontinuous sucrose gradient consisting of 1.0, 1.5, and 2.0 M sucrose layers. After a 

200,000g ultracentrifugation for 2 hours, the PSD fraction was recovered at the 1.5/2.0 M 

sucrose interface and solubilized in detergent (0.16 M sucrose, 5 mM Tris- HCl, pH 8.0, 

0.5% Triton X-100, 0.5 mM β-ME, 1 mM EDTA, and protease inhibitors). This fraction 

was ultracentrifuged to obtain the final PSD2 fraction. 

 

N.  Genotyping 

We performed genotyping of the human VLDLR polymorphism at rs1454627, APOJ (or 

CLU) polymorphism at rs11136000, human APOE polymorphism at rs429358 (codon 

112), and human APOE polymorphism at rs7412 (codon 158) using the TaqMan assay 

(Applied Biosystems). A reaction volume of 25 µL containing 50 ng DNA, 5 mL MgCl2 

and 1X TaqMan Universal PCR Master Mix containing AmpliTaq Gold DNA 

Polymerase was amplified using 40 cycles of 15 s at 95°C and 1 min at 60°C. A total of 

0.2 µM of each of the sequence-specific probes 5′-6FAM 
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ACCAAAGCCACACCAGCTATCAAAA[T]TCTCTAACGGGCC CTTGCCACTTGA-

TAMRA-3′ and 5′-VIC-ACCAAAGCCACACCAGCTAT 

CAAAA[C]TCTCTAACGGGCCC TTGCCACTTGA-TAMRA-3′ were used in the 

allelic discrimination assay for APOJ. For the allelic discrimination assay for APOE, 

sequence specific probes were also used: 5′ VIC-

CCGCGATGCCGATGACCTGCAGAAG 

[C]GCCTGGCAGTGTACCAGGCCGGGGC–TAMRA-3′ and 5′FAM-CCGCGATGCC 

GATGACCTGCAGAAG[T]GCCTGGCAGT GTACCAGGCCGGGGC-TAMRA-3′ for 

rs7412 and 5′ VIC-GCTGGGCGCG 

GACATGGAGGACGTG[C]GCGGCCGCCTGGTGCAGTACCGCGG-TAMRA-3′ and 

5′FAM-GCTGGGCGCGGACATGGAGGACGTG[T]GCGGCCGCCTGGT 

GCAGTACCGCGG-TAMRA-3′ for rs429358. Allele detection and genotype calling 

were performed using the ABI 7700 and Sequence Detection Software (Applied 

Biosystems). All calls scored at least 95% quality values and were verified by 100% 

recall on ~20% of samples that were re-tested for quality control. 

 

O.  Human Image Acquisition, Processing, and Analyses 

Magnetic resonance imaging images were acquired using a 3-T Allegra System (Siemens, 

Erlangen, Germany). Whole-brain structural T1-weighted magnetization-prepared rapid 

gradient-echo (MPRAGE) images were acquired for each subject (FOV = 256 mm; 256 × 

256 matrix; 1 × 1 mm in-plane resolution, 1.25 mm thick axial slices, 1 average). All 

MPRAGE images were processed using SPM81 on MATLAB 2010b2. 
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Voxel-Based Morphometry (VBM) was performed using the DARTEL toolbox for SPM 

(Ashburner and Friston, 2000; Ashburner, 2007). All default settings were used except 

where noted otherwise. Images were aligned into AC/PC orientation prior to segmenting 

into gray matter, white matter, and cerebrospinal fluid. All participants’ gray and white 

matter images were then simultaneously registered together to create a study specific 

template to reduce between-participant variability. The template was then used to 

normalize all images into the standard Montreal Neurological Institute (MNI) space using 

the “DARTEL Normalize to MNI Space” program, utilizing the “preserve amount” 

option to retain the volumetric data of the original images. The images were smoothed 

using a Gaussian kernel with 8 mm full-width half maximum (FWHM). For statistical 

analyses, masks for the left and right entorhinal cortex were created from the Juelich 

Histological Atlas (Eickhoff et al., 2005). The mean gray matter volumes were then 

extracted from the participants MNI aligned gray matter images with both masks. Lastly, 

to account for global brain volume differences, intracranial brain volume for each 

participant was used to normalize extracted gray matter volumes. Intracranial brain 

volume was calculated by combining the total brain volumes found in native space gray 

matter, white matter, and cerebrospinal fluid images for each participant. Left (p = 

0.3028, p = 0.5027) and right (p = 0.2231, p = 0.2118) extracted gray matter volumes for 

the entorhinal and primary visual cortex, respectively, were normally distributed 

according to the Shapiro-Wilk test; therefore, parametric statistics were conducted. 
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P.  Statistical Analyses 

Unless otherwise specified, data are expressed as mean ± SEM. Statistical analyses were 

performed using GraphPad Prism software (San Diego, CA, USA). Two-way ANOVAs 

were used to analyze the effect of age and APOE genotype on biochemical markers. One-

way ANOVAs and Student’s t-tests were used to determine the effect of treatments on 

APOE-associated biochemical phenotypes of interest. Bonferroni’s or Tukey’s multiple 

comparisons post-hoc analyses were used to assess statistical differences with *p<0.05, 

**p<0.01, ***p<0.001. In the text, main effect descriptions include precise p-values and 

F-statistics, and post-hoc analyses include precise t-values with corrected p-value 

approximations. Non-parametric statistical analyses were substituted for parametric tests 

when the data did not follow a Gaussian distribution. 

 

Q.  Study Approval 

For animal studies, all mice were housed in an Association for Assessment and 

Accreditation of Laboratory Animal Care–approved vivarium at Georgetown University. 

All experiments were carried out in compliance with the Institutional Animal Care and 

Use Committee of Georgetown University. All studies were conducted in accordance 

with the United States Public Health Service’s Policy on Humane Care and Use of 

Laboratory Animals.  For human studies, all participants were provided informed consent 

for MRI and genotyping. Participants had no history of mental illness, psychoactive 

medication, or brain injury. All studies were IRB-approved by Georgetown University 

prior to initiation. 
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CHAPTER III:  APOE-ASSOCIATED PHENOTYPES IN MICE 

 

Failed clinical trials for individuals with Alzheimer’s disease (AD) have led to the notion 

that successful therapies may need to be preventative in nature (Imbimbo, Solfrizzi, & 

Panza, 2010; Sperling et al., 2014). Prognostic biomarkers related to AD 

neuropathological hallmarks have been identified, including amyloid and tau tangle 

levels in cerebrospinal fluid (Tapiola et al., 2009) and brain (Klunk et al., 2004; 

Maruyama et al., 2013); these neuropathological biomarkers change years before clinical 

symptoms of AD (Bateman et al., 2012).  Prevention studies for AD utilizing these 

biomarkers are now being pursued for individuals with causative mutations (St George-

Hyslop et al., 1987) or homozygous for APOE4 (Reiman et al., 2011). A next generation 

of secondary prevention trials for disease could benefit from identification of biomarkers 

that occur before clinical symptoms and the identification of preclinical models that do 

not rely on neuropathological changes. 

 

Since most of the genetic risk of sporadic AD is contained in the APOE4 allele (Farrer et 

al., 1997), young control APOE4 positive individuals are a suitable population for 

identification of new phenotypes for AD risk not dependent on neuropathological 

changes associated with AD. For example, in young control individuals, APOE4 is 

associated with brain structure and activity alterations (DiBattista et al., 2014; Green et 

al., 2014; Stevens, DiBattista, William Rebeck, & Green, 2014b), demonstrating that 

APOE4 affects the brain well before AD pathological changes begin.  
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A novel approach to identifying AD risk phenotypes that are amenable to preventative 

treatments is to examine APOE knock-in mice, which do not develop the plaques and 

tangles diagnostic of AD. APOE4 mice have several differences compared to APOE3 

mice, including pre-synaptic metabolic abnormalities (Dumanis et al., 2013), reduced 

post-synaptic neuronal complexity (Dumanis et al., 2009), and spatial learning 

impairments (Rodriguez et al., 2013), corroborating human studies suggesting that APOE 

can impact normal brain function independent of AD pathology (Caselli et al., 2004; 

Filippini, MacIntosh, et al., 2009a; Scarmeas et al., 2005). Effective preventative 

treatments would be expected to alter these measures such that APOE4 mice would 

appear more like APOE3 and wild-type mice. 

 

Here, we report new measures associated with the APOE risk genotype in the human 

APOE knock-in mouse model without gross AD pathology, including measures of APOE 

maturation and distribution. These findings demonstrate that APOE4 mice are a powerful 

model to identify measures of APOE-associated AD risk in the absence of AD pathology. 

 

Results 

Differences in APOE solubility are associated with its post-translational modifications  

Subtle biochemical differences have been identified between brains of APOE3 and 

APOE4 mice (Dumanis et al., 2013; Sullivan et al., 2011); we sought to identify 

additional brain phenotypes associated with APOE genotype. We measured APOE levels 

in the brains of APOE3 and APOE4 mice using a sequential brain fractionation method to 

isolate APOE soluble in Tris buffered saline (TBS) and APOE soluble in TBS with 1% 
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Triton X (TBSX). APOE was easily detected by SDS-PAGE in both brain fractions 

(Fig.III.1A), suggesting that there are subtypes of APOE with different solubility 

characteristics.  Indeed, we identified APOE extracted by TBS as a higher molecular 

weight species compared to APOE extracted in TBSX (Fig.III.1A). We hypothesized that 

differences in post-translational modifications of APOE were responsible for this 

difference.  In particular, O-linked glycosylation of APOE allows for the addition of 

sialic acid groups, which would both increase the molecular weight and decrease the 

isoelectric point (pI) of APOE (Mailly, Davignon, & Nestruck, 1990; Rebeck et al., 1998; 

Zannis, vanderSpek, & Silverman, 1986). Thus, we used 2D gel electrophoresis to 

analyze TBS- and TBSX-soluble APOE from APOE3 and APOE4 mice. We found that in 

addition to a higher molecular weight, TBS-soluble APOE has a lower pI compared 

TBSX-soluble APOE (Fig.III.1B).  When the same samples were subjected to Native-

PAGE (without heating or reducing reagents), there are two bands associated with TBS-

soluble APOE (Fig.III.1C).  The higher molecular weight band likely represents 

lipoprotein-associated APOE, and the lower molecular weight band represents free 

APOE. This pattern matches closely with what we observed for APOE detected in human 

CSF.  Interestingly, the higher molecular weight band does not appear to be present in 

TBSX-soluble APOE, while the lower molecular weight band appears as a wider range of 

molecular weights (Fig.III.1C). These results demonstrate that the TBS- and TBSX-

soluble fractionations represent different forms of APOE: TBS-soluble APOE is larger, 

more acidic, and appears more like APOE found in human CSF compared to TBSX-

soluble APOE.   
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Fig.III.1.  Differences in APOE solubility are 
associated with its post-translational 
modifications.  (A) Western blot for 
hippocampal brain fractions demonstrating a 
higher molecular weight for TBS-soluble APOE 
compared to TBSX-soluble APOE.  (B) 2D gel 
electrophoresis for TBS- and TBSX-soluble 
hippocampal brain fractions in APOE3 and 
APOE4 mice shows that TBS-soluble APOE has 
a lower pI than TBSX-soluble APOE.  (C) 
Native gel with TBS and TBSX-soluble cortical 
brain fractions from APOE3 and APOE4 
animals, as well as human CSF, demonstrating 
that these preparations represent unique forms of 
APOE (n=3/group). 
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TBS-soluble APOE levels are higher, and TBSX-soluble APOE levels are lower, in 

APOE4 mouse cortex 

Previous studies have shown that APOE mRNA levels are unaffected by APOE genotype 

(Sullivan et al., 2011). We next measured whether there were differences in the 

distribution of APOE protein between TBS- and/or TBSX-soluble APOE cortices of the 

APOE3 and APOE4 mice during aging. APOE levels in the TBS fraction of brain cortex 

were significantly higher in the APOE4 mice at 5-6 months, 8 months, 12 months and 22 

months of age compared to APOE3 mice (Two (age) x two (genotype) ANOVA, n=4 

brains/genotype/age group, F(1, 24)=86.23, p<0.0001 (Fig.III.2A, C)). Conversely, we 

found that APOE levels in the TBSX cortical brain fractions were significantly lower in 

APOE4 mice at 5-6 months, 8 months, 12 months and 22 months of age compared to 

APOE3 mice (F(1, 24)=19.93, p=0.0002 (Fig.III.2B, D)). We did not observe a 

significant effect of aging on the levels of APOE in the TBS or TBSX cortical brain 

fractions in APOE3 mice. Levels of TBS-soluble APOE were significantly affected by 

aging in the APOE4 mice, with the lowest levels in the 5-6 month old mice, and the 

highest levels in the 12 month old mice (F(2, 24)=12.23, p<0.0001 (Fig.III.2C)). We 

defined the ratio of TBS-soluble APOE over TBSX-soluble APOE as a single indicator 

of APOE distribution between these brain fractions; as expected, this ratio was 

significantly affected by age (F(3, 24)=3.28, p=0.0381) and APOE genotype (F(1, 

24)=20.03, p=0.0002) (Fig.III.2E). These data demonstrate a significant difference in the 

distribution of APOE between the TBS- and TBSX-soluble cortical fractions in APOE4 

mice compared to APOE3 mice. 

 



	 38	

 

 
 
 
Fig.III.2. TBS-soluble APOE is higher, while TBSX-soluble APOE is lower, in 
APOE4 mouse cortex. Representative Western blot images for APOE levels in APOE3 
mice (E3) and APOE4 mice (E4) in the TBS-soluble (A) and TBSX-soluble cortical 
fractions (B) at 5-6 months, 8 months, 12 months, and 22 months of age. (C) 
Quantification of Western blots in A, ***p<0.001 main effects of genotype and age. (D) 
Quantification of Western blots in B, ***p<0.001 main effect of genotype. (E) 
Quantification of the ratio of TBS-soluble and TBSX-soluble APOE in the cortex. 
***p<0.001 main effect of genotype and age. Levels were normalized to β-actin, 
expressed as the mean percentage of the 5-6 month old APOE3 group ± SEM, and 
compared using a 2 (age) x 2 (genotype) factor ANOVA, ***p<0.001 main effects; 
#p<0.01, ###p<0.001 Bonferroni multiple comparisons post-hoc analyses within each 
age group, n = 4 brains / genotype / age group. 
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APOE genotype similarly affects APOE distribution in mouse hippocampus 

We next investigated whether there was also a similar effect of APOE genotype on the 

distribution of APOE between the TBS- and TBSX-soluble fractions in the hippocampus, 

a region affected early in AD. We measured APOE levels in the hippocampus of APOE3 

and APOE4 mice at 5-6 months of age and 12 months of age (Fig.III.3), and found results 

consistent with APOE in the cortex (Fig.III.2). As in the cortex, the ratio of APOE in the 

TBS-soluble fraction to the TBSX-soluble fraction in the hippocampus was significantly 

higher (four to five fold) in APOE4 mice compared to APOE3 mice at 5-6 months of age 

(F(3, 12)= 7.688, p=0.004 main effect; t=3.635, p<0.01, post-hoc) and 12 months of age 

(t=3.081, p<0.01, post-hoc) (Fig.III.3D). In the TBS-soluble fraction, APOE levels were 

significantly higher in APOE4 mice compared to APOE3 mice at 5-6 months of age (one-

way ANOVA, n=4 brains/group, F(3, 12)=4.188, p=0.03 main effect; t=2.616, p<0.05, 

post-hoc); a similar non-significant trend (t=2.375, p=0.067, post-hoc) was observed in 

hippocampal samples from 12 month old mice (Fig.III.3A, B). Conversely, APOE levels 

in the TBSX-soluble hippocampal fraction were significantly lower in APOE4 mice 

compared to APOE3 mice at 12 months of age (F(3, 12)= 6.93, p=0.0058 main effect; 

t=1.653, p<0.05, post-hoc), and a similar but not statistically significant trend (t=1.653, 

p=0.072, post-hoc) was observed in samples from mice at 5-6 months of age (Fig.III.3A, 

C). In total, we have observed the effect of APOE genotype on brain APOE distribution 

in 22 APOE3 mice and 22 APOE4 mice (Fig.III.2, n=16/APOE genotype, with 

n=4/genotype/age group; Fig.III.3, n=6/APOE genotype). 
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Fig.III.3. APOE genotype similarly affects APOE distribution in mouse 
hippocampus. (A) Representative Western blot images for APOE levels in APOE3 mice 
(E3) and APOE4 mice (E4) in the TBS- and TBSX-soluble hippocampal fractions. 
Quantification of 5-6 month and 12 month old hippocampal APOE as TBS-soluble 
APOE (B), TBSX-soluble APOE (C), and (D) the ratio of TBS to TBSX extracted 
samples, n = 4 brains / genotype / age group. Levels were normalized to β-actin, 
expressed as the mean percentage of the APOE3 control group ± SEM, and compared 
using one-way ANOVA with Bonferroni multiple comparison post-hoc analyses, 
*p<0.05, **p<0.01, ***p<0.001.   
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ABCA1 levels are higher in APOE4 TR mouse cortex and hippocampus 

The ATP-Binding Cassette Transporter A1 (ABCA1) is responsible for lipidating and 

stabilizing APOE in the brain (Karasinska et al., 2009). Previous studies have 

demonstrated that ABCA1 levels increase with dementia score and age in humans 

(Akram, Schmeidler, Katsel, Hof, & Haroutunian, 2010). Thus, we measured ABCA1 

levels in the TBSX-soluble fractions of APOE3 and APOE4 mouse brains across ages. 

We found that ABCA1 levels were significantly higher in the cortices of APOE4 mice 

compared to APOE3 mice at 5-6, 8, 12, and 22 months of age (Two (age) x Two 

(genotype) ANOVA, n=4 brains/group, F(1, 24)= 8.30, p=0.008) (Fig.III.4A, B). There 

was no significant effect of aging on cortical ABCA1 levels in APOE3 or APOE4 mice 

(F(3, 24)=1.84, p=0.1664).  Similarly, we found that ABCA1 levels were significantly 

higher in the hippocampal fractions of APOE4 mouse brains at 12 months compared to 

APOE3 mice (One-way ANOVA, F(3, 12) = 3.978, p=0.0351 main effect; t=2.981, 

p<0.05, post-hoc).  A similar but not significant trend (t=1.232, p>0.1, post-hoc) was 

seen in APOE4 mice at 5-6 months of age (Fig.III.4C, D). These results identify brain 

ABCA1 levels as another important APOE4-associated biomarker in the normal brain. 
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Fig.III.4. ABCA1 levels are higher in APOE4 mouse cortex and hippocampus. 
Representative Western blot images for ABCA1 levels in APOE3 mice (E3) and APOE4 
mice (E4) in the TBSX-soluble cortical (A) and hippocampal (C) fractions. (B) 
Quantification of ABCA1 levels in A.  Levels were normalized to β-actin and expressed 
as a percentage of the 5-6 month APOE3 group.  Analyzed by two (age) x two (genotype) 
ANOVA, Bonferroni multiple comparisons post-hoc analyses, **p<0.01. (D) 
Quantification of ABCA1 levels in C. Levels were normalized to β-actin and expressed 
as the mean percentage of the APOE3 group ± SEM. Analyzed by one-way ANOVA, 
Bonferroni multiple comparisons post-hoc analyses, *p<0.05, **p<0.01, n = 4 brains / 
genotype / age group.  
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GLUT1 levels are higher in APOE4 TR mouse cortex 

Alterations in the blood brain barrier (BBB) could impair processes important to normal 

brain function, such as the import of glucose. APOE4 mice also show impairment of the 

BBB after stress (Nishitsuji et al., 2011). Changes to glucose metabolism due to an 

impaired BBB could explain differences in glucose metabolism seen in APOE4 mice 

(Alata et al., 2015; Dumanis et al., 2013) and reduced glucose utilization in APOE4 

positive humans (Small et al., 2000).  One important protein in glucose metabolism is 

Glucose Transporter 1 (GLUT1), which facilitates the transport of glucose.  Because 

APOE is predominantly produced in the brain by astrocytes, we initially did 

immunohistochemistry to visualize the localization of GLUT1 with respect to astrocytes 

in the APOE mice. We observed astrocytic endfeet making contact with GLUT1 positive 

endothelial cells in the brains of APOE3 and APOE4 mice (Fig.III.5A,B). We next 

measured GLUT1 levels in the TBSX-soluble fractions of APOE3 and APOE4 mouse 

brains across aging. GLUT1 levels were significantly higher in the cortices of APOE4 

mice compared to APOE3 mice at 5-6, 8, 12, and 22 months of age (Two (age) x Two 

(genotype) ANOVA, n=4 brains/group, p=0.0028) (Fig.III.5C, D). This effect peaked at 

12 months of age at which GLUT1 levels in APOE4 mice were 480% higher than those 

in APOE3 mice (p<0.01).  There was no significant effect of aging on cortical GLUT1 

levels in APOE3 or APOE4 mice (p>0.05). These results suggest that brain GLUT1 

levels are an additional important APOE4-associated biomarker in the normal brain. 
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Fig.III.5.  GLUT1 levels are higher in APOE4 mouse cortex. (A-B) Brain sections 
from APOE3 mice (A) and APOE4 mice (B) immunostained with GFAP (green) and 
GLUT1 (red). (C) Representative Western blot images for GLUT1 levels (55KDa) in 
APOE3 mice (E3) and APOE4 mice (E4) in the TBSX-soluble cortical fractions. (D) 
Quantification of GLUT1 levels in C.  Levels were normalized to β-actin and expressed 
as a percentage of the 5-6 month APOE3 group.  Analyzed by two (age) x two (genotype) 
ANOVA, Bonferroni multiple comparisons post-hoc analyses, **p<0.01, n = 4 brains / 
genotype / age group.  
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APOE4 mice have less grey matter volume in the medial temporal lobe and cerebellum  

APOE4 carriers at birth have reduced grey matter volume in temporal areas and increased 

grey matter volume in frontal areas, suggesting early developmental differences in brain 

structure dependent on APOE genotype, decades before the onset of AD pathology (Dean 

et al., 2014; Knickmeyer et al., 2014). Furthermore, APOE4 mice have decreased 

dendritic spine density in the medial temporal lobe (MTL) compared to APOE3 mice 

(Rodriguez et al., 2013).  Thus, we next wanted to investigate whether APOE4 mice also 

had deficits in MTL grey matter volume. We conducted voxel-based morphometry using 

T2-weighted high-resolution three-dimensional MRI. A voxel-by-voxel two-sample t-test 

was tested for group differences in the grey matter across the whole brain with a 

significance level of p<0.01 (Fig.III.6A). As hypothesized based on human imaging data 

and dendritic spine data from our mice, APOE4 mice had significantly lower grey matter 

volume in the medial temporal lobe compared to APOE3 mice (Fig.III.6B, C).  APOE4 

mice also had significantly lower grey matter volume in the cerebellum compared to 

APOE3 mice (Fig.III.6D). These results suggest that APOE not only impacts phenotypes 

at the molecular level (Fig.III.1-Fig.III.5), but also at the level of brain structure 

(Fig.III.6). 
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Fig.III.6.  APOE4 mice have less grey matter volume in the medial temporal lobe 
and cerebellum compared to APOE3 mice via voxel-based morphometry.  (A) 
Design matrix and contrast comparing APOE3 mice to APOE4 mice using SPM software.  
(B-D)  Processed images showing combined data from APOE3 (n=3) and APOE4 mice 
(n=4). 
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Discussion  

Accumulating evidence suggests that APOE genotype impacts normal brain function 

independent of AD pathology (Caselli et al., 2004; Filippini, MacIntosh, et al., 2009a; 

Scarmeas et al., 2005). It is necessary to identify markers of AD risk in order to allow 

testing of potential preventative treatments that reduce the risk of AD without directly 

affecting the accumulation of the later overt neuropathological changes related to Aβ and 

phospho-tau. By utilizing the APOE knock-in animal model, which does not display 

gross AD pathology, we were able to identify potential targets for preventative 

treatments. APOE4 mouse brains had a different distribution of APOE protein in brain 

extracts compared to APOE3 mice. Further, APOE4 mice also had increased levels of 

ABCA1 and GLUT1 proteins.  In addition to influencing phenotypes on the molecular 

level, APOE4 also decreased grey matter volume in the MTL in mice, an area affected 

early in AD pathogenesis. 

 

Brain APOE metabolism 

 By examining a mouse model of endogenous expression of different human 

APOE alleles, we have identified differences in the brain that occur in the absence of 

plaques and tangles. The biochemical differences among control APOE mice support a 

mechanism by which APOE genotype affects APOE metabolism in the normal, young 

brain.  Compared to APOE3 brains, APOE4 brains showed significantly more APOE in 

TBS extracted brain fractions compared to TBSX extracted fractions. Taking different 

ages and brain regions into account, we consistently observed this difference in large 

numbers of animals (n=22 per APOE genotype).  
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The amino acid substitution in APOE4 affects APOE folding and stability in astrocytes 

(Zhong, Ramaswamy, & Weisgraber, 2009). Our work shows that APOE post-

translational modifications are altered in APOE4 brains (Fig.III.1-3). O-linked 

glycosylation of APOE allows for the addition of sialic acid groups, which would both 

increase the molecular weight and decrease the isoelectric point (pI) of APOE (Mailly et 

al., 1990; Rebeck et al., 1998; Zannis et al., 1986). The majority of intracellular and 

newly secreted APOE is sialylated, while the majority of APOE in the plasma is not 

sialylated (Zannis et al., 1986). We hypothesize that TBS-soluble APOE from the brain is 

comprised of more newly translated immature APOE whereas mature APOE is 

predominantly found in the TBSX-soluble fraction. Because APOE4 is associated with 

the TBS fraction compared to APOE3 (Fig.III.1-3), we propose that APOE maturation 

could be a phenotype associated with AD risk. In a mouse model of amyloid 

accumulation, APOE3 was preferentially extracted in TBSX (indicative of decreased 

sialylation) (Youmans et al., 2011), further supporting this hypothesis. In addition, in the 

human hippocampus, APOE in APOE4 carriers has a lower pI (indicative of increased 

sialylation) compared to APOE3 carriers (Alzate, Osorio, DeKroon, Corcimaru, & 

Gunawardena, 2014). APOE3 carriers with AD also had more of this lower pI, sialylated 

APOE compared to those without AD (Alzate et al., 2014), suggesting that APOE 

modification may represent not only an APOE4-associated biomarker, but also an AD 

associated biomarker.  
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We also found higher levels of ABCA1 in the APOE4 mice.  This elevation in ABCA1 

may be due to upregulation of this gene in response to poor lipid efflux from cells to 

APOE4.  Previous studies have shown that ABCA1 levels increase with dementia score 

and age in humans (Akram et al., 2010). Genetically impairing ABCA1 leads to increased 

accumulation of brain amyloid (Koldamova, Staufenbiel, & Lefterov, 2005; Wahrle et al., 

2005) (or no change in brain amyloid (Burns et al., 2006; Hirsch-Reinshagen et al., 

2005)), while overexpressing ABCA1 reduces amyloid deposition (Wahrle et al., 2008). 

Therapies aimed at increasing transcription of ABCA1 by RXR agonists have achieved 

success in APOE mice (Boehm-Cagan & Michaelson, 2014) and APP/PS1 mice (Cramer 

et al., 2012).  The importance of lipid biomarkers in early stages of AD was recently 

emphasized by the identification of a specific panel of lipids that were altered in 

individuals who progressed from mild cognitive impairment to AD (Mapstone et al., 

2014).   

 

In addition to APOE distribution and ABCA1 levels, we also found increased GLUT1 

levels in the APOE4 mice (Fig.III.5). GLUT1 is involved in glucose transport across the 

blood brain barrier (BBB), and APOE is able to cross the BBB and can help bring other 

molecules across the barrier (Zensi et al., 2009). Alterations in the BBB could impair 

processes important to normal brain function, such as the import of glucose. It is known 

that APOE knock-out mice have an impaired blood brain barrier (Hafezi-Moghadam et 

al., 2007; Nishitsuji et al., 2011), and that APOE4 mice show impairment of the BBB 

after stress (Nishitsuji et al., 2011).  APOE promotes the stability of the BBB through 

interactions with APOE receptors (Michaelis et al., 2006).  Changes to glucose 
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metabolism due to an impaired BBB could explain differences in glucose metabolism 

seen in APOE4 mice (Alata et al., 2015; Dumanis et al., 2013) and reduced glucose 

utilization in APOE4 positive humans (Small et al., 2000). Reduction in essential 

nutrients throughout life could leave neurons sensitive to the damages late in life 

associated with accumulation of Aβ. It is possible that levels of GLUT1 are increased as a 

mechanism to compensate for impaired glucose metabolism by bringing more glucose 

into the brain across the BBB. 

 

These molecular phenotypes associated with APOE4 also affect the brain on a larger 

structural scale in that APOE4 mice have lower grey matter volume in the medial 

temporal lobe (MTL), an area of the brain affected early in AD (Fig.III.6). Similar to 

what has been observed in mouse brains, hippocampal neurons from healthy APOE3/4 

humans have lower dendritic spine density (Ji et al., 2003). APOE4 carriers at birth also 

have reduced grey matter volume in temporal areas, suggesting early developmental 

differences in brain structure dependent on APOE genotype (Dean et al., 2014; 

Knickmeyer et al., 2014). It is possible that the molecular phenotypes associated with 

APOE4 are contributing to its effect on brain structure. By decreasing levels of mature 

APOE in APOE4 mice (Fig.III1-3), less APOE would be available to maintain synapses, 

thus decreasing grey matter volume in the MTL. ABCA1 (Fig.III.4) and GLUT1 

(Fig.III.5) could be increased as a compensatory response to decreased levels of lipidated 

APOE and glucose metabolism, respectively. 
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We report here a new model for preclinical testing of compounds that may decrease risk 

of AD, independent of effects on neuropathological changes engineered into other mouse 

models of AD. We identified robust measures associated with APOE4 (brain APOE 

distribution and grey matter volume). These findings demonstrate a tractable model for 

analyzing other preventative treatments for AD that may work through effects on APOE. 

These biomarkers all serve as potential measures for preclinical and clinical studies to 

prevent symptomatic AD. 
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CHAPTER IV:  APOE-ASSOCIATED PHENOTYPES ARE MODIFIABLE BY PREVENTIVE 

DRUG INTERVENTION IN MICE 

 

The AD risk allele of APOE alters normal brain function before the development of AD 

pathologies (Caselli et al., 2004; Filippini, MacIntosh, et al., 2009a; Scarmeas et al., 

2005). Identifying markers of AD risk in an animal model without AD would allow for 

the testing of novel preventative treatments to reduce the risk of AD without directly 

affecting the accumulation of Aβ and phospho-tau. One such model is the APOE knock-

in animal model, and we were able to identify potential targets for preventative 

treatments (Chapter III). These included the distribution of APOE protein in brain 

extracts, and the levels of ABCA1 and GLUT1 proteins. Previous work also identified 

dendritic spine density and spatial learning and memory as potential targets for drug 

interventions as there were deficits in APOE4 mice (Rodriguez et al., 2013). We next 

wanted to investigate whether we could alter these phenotypes with candidate drug 

treatments. 

 

Results 

APOE distribution can be modified with drug treatment in 6-month-old APOE4 mice 

We tested whether the difference in APOE distribution in the APOE4 animals 

would be amenable to rescue via drug treatment (Chapter III). We selected ibuprofen 

because epidemiological studies suggest that ibuprofen may prevent AD specifically in 

APOE4 carriers (Cornelius, Fastbom, Winblad, & Viitanen, 2004; Hayden et al., 2007; 

Szekely et al., 2008; Yip, Green, Huyck, Cupples, & Farrer, 2005). We fed a cohort of 
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APOE4 mice (n=6 per group) control diets or diets containing 375 ppm ibuprofen for 1 

week or 2 months. We chose this dosage because it was shown to reduce glial 

inflammation in an animal model of AD (Heneka et al., 2005; Varvel et al., 2009). We 

measured APOE in defined brain extracts of 6-month-old animals. Ibuprofen treatment 

resulted in a redistribution of APOE between TBS and TBSX brain fractions in APOE4 

brains, such that there was a significant decrease in the ratio of APOE in the TBS versus 

TBSX fractions (F=3.172, t=2.374, p<0.05, post-hoc), to a level similar to what we had 

previously observed in the APOE3 brains (Fig.IV.1A, D, G).  

To determine whether the mechanism of action of ibuprofen relied on its activity 

as a COX-2 inhibitor or as a PPAR-γ agonist, we fed new cohorts of APOE4 mice with 

selective COX-2 inhibitor celecoxib, or PPAR-γ agonist pioglitazone, based on 

previously reported dosages (Heneka et al., 2005; Varvel et al., 2009). Specifically, 

control diets or diets containing 240 ppm pioglitazone were fed to one cohort for 1 week 

(n=6 per group), and another cohort was fed control diets of 120 ppm celecoxib for 2 

months (n=6 per group). Animals were again euthanized at 6 months of age, and APOE 

was measured in hippocampal brain extracts.  Similar to ibuprofen, pioglitazone 

treatment resulted in a redistribution of APOE between TBS and TBSX brain fractions, 

such that there was a significant decrease in the ratio of APOE in the TBS versus TBSX 

fractions (t=2.076, p=0.032) (Fig.IV.1B, E, H). Although celecoxib treatment did not 

result in a significant redistribution of APOE between TBS and TBSX fractions, there 

was a statistical trend toward a decrease in the ratio of TBS to TBSX soluble APOE 

(t=1.87, p=0.09) (Fig.IV.1C, F, I). These results suggest that both the COX-2 inhibiting 
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and PPAR-γ promoting actions of ibuprofen contribute to its effects on APOE post-

translational modification. 
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Fig.IV.1. APOE distribution can be modified with drug treatment in 6-month-old 
APOE4 mice. (A-C) Ratio of TBS to TBSX soluble APOE in APOE4 mice treated with: 
(A) control diets versus 375 ppm ibuprofen (F=3.172, t=2.374, p<0.05, post-hoc, 
n=6/group), (B) control diets versus 240 ppm pioglitazone for 1 week (t=2.076, p=0.032, 
n=6/group), (C) control diets versus 120 ppm celecoxib for 2 months (t=1.87, p=0.09, 
n=6/group). (D-F) TBS-soluble APOE in APOE4 mice treated with:  (D) ibuprofen 
(F=0.9583, p=0.4287), (E) pioglitazone (t=0.1081, p=0.9165), (F) celecoxib (t=1.434, 
p=0.1822), expressed as a percentage of control. (G-I) TBSX-soluble APOE in APOE4 
mice treated with:  (G) ibuprofen (F=0.3364, p=0.7293), (H) pioglitazone (t=2.162, 
p=0.0589), (I) celecoxib (t=1.434, p=0.1822), expressed as a percentage of control.  
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Ibuprofen shifts the isoelectric point of APOE in 6-month-old APOE4 mice 

 To further identify the mechanism by which the distribution of APOE was 

changing with ibuprofen treatment, we used 2D gel electrophoresis to analyze TBS-

soluble APOE from control treated and ibuprofen treated APOE4 mice (Fig.IV.2, upper 

left). O-linked glycosylation of APOE allows for the addition of sialic acid groups, which 

both increases the molecular weight and decreases the isoelectric point (pI) of APOE 

(Mailly et al., 1990; Rebeck et al., 1998; Zannis et al., 1986). We found that in addition to 

a higher molecular weight, TBS-soluble APOE has a lower pI compared TBSX-soluble 

APOE, and this form of APOE is more prevalent in APOE4 mice (Chapter III, Fig.III.1).  

Ibuprofen treatment decreased the levels of the low pI form of TBS-soluble APOE4 

(Fig.IV.2, lower center panel), which thus increased the respective proportions of the 

higher pI forms of APOE (Fig.IV.2, lower left and right).  Taken as a percentage of the 

total APOE present in the sample, the low pI form of APOE was significantly decreased 

by ibuprofen compared to control treatment (Fig.IV.2, upper right). Taken together, these 

data suggest that ibuprofen may modify the sialylation of APOE4 to make it more similar 

to that seen in APOE3 mice (Chapter III, Fig.III.IA; Fig.IV.2). 
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Fig.IV.2.  Ibuprofen shifts the pI of APOE in 6-month-old mice.  Top: TBS-soluble 
hippocampal brain samples from untreated (“control”) and treated (“ibuprofen”) APOE4 
mice were run on 2D gels. APOE was then quantified by the percentage of total (the 
major form (M), low pI form (L), and high pI form (H)). Bottom: Levels of each type of 
APOE (major, low pI, and high pI forms) in control and ibuprofen treated mice. 
  



	 58	

Ibuprofen shifts APOE distribution in 12-month-old APOE4 mice toward that observed in 

APOE3 mice 

 We previously found that the ratio of TBS-soluble to TBSX-soluble APOE was 

significantly higher in both 6-month-old and 12-month-old APOE4 mice compared to 

APOE3 mice, and that ibuprofen improved this ratio in 6-month-old mice (Chapter III, 

Fig.III.2; Fig.IV.2). We next wanted to test whether ibuprofen was also able to mitigate 

this difference in older APOE4 mice. An independent cohort of 10-month old APOE4 

mice was fed a control diet, or a diet consisting of 375 ppm ibuprofen for 2 months (n=6 

per group). We then measured TBS- and TBSX-soluble levels of APOE in the 

hippocampi of these 12-month old mice (Fig.IV.3A).  Similar to what we observed in the 

APOE3 mice, and 6-month-old APOE4 mice treated with ibuprofen, ibuprofen decreased 

the ratio of TBS-soluble to TBSX-soluble APOE compared to control treated APOE4 

mice (Fig.IV.3B). From this, we conclude ibuprofen treatment alters the distribution of 

APOE in young (6-month-old) and old (12-month-old) APOE4 mice.     
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Fig.IV.3. Ibuprofen shifts APOE distribution in 12-month-old APOE4 mice toward 
that observed in APOE3 mice. An independent cohort of 12-month-old APOE4 mice 
(E4) was fed a control or 375 ppm ibuprofen diet. (A) Representative Western blot 
images for TBS- and TBSX-soluble APOE levels in the hippocampi of 12-month-old 
APOE4 mice. (B) Quantification of the ratio of TBS- to TBSX-soluble APOE levels in A 
(n = 6 brains / treatment group). Levels were normalized to β-actin, expressed as the 
mean percentage of the APOE4 control diet group ± SEM, and compared using two-tailed 
t-tests, *p<0.05.   



	 60	

Ibuprofen decreases ABCA1, but not GLUT1, levels in APOE4 mice 

APOE4 mice have increased levels of ABCA1 and GLUT1 compared to APOE3 

mice (Chapter 3, Fig.III.4-5), perhaps as a compensatory mechanism.  We next wanted to 

investigate whether ibuprofen could decrease ABCA1 and/or GLUT1 levels in APOE4 

mice.  To do so, we fed APOE4 mice diets of 375 ppm ibuprofen or a control diet for 2 

months beginning at 4 months of age (for the 6-month-old group) or 10 months of age 

(for the 12-month-old group).  We then measured hippocampal levels of ABCA1 

(Fig.IV.4A, C) and GLUT1 (Fig.IV.B, D) in each of these cohorts. Ibuprofen treatment 

significantly decreased ABCA1 levels in APOE4 mice at 6 months of age (Fig.IV.4A) 

and 12 months of age (Fig.IV.4C). However, ibuprofen did not significantly alter GLUT1 

levels at either of these ages (Fig.IV.4B, D).  These data suggest that ibuprofen can alter 

ABCA1, but not GLUT1, levels in APOE4 mice.   
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Fig.IV.4.  Ibuprofen decreases ABCA1, but not GLUT1, levels in APOE4 mice. 
ABCA1 levels in the hippocampus of 6-month-old (A, **p=0.0079) and 12-month old 
(B, t=2.731, *p=0.0211) APOE4 mice an ibuprofen or control diet.  GLUT1 levels in the 
hippocampus of 6-month-old (C) and 12-month old (D) APOE4 mice an ibuprofen or 
control diet. n=6/group.  
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Markers of inflammation in the brains of APOE3 and APOE4 mice, with and without 

ibuprofen, are not significantly different 

 APOE4 mice are more susceptible to inflammation compared to APOE3 mice 

(Farrer et al., 1997; Tu et al., 2009), and one of the mechanisms of action of ibuprofen is 

to act as an anti-inflammatory drug.  Thus, we next wanted to measure whether we could 

detect differences inflammation in the brains of these mice without applying any pro-

inflammatory stimuli, with and without ibuprofen treatment. Using a multiplex assay of 

12 indicators of inflammation in collaboration with the laboratory of Dr. Charbel Moussa, 

we did not find any differences in pro-inflammatory cytokines using one-way ANOVA 

(TNF-α, p=0.6949; IL-α, p=0.4337; IL-β, p=0.1927; Fig.IV.5A-C), anti-inflammatory 

cytokines (IL-4, p=0.8972; IL-6, p=0.9657; IL-10, p-0.0627; Fig.IV.5D-F),	a marker of 

angiogenesis (VEGF, p=0.0741; Fig.IV.5G), a T-cell marker (IFN-γ, p=0.6981; 

Fig.IV.5H), chemoattractants (RANTES, p=3276; MCP-1, p=0.2113; Fig.IV.5I, L), and 

markers of proliferation (IL-2, p=0.3209; IL-3, p=0.5947; Fig.IV.5J, K).  These results 

suggest that while APOE4 mice may demonstrate differences in response to pro-

inflammatory stimuli (Y. Zhu et al., 2012), we are not yet able to demonstrate 

inflammation-related differences in the normal brain. These data further suggest that the 

mechanism of action of ibuprofen to alter APOE4-associated phenotypes may not be 

solely through its anti-inflammatory COX-inhibiting capabilities, but also via its PPAR-γ 

agonist activity. This is supported by the effect of PPAR-γ agonist pioglitazone on APOE 

distribution, which is similar to that of ibuprofen (Fig.IV.1). We next investigated 

whether ibuprofen and pioglitazone could have similar effects on other APOE4-

associated phenotypes. 
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Fig.IV.5.  Markers of inflammation in the brains of APOE3 and APOE4 mice, with 
and without ibuprofen treatment, are not significantly different. A multiplex assay of 
12 indicators of inflammation was run using brain samples from untreated (“control”) and 
treated (“ibuprofen”) APOE3 and APOE4 mice, and median fluorescence intensity (MFI) 
was measured (n=4 per group, Moussa laboratory).  
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Ibuprofen and pioglitazone promote dendritic spine density in 6-month-old APOE4 mice 

We observed that ibuprofen could rescue levels of ABCA1, a protein involved in 

lipid transport, but not levels of inflammatory markers (Fig.IV.5) or GLUT1, a protein 

involved in glucose metabolism (Fig.IV.4).  The process of forming and maintaining 

dendritic spines is reliant on lipid transport to the cell membrane. We hypothesized that if 

ibuprofen was able to improve ABCA1 levels in APOE4 mice toward those observed in 

APOE3 mice, ibuprofen may also be able to rescue dendritic spine deficits in APOE4 

mice. APOE4 is associated with reduced dendritic spine density in human hippocampus 

(Ji et al., 2003), mouse motor cortex (Dumanis et al., 2009) and mouse medial entorhinal 

cortex (MEC) (Rodriguez et al., 2013).  Therefore, in addition to measuring brain 

biochemical phenotypes and their changes with ibuprofen, we investigated whether 

ibuprofen could also increase dendritic spine density, focusing on the MEC (Fig.IV.6A).  

Cohorts of APOE4 mice were fed a control diet, 375 ppm ibuprofen for 1 week or 

2 months, 240 ppm pioglitazone for 1 week, or 140 ppm celecoxib for 2 months (n=4 per 

group). Brains were then Golgi-stained and dendritic spine density was quantified. One 

week of ibuprofen and two months of ibuprofen treatment each significantly increased 

apical oblique dendritic spine density in APOE4 mice compared to those treated with a 

control diet (F=29.37, p<0.0001; post-hoc, p<0.001) (Fig.IV.6B). Similarly, pioglitazone 

also increased apical oblique dendritic spine density (t=10.73, p<0.0001) (Fig.IV.6C); 

however, celecoxib had no significant effect on apical oblique dendritic spine density 

(t=0.601, p=0.57) (Fig.IV.6D).  
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Similar to the findings in the apical oblique dendrites, basal shaft dendritic spine 

density was also significantly increased by one week of ibuprofen treatment and two 

months of ibuprofen treatment in APOE4 mice (F=35.66, p<0.0001, post-hoc, p<0.001) 

(Fig.IV.6E). Likewise, pioglitazone significantly increased basal shaft dendritic spine 

density (t=6.642, p<0.0006) (Fig.IV.6F). Although celecoxib did not significantly alter 

apical oblique dendritic spine density, celecoxib treatment did significantly increase basal 

shaft dendritic spine density (t=2.604, p=0.04) (Fig.IV.6G). 

When total dendritic spine density in the medial entorhinal cortex was examined 

in APOE4 mice (including both apical oblique and basal shaft dendritic spine densities), 

the results were similar to those observed in the apical oblique and basal shaft dendrites 

individually. One week of ibuprofen treatment and two months of ibuprofen treatment 

each significantly increased total dendritic spine density (F=86.54, p<0.0001, post-hoc, 

p<0.001) (Fig.IV.6H). In addition, pioglitazone significantly increased total dendritic 

spine density (t=15.75, p<0.0001) (Fig.IV.6I).  Similar to findings in the apical oblique 

dendrites, total dendritic spine density was not significantly different following celecoxib 

treatment (t=1.768, p=0.128) (Fig.IV.6J). Overall, these findings suggest that the PPAR-γ 

activity of ibuprofen may drive its effects on dendritic spine density more than the COX-

2 inhibiting effects of ibuprofen. 
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Fig.IV.6. Ibuprofen and 
pioglitazone promote 
dendritic spine density 
in 6-month-old APOE4 
mice. (A) Representative 
image of Golgi-stained 
apical oblique (AO) and 
basal shaft (BS) dendrites 
in the MEC. (B-D) 
Quantification of 
dendritic spine density in 
the AO dendrites ((B) 
Ibuprofen: F=29.37, 
p<0.0001; post-hoc, 
p<0.001; (C) 
pioglitazone:  t=10.73, 
p<0.0001; (D) celecoxib: 
t=0.601, p=0.57) (E-G) 
Quantification of 
dendritic spine density in 
the BS dendrites ((E) 
Ibuprofen: F=35.66, 
p<0.0001, post-hoc, 
p<0.001; (F) pioglitazone: 
t=6.642, p<0.0006; (G) 
celecoxib: (t=2.604, 
p=0.04)). (H-J) 
Quantification of total 
dendritic spine density in 
the AO and BS dendrites. 
((H) Ibuprofen: F=86.54, 
p<0.0001, post-hoc, 
p<0.001; (I) pioglitazone: 
t=15.75, p<0.0001; (J) 
celecoxib: t=1.768, 
p=0.128)). One-way 
ANOVA, Bonferroni 
multiple comparisons 
post-hoc analyses, 
*p<0.05, **p<0.01, 
***p<0.001. 	
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Ibuprofen also improves spatial learning and memory deficits in 6-month-old APOE4 

mice 

Spatial learning is dependent on the function of the medial entorhinal cortex 

(MEC) (Witter & Moser, 2006), and APOE4 mice have impaired spatial learning as 

assessed in the Barnes maze task compared to APOE3 mice (Rodriguez et al., 2013). 

Thus, we investigated here whether ibuprofen rescued this behavioral impairment in our 

6-month-old APOE4 mice fed a control diet or a diet of 375 ppm ibuprofen for 2 months 

(n=8 per group). There were no differences in open field test control measures, including 

average speed (Fig.IV.7A), total distance traveled (Fig.IV.7B), and time in the center of 

the apparatus (Fig.IV.7C), indicating that there were no differences in anxiety or 

locomotor ability between groups. These results suggest that any differences between 

groups observed during the Barnes maze would not be due to anxiety or locomotor 

activity. 

During the testing in Barnes maze, untreated APOE4 mice took significantly more 

time than ibuprofen treated APOE4 mice to find the target hole (TH) during the spatial 

acquisition (learning) phase during training days (TD) 1 and 2 (F(3, 48) =10.12, 

p<0.0001 main effect; p<0.05 training days 1 (t=2.86 ) and 2 (t=2.60), post-hoc) 

(Fig.IV.7D). By the final training day of the spatial acquisition phase (TD4), both groups 

entered the TH at comparable rates that did not significantly differ from one another, 

indicating that all animals eventually learned the TH location. 

Twenty-four hours following TD4, the TH was replaced with a false hole that did 

not provide a means of escape from the maze during the first spatial memory probe. We 
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measured primary latency, the amount of time to locate the former location of the TH. 

APOE4 mice treated with ibuprofen took significantly less time to locate the former 

location of the target hole compared to untreated APOE4 mice (F(3, 26) = 3.035, 

p=0.0471 main effect, t=2.460, p<0.05, post-hoc) (Fig.IV.7E). This effect dissipated by 

72 hours following TD4, when both groups located the former location of the TH in the 

same amount of time (Fig.IV.7F). Together these data suggest that ibuprofen has a robust 

effect to improve spatial learning in APOE4 mice (Fig.IV.7G). 
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Fig.IV.7. Ibuprofen also improves 
spatial learning and memory deficits 
in 6-month-old APOE4 mice. (A-C) An 
open field test was conducted to assess 
baseline locomotor skills, and there were 
no differences in average speed (A), total 
distance traveled (B), and time in center 
(C). (D) Primary latency to enter the 
target hole (TH) during the spatial 
acquisition (learning) phase of the 
Barnes maze task. APOE4 mice fed a 
control diet vs. APOE4 mice fed 375 
ppm ibuprofen for 2 months; #p<0.05. 
(E-F) Primary latency to reach the TH 
during the 24-hour spatial memory probe 

(E) and 72-hour spatial memory probe (F). One-way ANOVA, Bonferroni multiple 
comparisons post-hoc analyses, n = 8 / genotype / treatment group; error bars represent ± 
SEM.  (G) Occupancy plots demonstrating cumulative location of mice during training 
days (TD) 1 and 4.	  
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Ibuprofen improves spatial memory deficits in 12-month-old APOE4 mice  

We also investigated whether ibuprofen had similar effects on spatial learning and 

memory in a separate older cohort. An independent cohort of APOE4 mice was fed a 

control or 375 ppm ibuprofen diet for 2 months (n=8 per group), and performance on the 

Barnes maze task was assessed (Fig.IV.8D). Unlike in the younger cohort (Fig.IV.7), the 

primary latency to enter the TH during the spatial acquisition learning phase was not 

different between ibuprofen treated and control treated 12-month-old APOE4 mice 

(Fig.IV.8A). Similar to the effect observed at 6 months of age (Fig.IV.7E), the primary 

latency to locate the TH during the 24-hour spatial memory probe was significantly faster 

in ibuprofen treated APOE4 mice at 12 months of age (Mann-Whitney nonparametric 

test, p=0.0499) (Fig.IV.8E). The primary latency to locate the TH during the 72-hour 

spatial memory probe was also significantly faster in ibuprofen treated APOE4 mice at 

12-months of age (t=2.891, p=0.0126) (Fig.IV.8F). As a control measure, the average 

speed of mice during the spatial memory probes was measured, but did not differ during 

the 24-hour (Fig.IV.8B) or 72-hour (Fig.IV.8C) spatial memory probes. Taken together, 

these data suggest that ibuprofen significantly improved spatial learning in 6-month-old 

APOE4 mice and spatial memory in 12-month-old APOE4 mice. 
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Fig.IV.8. Ibuprofen improves spatial memory deficits in 12-month-old APOE4 mice. 
An independent cohort of 12-month-old APOE4 mice (E4) was fed a control or 375 ppm 
ibuprofen diet. (A) Primary latency to enter the target hole (TH) during the spatial 
(learning) acquisition phase of the Barnes maze task, n = 8 animals / treatment group. (B-
C) Average speed recorded as a control measure during the 24-hour spatial memory 
probe (B) and 72-hour spatial memory probe (C). (D) Occupancy plots demonstrating 
cumulative location of mice during training days (TD) 1 and 4. (E-F) Primary latency to 
reach the TH during the 24-hour spatial memory probe (E) and 72-hour spatial memory 
probe (F), n = 8 / treatment group, error bars represent ± SEM.   
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Discussion 

Accumulating evidence suggests that APOE genotype impacts normal brain function, 

independent of AD pathology (Caselli et al., 2004; Filippini, MacIntosh, et al., 2009a; 

Scarmeas et al., 2005). We examined APOE4 mice to determine whether the APOE4 

genotype was associated with phenotypes that could be converted to those associated 

with lower risk of AD (the APOE3 genotype). It is necessary to identify markers of AD 

risk in order to allow testing of potential preventative treatments that reduce the risk of 

AD without directly affecting the accumulation of the later overt neuropathological 

changes related to Aβ and phospho-tau. By utilizing the APOE knock-in animal model, 

which does not display gross AD pathology, we were able to identify such targets for 

preventative treatments. In the previous chapter, we showed that APOE4 mouse brains 

had a different distribution of APOE protein in brain extracts compared to APOE3 mice 

(Fig.III.1). In this chapter we found, remarkably, that the PPAR-γ agonist and COX 

inhibitor ibuprofen improved phenotypes associated with APOE4, suggesting anti-

inflammatory approaches could reduce AD risk for individuals identified with the 

APOE4 allele. Further, this is consistent with the model that APOE distribution and 

dendritic spine density are part of the same pathway, each altered by the effects of 

ibuprofen, PPAR-γ agonist pioglitazone, and selective COX-2 inhibitor celecoxib.   

 

Ibuprofen as an AD preventative therapy 

Many epidemiological studies have demonstrated that NSAID use decreases AD 

risk (Etminan, Gill, & Samii, 2003; in t' Veld et al., 2001; Stewart, Kawas, Corrada, & 

Metter, 1997; Szekely et al., 2008; Vlad, Miller, Kowall, & Felson, 2008). Longitudinal 
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studies tracking thousands of participants confirmed that two or more years of NSAID 

use significantly decreases AD risk (in t' Veld et al., 2001; Stewart et al., 1997; Szekely 

et al., 2008). A meta-analysis of over 14,000 subjects confirmed that this duration of 

NSAID use was necessary for the most protection from AD, resulting in a very low 

relative risk of AD (Etminan et al., 2003). Ibuprofen showed the greatest effect when 

compared with other NSAIDs (Vlad et al., 2008). Despite this promising epidemiological 

evidence, clinical trials of NSAIDs showed no efficacy in treating AD (Pasqualetti et al., 

2009). Furthermore, an AD prevention trial of elderly control individuals (average age of 

74) showed no evidence of delay by NSAIDs (Breitner et al., 2011).  These findings led 

to the speculation that NSAIDs were useful only as a preventative treatment early in life, 

before any AD pathological changes have occurred (Breitner et al., 2011; Imbimbo et al., 

2010). 

It is possible that the anti-inflammatory effects of NSAIDs would be beneficial 

prior to disease onset, but detrimental once neuropathological lesions accumulate. Too 

much inflammation in the brain before AD onset may cause neuronal damage promoting 

later neuropathological changes, but inflammation in the presence of amyloid pathology 

may be necessary to remove it. Thus, decreasing inflammation before disease onset with 

an NSAID like ibuprofen may be beneficial (as in the epidemiological studies), but 

detrimental once the disease has begun (as in the elderly patients with AD and control 

trials). Indeed, any AD therapeutic approach targeting neuroinflammation will likely have 

very different effects before and after brain amyloid deposition, given the very strong 

inflammatory response to amyloid (Breitner et al., 2011). 
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The beneficial effect of ibuprofen on mitigating AD risk may be specific to 

APOE4 carriers (Cornelius et al., 2004; Hayden et al., 2007; in t' Veld et al., 2001; 

Szekely et al., 2008; Yip et al., 2005). Prospective studies following patients beginning 

before age 65 found that NSAIDs lower AD risk (hazard ratio of 0.34 vs. 0.88) and 

produce the greatest protective effects in the Mini Mental State Examination (MMSE) 

specifically in APOE4 carriers (Hayden et al., 2007; Szekely et al., 2008). Cohort studies 

including non-demented participants and studies including AD patients and family 

members corroborated these findings (Cornelius et al., 2004; Yip et al., 2005). Strikingly, 

a cohort study of nearly 7,000 subjects in which NSAID use overall had a “dose-

dependent” protection against AD (long-term > intermediate-term > short-term) showed 

that the reduction in risk was mainly driven by APOE4 carriers (in t' Veld et al., 2001). 

Thus, the effectiveness of NSAIDs as a therapy to prevent AD may be limited to APOE4 

carriers, likely due to its reduction of further increased brain inflammatory responses and 

vulnerability to AD in the APOE4 carriers ((Szekely et al., 2008; Yip et al., 2005)). 

Ibuprofen, taken for even a limited amount of time, is associated with reduced 

risk of AD in epidemiological studies (Cornelius et al., 2004; Hayden et al., 2007; 

Szekely et al., 2008; Yip et al., 2005).  While a mechanism of protection is as yet 

unknown, ibuprofen could delay the normal sensitivity of microglia to inflammatory 

stimuli that increases as aging progresses, a process known as microglial priming (Perry 

& Holmes, 2014).  Microglia can be switched from an activated phenotype (promoting 

further inflammation) to an alternative phenotype (promoting repair) through nuclear 

receptors, including PPARγ, for which ibuprofen acts as an agonist (Lehmann, Lenhard, 

Oliver, Ringold, & Kliewer, 1997) and showed similar effects to those of ibuprofen in 
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APOE4 mice (Fig.IV.1, 6).  As a result, several groups advocate AD prevention trials 

targeting inflammation in patients with SNPs in immune-related AD risk genes (Heneka 

et al., 2015); our preclinical data support a trial of ibuprofen in APOE4 individuals 

(Malik et al., 2015). 

 

APOE and inflammation 

The most widely accepted mechanism of action of ibuprofen is cyclooxygenase 

(COX) inhibition, and the effects observed in our study with ibuprofen may be at least 

partially due to this mechanism for prevention of inflammation due to celecoxib 

treatment promoting an APOE3-like phenotype in APOE4 mice (Fig.IV.1, 6). In mouse 

models, APOE4 brains have increased susceptibility to diseases associated with 

inflammation (Farrer et al., 1997; Tu et al., 2009), or inflammation caused by LPS (Y. 

Zhu et al., 2012) or amyloid (Rodriguez, Tai, LaDu, & Rebeck, 2014). Treatment of a 

mouse model of amyloid with ibuprofen for 6 months led to decreased brain amyloid 

levels and glial activation (Lim et al., 2000), demonstrating that ibuprofen can cross the 

blood brain barrier and act as an anti-inflammatory drug in the brain. Protection from AD 

by anti-inflammatory treatments suggests that low levels of chronic inflammation may 

encourage amyloid accumulation (for review, see (Krstic & Knuesel, 2013)).  

Ibuprofen also works independently of COX inhibition to affect other signaling 

pathways. For instance, ibuprofen decreased the number of neurons in aberrant cell 

cycles in a mouse model of AD (Varvel et al., 2009). Ibuprofen acts as an agonist for 

peroxisome proliferator-activated receptor gamma (PPAR-γ) in the brain (Lehmann et al., 

1997). PPAR-γ is a nuclear receptor that acts as a transcription factor to promote 
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expression of specific targets, including APOE. In doing so, PPAR-γ reduces 

inflammation and β-amyloid toxicity (Combs, Bates, Karlo, & Landreth, 2001), perhaps 

due to the anti-inflammatory nature of lipidated APOE (Guo, LaDu, & Van Eldik, 2004; 

Pocivavsek et al., 2009). One RXR agonist known stimulate the formation of RXR and 

PPAR-γ heterodimers, bexarotene, reverses APOE4-induced differences in APOE 

lipidation and behavioral deficits (Boehm-Cagan & Michaelson, 2014).  Similarly, 

PPAR-γ agonist pioglitazone had effects similar to ibuprofen in APOE4 mice, promoting 

dendritic spine density (Fig.IV.6) and an APOE3-like distribution of TBS and TBSX 

soluble APOE (Fig.IV.1). 

We report here a new model for preclinical testing of compounds that may act to 

decrease risk of AD, independent of effects on neuropathological changes engineered into 

other mouse models of AD. We identified robust measures associated with APOE4 (brain 

APOE distribution and neuronal morphology), and found that each of these measures was 

improved by treatment with ibuprofen, which is a PPAR-γ agonist and COX inhibitor. 

PPAR-γ agonist pioglitazone and selective COX-2 inhibitor celecoxib also partially 

improve many of these measures, suggesting that both mechanisms of action are required 

for the effects of ibuprofen on APOE4 mice. These findings demonstrate a tractable 

model for analyzing other preventative treatments for AD that may work through effects 

on APOE, and demonstrate biologically plausible mechanisms for how NSAIDs cause 

the observed reduction of AD in humans.  
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CHAPTER V: VLDLR REGULATES APOE-ASSOCIATED PHENOTYPE DENDRITIC SPINE 

DENSITY 

 
 

There are several phenotypes associated with APOE (Chapter III), and these can 

be modified by pharmacologic interventions (Chapter IV). To identify the mechanism by 

which APOE may exhibit phenotypic effects on spine density and cognition, we also 

studied the APOE receptor Very Low Density Lipoprotein Receptor (VLDLR), which is 

involved in synaptic plasticity, learning, and memory. However, it is unknown how 

VLDLR can regulate synaptic and cognitive function. In the present study, we found that 

VLDLR is present at the synapse both pre- and post-synaptically. Overexpression of 

VLDLR significantly increases, while knockdown of VLDLR decreases, dendritic spine 

number in primary hippocampal cultures. Additionally, knockdown of VLDLR 

significantly decreases synaptophysin puncta number while differentially regulating cell 

surface and total levels of glutamate receptor subunits. To identify the mechanism by 

which VLDLR induces these synaptic effects, we investigated whether VLDLR affects 

dendritic spine formation through the Ras signaling pathway, which is involved in 

spinogenesis and neurodegeneration. Interestingly, we found that VLDLR interacts with 

RasGRF1, a Ras effector. Further, knockdown of RasGRF1 blocks the effect of VLDLR 

on spinogenesis. Moreover, we found that VLDLR did not rescue the deficits induced by 

the absence of Ras signaling proteins CaMKIIα or CaMKIIβ. Taken together, our results 

strongly suggest that VLDLR requires RasGRF1/CaMKII to alter dendritic spine 

formation. 
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Results 

VLDLR expression in synapses 

To determine whether VLDLR is expressed at the synapse, we immunostained 

primary hippocampal neurons with VLDLR (green, IIII antibody) and synaptophysin 

(red, pre-synaptic marker) antibodies. We found that VLDLR is expressed along the 

dendrites and spines with a punctate staining that partially co-localizes with 

synaptophysin (Fig.V.1A, upper panels). We also conducted a parallel experiment by 

staining primary hippocampal cultures with VLDLR (green, IIII antibody) and PSD-95 

(red, post-synaptic marker) antibodies. VLDLR also co-localized with PSD-95 

(Fig.V.1A, lower panels), suggesting that VLDLR could be present in both pre- and post-

synaptic compartments. 

 As an alternative approach, we conducted synaptosomal fractionations from 

wild-type mouse brain lysate and probed for VLDLR as well as various synaptic proteins 

related to spinogenesis. Consistent with our immunostainings, we found that VLDLR was 

present in both the pre- and post- synaptic fractionations. However, VLDLR was either 

more pre- or post-synaptic depending upon the antibody used. Interestingly, we found 

that VLDLR was present in both the pre- and post- synaptic fractionations when we used 

an antibody recognizing the ligand binding domain (LBD) of VLDLR (5F3, monoclonal) 

(Fig.V.1B, upper left panel). However, another polyclonal VLDLR antibody raised 

against the LBD of VLDLR (IIII) predominantly localized to the post-synaptic 

fractionation (Fig.V.1B, second left panel). Another N-terminal antibody, recognizing the 

LBD for VLDLR (α-74, polyclonal), suggested that VLDLR is mostly localized to the 

pre-synaptic fractionation (Fig.V.1B, third left panel). To test for nonspecific binding of 
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these VLDLR antibodies, immunoblots of wild-type and VLDLR knockout tissue were 

probed with these three VLDLR antibodies. We were unable to see any immunoreactivity 

in the VLDLR deficient tissue at 120 kDa, the molecular weight for VLDLR (Fig.V.1C). 

These data suggest that the antibody used for VLDLR is important to consider when 

examining VLDLR function at the synapse.    

To screen for spinogenesis-related synaptic proteins, we examined the distribution 

of CaMKIIα, CaMKIIβ, and RasGRF1 (Fig.V.1B, right panel). Consistent with the 

literature, we found that CaMKIIα is predominantly post-synaptic, but can also be at the 

pre-synaptic compartment (Takahashi, Niimi, & Itakura, 2010). Likewise, CaMKIIβ and 

RasGRF1 are mostly expressed at the post-synaptic density (Fig.V.1B, right panel). To 

monitor the purity of the synaptosomal fractionations, we probed for synaptophysin and 

PSD-95 and found them only in the expected compartments (Fig.V.1B, lower left and 

right panels). Overall, these data suggest that VLDLR can be present in both pre- and 

post-synaptic compartments of pure synaptosomal fractionations depending on which 

region in the LBD of VLDLR is targeted.  
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Fig.V.1. VLDLR is expressed at synapses. (A) Primary hippocampal neurons (DIV 21) 
were co-immunostained with Synaptophysin (Syn, red) and VLDLR (green, IIII antibody, 
upper panels) or PSD-95 (red) and VLDLR (green, IIII antibody, lower panels). (B) 
Immunoblot following synaptosomal fractionation for VLDLR, CAMKIIa, CAMKIIb, 
RasGRF1, Synaptophysin and PSD-95 in pre-synaptic vesicles (SV) and post-synaptic 
density (PSD) fractions. (C) Immunoblot comparing VLDLR levels in wild-type (WT, 
+/+) and VLDLR knockout (KO, -/-) tissue using VLDLR antibodies α-IIII (left), α-5F3 
(middle), α-74 (right), and β-Actin as a loading control. 



	 81	

 
VLDLR promotes dendritic spine formation in vitro 

APOE receptors, LRP1 and APOER2, can affect dendritic spine formation 

(Dumanis et al., 2011; Liu et al., 2010). Here, we investigated whether another ApoE 

receptor involved in learning and memory, VLDLR, could also alter dendritic spine 

formation. To test this hypothesis, primary hippocampal neurons (at DIV14, highest peak 

of in vitro synaptogenesis) were transfected with GFP + vector, GFP + VLDLR, GFP + 

PLL (control vector for shRNA) or GFP + VLDLR shRNA for 72 hours and dendritic 

spine density was measured. Overexpression of VLDLR caused a trend toward increased 

spine density (Fig.V.2A-B, p<0.06), while knockdown of VLDLR did not significantly 

alter spine density (Fig.V.2C-D) compared to controls.  

 We then examined whether VLDLR regulated dendritic spine number in mature 

neurons. For this experiment, primary hippocampal neurons (DIV21) were transfected 

with GFP + Vector, GFP + VLDLR, GFP + PLL, or GFP + VLDLR shRNA for 72 hours 

and dendritic spine density was measured. Interestingly, we found that overexpression of 

VLDLR significantly increased spine density by 42% (Fig.V.2E-F, *p<0.05), while 

knockdown of VLDLR significantly decreased dendritic spine density by 33% 

(Fig.V.2G-H, ***p<0.001). These data suggest that VLDLR may have differential effects 

on dendritic spine density during stages of spine formation and stability.  To determine 

the effectiveness of VLDLR shRNA knockdown, we transfected COS7 cells with rodent 

VLDLR and shRNA constructs. Two VLDLR shRNA constructs (#1 and #3) were tested, 

but only #3 was effective in reducing VLDLR expression by > 90%. For the experiments 

in Fig.V.2, as well as the rest of the chapter, we will use this VLDLR shRNA #3 

construct (please see the Materials and Methods for more detail).   
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We then examined which domain of VLDLR was responsible for its effect on 

dendritic spine formation. Primary hippocampal neurons (DIV21) were transfected with 

GFP + VLDLR deletion #1 (without the ligand binding domain of VLDLR), GFP + 

VLDLR deletion #2 (without the extracellular domain of VLDLR; VLDLR c-terminal 

fragment), or GFP + full length VLDLR for 72 hours followed by quantification of 

dendritic spine density (Fig.V.2J-K). Deletion of the ligand binding domain of VLDLR 

eliminated the effect of VLDLR on dendritic spine density (Fig.V.2K). These data 

suggest that VLDLR may play an important role in spinogenesis, and specifically, that 

the extracellular domain of VLDLR is required for this effect. 
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Fig.V.2. VLDLR promotes dendritic spine density in primary hippocampal neurons. 
(A-D) Primary hippocampal neurons (DIV 14) were transfected with GFP + Vector (n= 
10), GFP + VLDLR (n= 8), GFP + PLL (control vector for shRNA, n= 5), or GFP + 
VLDLR shRNA (n= 4), for 3 days, and dendritic spine density was quantified. (E-H) 
Hippocampal neurons (DIV 21) were transfected with GFP + Vector (n=10), GFP + 
VLDLR (n= 12), GFP + PLL (n=10), or GFP + VLDLR shRNA (n=7) for 3 days, and 
dendritic spine density was quantified (*p<0.05, ***p<0.001). (I) COS7 cells were co-
transfected with rodent VLDLR and VLDLR shRNA #1 or VLDLR shRNA #3 or control 
PLL vector. VLDLR in cell lysates was measured with antibody IIII. (J) Schematic of the 
different deletion constructs for VLDLR. (K) Primary hippocampal neurons (DIV 21) 
were transfected with GFP + Vector (n= 8), GFP + VLDLR #1 (lacking the ligand 
binding domain of VLDLR, n= 8), GFP + VLDLR #2 (lacking the extracellular domain 
of VLDLR, n= 5), or GFP + VLDLR #3 (full length VLDLR, n= 9). Dendritic spines 
were analyzed and quantified (**p <0.01). Error bars represented as S.E.M. 



	 84	

 
Knockdown of VLDLR decreases the puncta number of synaptophysin  

Since we observed that VLDLR can enhance dendritic spine density, we 

investigated whether VLDLR could affect functional synapses. To initially test this 

hypothesis, we examined whether the VLDLR IIII antibody would be effective for co-

immunoprecipitation assays. Therefore, wild-type and VLDLR KO brain lysates were 

homogenized in immunoprecipitation (IP) buffer, immunoprecipitated with α-IIII (for 

VLDLR) or IgG (negative control), and immunoblotted for α-5F3 (another VLDLR 

antibody) or α-APP as a positive control (Fig.V.3A).  
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Fig.V.3. Verifying the co-immunoprecipitations with the VLDLR antibody IIII. (A) 
To test whether IIII works for immunoprecipitation effectively, VLDLR KO (-/-) or 
wildtype (+/+) mouse brain lysates were immunoprecipitated with IgG or VLDLR (IIII) 
and immunoblotted for 5F3 (another VLDLR antibody, top panel, 130 KDa, top band), or 
APP (middle panel, 90 KDa) and VLDLR (IIII, lower panel, 130 KDa) as a positive 
controls. (B) To verify that VLDLR can co-immunoprecipitate with GluA1 (top panel, 
100 KDa), RasGRF1 (middle panel, 140 KDa) and CamKIIα (lower panel, 50 KDa), a 
parallel experiment as in (A) was conducted with mouse brain lysates being 
immunoprecipitated with VLDLR (IIII) in VLDLR KO (-/-) or wildtype (+/+) mouse 
brain lysates.   
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Once we confirmed that the VLDLR α-IIII antibody was successful in 

immunoprecipitating VLDLR and detecting its interaction partners, we conducted a 

parallel experiment to test whether VLDLR could interact with synaptophysin or PDS-95 

(Fig.V.4A-B). We found that VLDLR did not co-precipitate with either of these synaptic 

proteins. Although these proteins do not interact with VLDLR, we next investigated 

whether VLDLR expression levels could alter the puncta number of synaptophysin and 

PSD-95. To test this hypothesis, we transfected primary hippocampal neurons at DIV14 

or DIV21 with GFP + PLL or GFP + VLDLR shRNA for 72 hours and immunostained 

with synaptophysin or PSD-95 antibodies. Interestingly, knockdown of VLDLR 

significantly decreased synaptophysin puncta number at DIV14 and DIV21 by 

approximately 30% (Fig.V.4D,  3G, *p<0.05). However, knockdown of VLDLR did not 

alter PSD-95 puncta number at DIV14 and DIV21 (Fig.V.4E, 3H). These data suggest 

that VLDLR may alter presynaptic composition prior to postsynaptic alterations such as 

dendritic spine formation.   
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Fig.V.4. Knockdown of VLDLR significantly decreases synaptophysin puncta 
number.  (A-B) Mouse brain lysates were immunoprecipitated with IgG or VLDLR (IIII) 
followed by an immunoblot with synaptophysin (A) and PSD-95 (B). (C) Primary 
hippocampal neurons (DIV 14) were transfected with GFP + PLL or GFP + VLDLR 
shRNA for 3 days. Cells were then fixed and immunostained with Synaptophysin (left) or 
PSD-95 (right). (D) Quantification of synaptophysin puncta number in C (PLL n=18 
neurons, VLDLR shRNA n=21 neurons, *p<0.05). (E) Quantification of PSD-95 puncta 
number in C (PLL n=18 neurons, VLDLR shRNA n=24 neurons) (F) Primary 
hippocampal neurons (DIV 21) were transfected with GFP + PLL or GFP + VLDLR 
shRNA for 3 days. Cells were then fixed and immunostained with Synaptophysin (left) or 
PSD-95 (right). (G) Quantification of synaptophysin puncta number in F (PLL n=8 
neurons, VLDLR shRNA n=8 neurons, *p<0.05). (H) Quantification of PSD-95 puncta 
number in F (PLL n=8 neurons, VLDLR shRNA n=8 neurons).  



	 89	

VLDLR alters levels of NMDA receptor subunit GluN1  

 We then investigated whether VLDLR could alter other postsynaptic markers 

beyond PSD-95 at the synapse. Specifically, we examined whether VLDLR could 

interact with NMDA receptor subunits, which are involved in spinogenesis and synaptic 

plasticity (for review, see (Paoletti, Bellone, & Zhou, 2013; Riedel, Platt, & Micheau, 

2003)). For this experiment, wild-type brain lysates were homogenized in IP buffer, 

immunoprecipitated with α-IIII (for VLDLR) or IgG (negative control), and 

immunoblotted with α-GluN1, α-GluN2A, or α-GluN2B. We found that VLDLR did not 

co-precipitate with these NMDA receptor subunits (Fig.V.5A-C). Next, we tested 

whether VLDLR altered NMDA receptor subunit levels. Primary hippocampal neurons 

(DIV21) were transfected with GFP + Vector, GFP + VLDLR, GFP + PLL, or GFP + 

VLDLR shRNA for 72 hours and immunostained with α-GluN1. Overexpression of 

VLDLR did not alter total GluN1 levels. However, knockdown of VLDLR significantly 

decreased GluN1 levels by approximately 33% (Fig.V.5D-G, **p<0.01). We also 

conducted a parallel experiment with GluN2A and GluN2B, and found that knockdown 

of VLDLR trended toward decreasing GluN2A levels (Fig.V.5H-I, p<0.07), but did not 

alter GluN2B levels (Fig.V.5J-K). 
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Fig.V.5. Knockdown of VLDLR decreases GluN1 levels. (A-C) Mouse brain lysates 
were immunoprecipitated with IgG or VLDLR (IIII) followed by immunoblot with 
GluN1 (A), GluN2A (B), and GluN2B (C). Arrows indicate specific bands at the 
expected molecular weight. (D) Hippocampal neurons (DIV 21) were transfected with 
GFP + Vector (n= 8 neurons) or GFP + VLDLR (n=8 neurons) for 3 days. Cells were 
then fixed and immunostained for GluN1. Representative images for each condition are 
shown. (E) Quantification of GluN1 integrated intensity in D. (F) Hippocampal neurons 
(DIV 21) were transfected with GFP + PLL (n=13 neurons) or GFP+VLDLR shRNA 
(n=6 neurons) for 3 days. Cells were then fixed and immunostained for GluN1. 
Representative images for each condition are shown. (G) Quantification of GluN1 
integrated intensity in F (**p<0.01). (H-K) Hippocampal neurons (DIV21) were 
transfected with GFP + PLL or GFP + VLDLR shRNA for 3 days. Cells were fixed and 
immunostained for GluN2A or GluN2B. (I) Quantification of GluN2A integrated 
intensity in H (n=7-16 neurons/group). (K) Quantification of GluN2B integrated intensity 
in J (n=8-18 neurons/group).  
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VLDLR affects cell surface levels of AMPA receptor subunit GluA1 

Since we observed that VLDLR knockdown decreases the levels of the GluN1 

NMDA receptor subunit, we next investigated whether VLDLR could alter the levels of 

AMPA receptor subunits. Specifically, we examined whether VLDLR interacted with 

AMPA receptor subunits GluA1 or GluA2. For this experiment, we immunoprecipitated 

wild-type mouse brain lysates with anti-VLDLR (IIII) or IgG, and probed for anti-GluA1 

or GluA2. We found that VLDLR co-immunoprecipitated with GluA1, suggesting that 

VLDLR may directly or indirectly interact with GluA1 (Fig.V.6A, Fig.V.3B). However, 

VLDLR did not co-precipitate GluA2 (Fig.V.6B). We then conducted double 

immunostainings in primary hippocampal cultures for VLDLR and GluA1, or VLDLR 

and GluA2, and found that VLDLR partially co-localized with GluA1 and GluA2 in 

puncta along neuronal processes (data not shown).   

To examine the effect of VLDLR on AMPA receptor subunit trafficking, we 

transfected primary hippocampal neurons with GFP + PLL or GFP + VLDLR shRNA for 

72 hours and conducted live cell surface staining (non-permeabilizing conditions) or total 

immunostaining (permeabilizing conditions) with an N-terminal recognizing GluA1 or 

GluA2 antibody. We found that knockdown of VLDLR significantly decreased the cell 

surface levels of GluA1 by 19%, without changing total levels, compared to control 

vector (Fig.V.6C-F, *p<0.05). Interestingly, knockdown of VLDLR did not significantly 

alter cell surface or total levels of GluA2 (Fig.V.6G-J).  These data suggest that VLDLR 

differentially interacts with glutamate receptor subunits in addition to altering glutamate 

receptor subunit trafficking. 
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Fig.V.6.  Knockdown of VLDLR decreases cell surface GluA1 levels. (A, B) Mouse 
brain lysates were immunoprecipitated with IgG or VLDLR (IIII) followed by 
immunoblot with GluA1 (A) and GluA2 (B). Arrows indicate specific bands at the 
expected molecular weight. (C-F) Primary hippocampal neurons (DIV21) were 
transfected with GFP + PLL or GFP + VLDLR shRNA for 3 days. Cells were then fixed 
in a non-permeabilizing and permeabilizing condition to detect for cell surface (C-D, 
PLL n=12 neurons, VLDLR shRNA n=10 neurons) and total levels (E-F, PLL n=8 
neurons, VLDLR shRNA n=9 neurons) of GluA1. (*p<0.05) (G-J) Primary hippocampal 
neurons (DIV21) were transfected with GFP + PLL or GFP + VLDLR shRNA for 3 days. 
Cells were then fixed in a non-permeabilizing and permeabilizing condition to detect for 
cell surface levels of GluA2 (G-H, PLL n=10 neurons, VLDLR shRNA n=10 neurons) 
and total levels of GluA2 (I-J, PLL n=9 neurons, VLDLR shRNA n=9 neurons).  
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VLDLR requires Ras activation for altering dendritic spine density 

Ras signaling is implicated in dendritic spine formation as well as 

neurodegeneration such as Alzheimer’s disease (AD). Specifically, protein-specific 

guanine nucleotide releasing factor 1, RasGRF1, has been linked to Ras activation, 

synaptic delivery of AMPA receptors, and dendritic spine formation (J. J. Zhu, Qin, Zhao, 

Van Aelst, & Malinow, 2002). APP promotes dendritic spine formation in a Ras-

dependent manner (Megill et al., 2013), APP interacts with VLDLR and APP affects the 

trafficking of VLDLR (Patterson & Yasuda, 2011). We hypothesized that VLDLR may 

affect dendritic spine density by regulating the levels or activity of Ras signaling proteins.  

To test this hypothesis, we first examined whether VLDLR physically associated 

with RasGRF1 in vivo. Wild-type brain lysates were immunoprecipitated with IIII (for 

VLDLR) or IgG, and immunoblotted for RasGRF1. We found that VLDLR co-

immunoprecipitated with RasGRF1 (Fig.V.7A, Fig.V.3B). We then examined whether 

RasGRF1 altered the cell surface levels of VLDLR. COS7 cells were transfected with 

VLDLR + Vector or VLDLR + RasGRF1 for 24 hours and cell surface biotinylation was 

conducted. Overexpression with RasGRF1 did not alter cell surface or total levels of 

VLDLR (Fig.V.7B).  

We then examined whether VLDLR could alter the levels of RasGRF1. To test 

this, we transfected primary hippocampal neurons with GFP + Vector, GFP + VLDLR, 

GFP + PLL, or GFP + VLDLR shRNA for 72 hours. We then immunostained with 

RasGRF1 and found that altering VLDLR levels did not significantly change the levels of 

RasGRF1 (Fig.V.7C-F). Next, we investigated whether VLDLR required RasGRF1 to 

alter dendritic spine number. Primary hippocampal neurons were transfected with GFP + 
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PLL + Vector, GFP + VLDLR + Vector, GFP + RasGRF1 shRNA + Vector, or GFP + 

RasGRF1 shRNA + VLDLR for 72 hours followed by quantification of spine density. 

Consistent with our previous findings, overexpression of VLDLR significantly increased 

dendritic spine density by 40% (Fig 2, Fig.V.7G-H, *p<0.05). Interestingly, knockdown 

of RasGRF1 prevented the effect of VLDLR on spinogenesis, suggesting that VLDLR-

mediated spinogenesis requires RasGRF1 (Fig.V.7G-H).  

To examine whether VLDLR alters Ras activity, we conducted a GST-pull down 

assay from wild-type and VLDLR knockout brain lysate by incubating it with GST-Raf-

RBD purified protein (the active form of Ras) and immunoblotted for anti-Ras. We found 

that VLDLR knockout brain lysates had decreased levels of the active form of Ras 

compared to wild-type brain lysates (Fig.V.7I). These data suggest that the expression 

levels of VLDLR can affect Ras activity.  
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Fig.V.7. VLDLR requires RasGRF1 to mediate dendritic spine density. (A) Mouse 
brain lysates were immunoprecipitated with IgG or VLDLR (IIII) followed by 
immunoblot with RasGRF1. Arrow indicates specific band at the expected molecular 
weight. (B) COS7 cells were transfected with VLDLR + Vector or VLDLR + RasGRF1, 
and cell surface biotinylation was performed to measure cell surface levels of VLDLR 
(n=3/group).  (C) Primary hippocampal neurons (DIV21) were transfected with GFP + 
Vector or GFP+ VLDLR for 72 hours. Cells were then fixed and immunostained for 
RasGRF1. Representative images from each condition are shown.  (D) Quantification of 
RasGRF1 integrated intensity from C (n=7-10 neurons/group). (E) Primary hippocampal 
neurons (DIV21) were transfected with GFP + PLL or GFP + VLDLR shRNA for 72 
hours and cells were then fixed and immunostained for RasGRF1. (F) Quantification of 
RasGRF1 integrated intensity from E (n=6-11 neurons/group). (G) Primary hippocampal 
neurons (DIV21) were transfected with GFP + PLL+ empty vector (n= 9 neurons), GFP + 
VLDLR + vector (n=10 neurons), GFP + RasGRF1 shRNA + vector (n=11 neurons), or 
GFP + RasGRF1 shRNA + VLDLR (n=10 neurons) for 72 hours.  After 72 hours, cells 
were fixed and immunostained for GFP and dendritic spine density was measured. (H) 
Dendritic spines visualized by GFP immunostaining under the conditions in G were 
quantified (*p<0.05). (I) A GST-pulldown assay was conducted to measure the levels of 
active Ras from wild-type and VLDLR knockout brains (n=3/group).  
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Interaction between VLDLR and CaMKIIa alters dendritic spine formation 

Ras signaling is downstream of CaMKII (Patterson & Yasuda, 2011). CaMKII 

induces Ras signaling, which promotes dendritic spine growth and LTP (Patterson & 

Yasuda, 2011). Thus, we examined whether VLDLR can interact with CaMKIIα using 

co-immunoprecipitation from primary cortical neurons and wild-type mouse brain lysate. 

We found that VLDLR interacted with CaMKIIα as well as with the p-CaMKIIα (active 

form) in primary cortical neurons and brain lysates (Fig.V.8A (left panel), and Fig.V.3B).  

We then examined whether VLDLR can interact with another CaMKII isoform, 

CaMKIIβ, and found that VLDLR did not immunoprecipitate with CaMKIIβ (Fig.V.8A, 

right panel).  

We examined whether CaMKIIα affected cell surface levels of VLDLR. For this 

experiment, COS7 cells were transfected with VLDLR + Vector, VLDLR + CaMKIIα 

WT, VLDLR + CaMKIIα T286D (non-autophosphorylatable form) or VLDLR + 

CaMKIIα K42R (kinase dead form) for 24 hours and cell surface biotinylation was 

conducted. Overexpression of CaMKIIα WT increased cell surface and total levels of 

VLDLR, but not CaMKIIα T286D or K42R, suggesting that both kinase activity and 

phosphorylation of CaMKIIα are required for this effect (Fig.V.8B).   

Next, we examined whether the expression levels of VLDLR can alter the levels 

of CaMKIIα. We transfected primary hippocampal neurons with GFP + Vector, GFP + 

VLDLR, GFP + PLL, or GFP + VLDLR shRNA for 72 hours and immunostained with 

CaMKIIα.  Knockdown of VLDLR significantly decreased the levels of CaMKIIα by 

about 40% (Fig.V.8E-F, *p<0.05), while overexpression of VLDLR trended toward 

increasing CaMKIIα (Fig.V.8C-D, p<0.06). Based on these findings, we then examined 
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whether VLDLR mediated dendritic spine density through CaMKIIα. Primary 

hippocampal neurons were transfected with GFP + Vector + PLL, GFP + VLDLR + 

Vector, GFP + CaMKIIα shRNA + Vector, or GFP + VLDLR + CaMKIIα shRNA for 72 

hours, and dendritic spine density was measured. Again, we found that overexpression of 

VLDLR increased dendritic spine density (Fig.V.8G-H, *p<0.05). Interestingly, 

knockdown of CaMKIIα prevented the effect of VLDLR on spinogenesis, suggesting that 

VLDLR-mediated spinogenesis is dependent on CaMKIIα (Fig.V.8G-H).  

To test whether VLDLR altered levels of CaMKIIβ, we transfected primary 

hippocampal neurons with GFP + PLL or GFP + VLDLR shRNA for 72 hours and 

immunostained with CaMKIIβ.  Knockdown of VLDLR significantly decreased the 

levels of CaMKIIβ by around 25% in primary hippocampal neurons (Fig.V.8I-J, 

*p<0.05). We next investigated whether CaMKIIβ could affect VLDLR enhancement of 

dendritic spine density. Surprisingly, depletion of CaMKIIβ also inhibited the VLDLR-

mediated effect on dendritic spine density (Fig.V.8K-L). Taken together, these data 

indicate that VLDLR requires CaMKIIα and CaMKIIβ to exert its effects on dendritic 

spine formation.   
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Fig.V.8.  VLDLR interacts with CaMKIIα and requires both CaMKIIα and 
CaMKIIb to alter dendritic spine formation. (A) Primary cortical neurons and mouse 
brain lysates were immunoprecipitated with IgG or VLDLR (IIII) followed by 
immunoblot with CaMKIIα, p-CaMKIIα, or CaMKIIb. Arrows indicate specific bands at 
the expected molecular weights. (B) COS7 cells were transfected with VLDLR + Vector, 
VLDLR + CaMKIIα WT, VLDLR + CaMKIIα  T286D (non-autophosphorylatable form), 
or VLDLR + CaMKIIα  K42R (kinase dead form), and cell surface biotinylation was 
performed to measure surface levels of VLDLR (n=2/group).  (C) Primary hippocampal 
neurons (DIV21) were transfected with GFP + Vector or GFP + VLDLR for 72 hours. 
Cells were then immunostained for CaMKIIα.  (D) Quantification of CaMKIIα levels in 
C (n=7-13 neurons/group).  (E) Primary hippocampal neurons (DIV21) were transfected 
with GFP+PLL or GFP+VLDLR shRNA for 72 hours.  Cells were then immunostained 
for CaMKIIα.  (F) Quantification of CaMKIIα levels in E (n=8 neurons/group, *p<0.05).  
(G) Primary hippocampal neurons (DIV 21) were transfected with GFP + Vector +PLL 
(n=12 neurons), GFP + VLDLR + Vector (n=11 neurons), GFP + CaMKIIα shRNA 
+Vector (n=8 neurons), or GFP + VLDLR + CaMKIIα shRNA (n=8 neurons) for 72 
hours. Cells were then immunostained for GFP to visualize dendritic spines. 
Representative images are shown. (H) Quantification of dendritic spine density under the 
conditions in G (*p<0.05). (I) Primary hippocampal neurons (DIV21) were transfected 
with GFP + PLL or GFP + VLDLR shRNA for 72 hours. Cells were then immunostained 
for CaMKIIβ.  (J) Quantification of CaMKIIβ levels in I (n= 12-17 neurons/group, 
*p<0.05).  (K) Primary hippocampal neurons (DIV21) were transfected with GFP + 
Vector + PLL (n=12 neurons), GFP + VLDLR + Vector (n=11 neurons), GFP + 
CaMKIIβ shRNA +Vector (n=10 neurons), or GFP + VLDLR + CaMKIIβ shRNA (n=10 
neurons) for 72 hours. Cells were then immunostained for GFP to visualize dendritic 
spines. Representative images are shown. (L) Quantification of dendritic spine density 
under the conditions in K (*p<0.05). 
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Discussion  

In the present study, we identify a novel role for VLDLR on dendritic spine 

formation and its mechanism of action. We found that VLDLR is expressed at synapses 

both pre- and post-synaptically (Fig.V.1) and that VLDLR overexpression promotes, 

while VLDLR knockdown decreases, dendritic spine density in primary hippocampal 

cultures (Fig.V.2). Interestingly, we observed that VLDLR alters presynaptic puncta 

number without affecting the postsynaptic puncta number (Fig.V.4). Additionally, we 

found that VLDLR expression selectively affects NMDA/AMPA receptor subunit levels 

(Fig.V.5 and 5). Moreover, VLDLR regulates spine density, potentially by regulating Ras 

signaling molecules, including RasGRF1 and CaMKIIα/CaMKIIβ (Fig.V.7 and 7). Taken 

together, our results strongly suggest that VLDLR regulates dendritic spinogenesis in a 

RasGRF1/CaMKII dependent manner. 

APOE receptors, LRP1 and APOER2, are expressed at the synapse and regulate 

spinogenesis (Beffert et al., 2005; Dumanis et al., 2011; Liu et al., 2010; May et al., 2004; 

Nakajima et al., 2013; Niu, Yabut, & D'Arcangelo, 2008; Zhuo et al., 2000). APOER2 

and VLDLR are 50% homologous, and both receptors are involved in the neural 

development of the neocortex through Reelin signaling (Tissir & Goffinet, 2003). These 

two receptors are the exclusive Reelin signaling receptors, and bind to Reelin with similar 

affinities (Benhayon, Magdaleno, & Curran, 2003). Interaction with Reelin induces both 

receptors to bind to the adaptor protein Dab1, which subsequently leads to the activation 

of Src family tyrosine kinases (Howell, Hawkes, Soriano, & Cooper, 1997). Although 

APOER2 and VLDLR share many similarities, they can also interact with different 

ligands suggesting that they may also have non-overlapping functions. For example, 
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VLDLR interacts with the Pafah1b complex, which is involved in neuronal migration, 

while APOER2 does not. Moreover, APOER2 has a PDZ domain in Exon 19, which is 

absent in VLDLR. This PDZ domain can interact with Jip1 and PSD95. Further, the 

cellular distribution in membrane compartments seems to be different between the two 

receptors, with APOER2 found in lipid rafts while VLDLR is usually not (Mayer, Duit, 

Hauser, Schneider, & Nimpf, 2006). For a more extensive review about the similarities 

and differences of these two receptors, please see (Reddy, Connor, Weeber, & Rebeck, 

2011). Here, we asked whether VLDLR, like APOER2, would also be involved in 

synaptic plasticity.   

We are the first to identify that VLDLR, similar to APOER2, is expressed at 

synapses and regulates dendritic spine formation in vitro. Interestingly, we found that 

VLDLR more effectively alters spinogenesis at DIV21 compared to DIV14, suggesting 

that VLDLR may have a more profound impact on the later stages of spine formation or 

stability. We also examined whether reducing VLDLR protein levels affects functional 

synapses in particular by immunostaining with synaptophysin and PSD-95. Surprisingly, 

we found that VLDLR affects synaptophysin puncta number without altering PSD-95 

puncta number. Because VLDLR induces a pre-synaptic effect prior to post-synaptic 

alterations (synaptophysin, DIV14; dendritic spine density, DIV21), it is possible that the 

VLDLR-mediated impact on post-synaptic spine density is an indirect effect of VLDLR 

influence on pre-synaptic sites. Another possibility is that other APOE receptors known 

to be expressed post-synaptically (such as APOER2) may be altered as a compensatory 

mechanism when VLDLR expression is reduced. We had also conducted a parallel 

experiment to test whether overexpression of VLDLR could enhance synaptic protein 
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expression. Interestingly, we did not observe any changes in these synaptic markers 

following overexpression (data not shown). These data suggest that perhaps the 

overexpression of VLDLR enhances actin motility to increase dendritic spine number, 

but that these dendritic spines may be silent and non-functional. This idea could be 

further explored with functional assays such as electrophysiology in future experiments.   

Interestingly, unlike other APOE receptors known to impact dendritic spine 

density, we also observed VLDLR in the pre-synaptic compartment (Fig.V.1A, B).  

Moreover, depending on the antibody used, VLDLR was observed more in the pre- or 

post-synaptic compartment. Indeed, we found that 2 out of 3 different N-terminal 

antibodies for VLDLR detected VLDLR predominantly in the pre-synaptic compartment. 

Because it is known that VLDLR can be cleaved by γ-secretases, it would be interesting 

to investigate whether this cleavage results in enhanced pre-synaptic signaling. Future 

studies could elucidate these findings by measuring whether secretase activity can alter 

VLDLR localization at the synapse, subsequently altering synapse formation in vitro and 

in vivo.   

Much of the research regarding APOE receptor ligands (i.e., APOE, F-spondin, 

Reelin) at the synapse has focused on modulations of post-synaptic signaling, 

highlighting that post-synaptic alterations can indirectly impact pre-synaptic ones (and 

vice versa). Pre-synaptic localization of VLDLR may hint at a new role for APOE 

receptors. Synaptophysin levels are affected by APOE genotype following 

lipopolysaccharide injection (Y. Zhu et al., 2012), increased by F-spondin overexpression 

in an AD model (Hafez et al., 2012), and decreased with Reelin inhibition (Stranahan, 
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Salas-Vega, Jiam, & Gallagher, 2011). VLDLR may be involved in the mechanism for 

these observations. 

To further investigate the effect of VLDLR at the synapse, we also examined the 

effects of VLDLR on NMDA and AMPA receptor levels. Our results demonstrate that 

VLDLR knockdown decreased the total levels of GluN1 and the surface levels of GluA1 

in primary hippocampal neurons. These results suggest that although PSD-95 is 

unaffected, VLDLR can still impact the composition of postsynaptic densities. To 

support our findings, VLDLR knockout mice were observed to have moderate decreases 

in synaptic potentiation (Weeber et al., 2002). It is possible that the shift of AMPA and 

NMDA receptor subunit composition contributes to this effect. GluA1/A2 heteromers 

comprise the predominant AMPA receptor population in the hippocampus (Lu et al., 

2009; Wenthold, Petralia, Blahos, & Niedzielski, 1996); the decrease in surface 

expression of the GluA1 subunit may reflect a shift to a GluA2/A3 subunit composition, 

subsequently altering the kinetics of the AMPA receptors. Moreover, minor alterations in 

GluN1 levels can cause changes in synaptic signaling such as LTP (Cammarota et al., 

2000; P. E. Chen et al., 2009).  

Intriguingly, we also observed that VLDLR co-precipitated with the GluA1 

receptor subunit, but not with GluA2 or the NMDA receptor subunits (Fig.V.5, 5). This 

suggests that VLDLR may directly or indirectly complex with GluA1 to alter both its 

trafficking to the cell surface and its signaling.  Reelin, a ligand for VLDLR, is known to 

enhance GluA1 composition through VLDLR and APOER2 receptor signaling (Qiu, 

Zhao, Korwek, & Weeber, 2006). Conditional knockout of reelin alone during adulthood 
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does not alter dendritic spine density, suggesting that the effect of reelin at the synapse 

could also be dependent on APOE receptor function (Lane-Donovan et al., 2015). 

To elucidate the molecular mechanism by which VLDLR could promote synapse 

formation, we examined Ras signaling as a potential downstream target. The Ras family 

of signaling molecules is important for spine dynamics and synaptic plasticity, with Ras 

promoting surface delivery of AMPA receptors and stimulating dendritic spine formation 

(Arendt et al., 2004; Wu, Deisseroth, & Tsien, 2001; J. J. Zhu et al., 2002). APP, a 

receptor that interacts with VLDLR (Dumanis et al., 2012), co-precipitates with 

RasGRF1, a downstream guanine exchange factor, which activates Ras signaling (Megill 

et al., 2013). Moreover, RasGRF1 is required for APP to modulate dendritic spine 

formation (Megill et al., 2013).  We found that VLDLR can also co-precipitate with 

RasGRF1 (Fig.V.7A), and that RasGRF1 is required for the effects of VLDLR on 

dendritic spine formation. These results indicate that RasGRF1 is a potential downstream 

signaling molecule of VLDLR. Furthermore, we also observed that VLDLR knockout 

animals have significantly reduced levels of the activated form of Ras, although total Ras 

levels are unchanged (Fig 6J). These findings further contribute to the idea that Ras 

activity is downstream of VLDLR signaling.  

CaMKII is another molecule implicated in synaptic efficacy and morphogenesis 

(Fink et al., 2003; Hudmon & Schulman, 2002; Jourdain, Fukunaga, & Muller, 2003; 

Lisman, Schulman, & Cline, 2002; Silva, Stevens, Tonegawa, & Wang, 1992). The 

CaMKIIα isoform is usually associated with synaptic efficiency and the CaMKIIα and β 

isoforms are associated with dendritic spine morphogenesis (Fink et al., 2003; Jourdain et 

al., 2003; Okamoto, Narayanan, Lee, Murata, & Hayashi, 2007; Silva et al., 1992). 
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Interestingly, overexpressing CaMKII also caused an increase in VLDLR expression 

levels; however, it is not clear whether this is a direct or indirect effect. For example, it is 

known that CAMKIIα overexpression can cause increases in synaptic strength and size 

(Pi et al., 2010). Therefore, it is possible that the increase in spine size can in turn lead to 

an additional increase in VLDLR. We report here that CaMKIIα, but not 

CaMKIIβ, interacts with VLDLR in brain lysates. However, both CaMKII isoforms are 

required for the VLDLR-mediated increase in dendritic spine density in vitro (Fig.V.7). 

Because VLDLR and APP can form a complex, it should be investigated whether 

VLDLR and APP cooperate or compete to alter spinogenesis through these signaling 

pathways. 

Ligands to APOE such as F-spondin or Reelin could cause APOER2 to homo-

cluster with itself or hetero-cluster with VLDLR (Divekar, Burrell, Lee, Weeber, & 

Rebeck, 2014). Therefore, it is possible that the ligand-binding domain that is required to 

observe the VLDLR-mediated effect on dendritic spines (Fig.V.2) could be through this 

same mechanism.  In our working model (Fig.V.9), VLDLR maybe clustering trans- or 

cis-synaptically through the ligand binding domain, providing structural support for 

dendritic spine growth. Moreover, this interaction of VLDLR with another VLDLR 

receptor, or with known interaction binding partners (such as APP or APOER2), has 

already been implicated in synaptic development. This leads to an increase in CaMKII 

and Ras signaling, which in turn promotes dendritic spine formation.  
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Fig.V.9. Reelin alters the interaction between VLDLR and its new interaction 
partners. A working model for how VLDLR can promote dendritic spine formation. 
VLDLR (light gray rectangle) can be expressed pre- or post-synaptically. The ligand 
binding domain of VLDLR is necessary for the VLDLR-mediated increase in dendritic 
spines. A recent paper demonstrated that the ligands for VLDLR can promote homo- and 
hetero-clustering with itself or another receptor, respectively. Therefore, it is possible that 
these ligands can help promote the (A) homo- or (B) hetero- clustering of VLDLR cis- or 
trans-synaptically.  This clustering would serve as an amplification of receptor signaling, 
which downstream promotes both CaMKII and RasGRF1 activation, which subsequently 
leads to the increase in dendritic spine number.  
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What is the biological significance of our findings? VLDLR deletions have been 

associated with a non-progressive cerebellar ataxia with intellectual disability in the 

human population (Boycott et al., 2005). There has been no thorough investigation of the 

impact of this VLDLR homozygous deletion on dendritic spines in the hippocampal 

regions. Therefore, it is possible that the signaling pathways identified here may 

contribute to both of these diseases.  Moreover, these studies begin to clarify the 

molecular mechanism by which the apoE receptor family may participate in the 

development and functional maintenance of the nervous system. In particular, these 

studies highlight a novel role for VLDLR at the synapse and its mechanism of action.  

These results suggest the possibility that VLDLR could act as the mechanism by which 

APOE is exerting phenotypic effects on dendritic spine density and cognition, which are 

reversible with preventive drug intervention (Chapters III and IV). 
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CHAPTER VI:  APOE-ASSOCIATED PHENOTYPES IN HUMANS 

 

The AD genetic risk factor APOE4 induces phenotypic differences in mice in the 

absence of gross pathological changes (Chapter III). Several of these deficits are 

modifiable with preventive drug intervention (Chapter IV). Many of these phenotypes are 

related to synaptic function, and we found that an APOE receptor, VLDLR, is also 

expressed at the synapse and alters dendritic spine formation (Chapter V). Thus, we next 

wanted to investigate whether variants of APOE and/or VLDLR have an effect on the 

normal brain in humans. 

 

Results 

  

APOE genotype affects APOE distribution in human brain samples 

In mice, we found that APOE4 carriers had a higher ratio of TBS-soluble to 

TBSX-soluble APOE compared to APOE3 carriers (Chapter III), and that this difference 

was mitigated by ibuprofen treatment (Chapter IV). We tested whether the difference in 

APOE distribution was also present in human brain samples (Fig.VI.1). We genotyped 

samples from the medial frontal gyrus of human post-mortem AD brains (E3/E3: n=7, 

E3/E4: n=13, E4/E4: n=8), and processed them in the same manner as those obtained 

from the APOE mice using TBS and TBSX fractionations.  
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Fig.VI.1. Post-mortem human brain tissue from patients with Alzheimer’s disease 
was obtained from Johns Hopkins University. Brain tissue was resected from the 
medial frontal gyrus.  Samples were genotyped, and divided into three groups:  
APOE3/APOE3, APOE3/APOE4, and APOE4/APOE4.  Genotype, post-mortem duration 
(PMD), race of the subjects, average age of the subjects, and sex of the subjects was 
recorded. 
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First, samples were homogenized in Tris Buffered Saline (TBS), centrifuged at 

47,000 RPM, and the supernatant was retained as the TBS-soluble fraction.  To the 

remaining pellets, we added TBS with 1% Triton-X (TBSX), sonicated the samples, 

centrifuged again, and the supernatant was retained as the TBSX-soluble fraction. 

Western blot analysis revealed an increased molecular weight corresponding to TBS-

soluble APOE compared to TBSX-soluble APOE (Fig.VI.2A), as we previously observed 

in the human APOE knock-in mice (Chapter III). Also as observed in mice, the ratio of 

TBS to TBSX-soluble APOE was significantly higher in APOE4/APOE4 carriers 

compared to APOE3/APOE3 carriers (Kruskal-Wallis nonparametric test, p=0.0046; 

post-test, p<0.05) (Fig.VI.2B). Heterozygous APOE3/APOE4 carriers also had a 

significantly different APOE distribution compared to APOE3/APOE3 carriers (p<0.01) 

(Fig.VI.2B). Thus, altered APOE distributions were observed in APOE4 mice (E4>E3, 

Chapter III), and also in human APOE4 carriers (E4/E4 and E3/E4 > E3/E3). Taken 

together, these data suggest that APOE mice represent an important model with human 

relevance to study novel preventive drugs for AD.  
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Fig.VI.2. APOE genotype also affects APOE distribution in human brain samples. 
(A) Representative Western blot of human brain samples probed with the D6E10 APOE 
antibody demonstrating differences in molecular weight between the TBS and TBSX 
soluble APOE found in APOE3/APOE3 and APOE4/APOE4 samples. (B) Ratio of TBS 
to TBSX soluble APOE in APOE3/APOE3 (n=7), APOE3/APOE4 (n=13), and 
APOE4/APOE4 (n=8) carriers (Kruskal-Wallis nonparametric test, p=0.0046; 
APOE3/APOE3 vs. APOE4/APOE4 post-test, p<0.05; APOE3/APOE3 vs. 
APOE3/APOE4, p<0.01). 
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APOE and APOJ risk alleles cumulatively alter entorhinal cortex volume 

The ε4 allele of the APOE gene is the strongest known genetic risk factor for AD, 

increasing risk by 300% and decreasing age of onset, in a dose-dependent manner 

(Bertram et al., 2007; Farrer et al., 1997; Fei & Jianhua, 2013; Harold et al., 2009). A 

related risk factor, apolipoprotein J (APOJ, also known as clusterin, CLU), also modestly 

increases AD risk, with the APOJ-C risk allele increasing AD risk by 10-15% (Harold et 

al., 2009; Lambert et al., 2009). These two AD risk genes encode similar proteins that 

associate with lipoproteins in the brain (Elliott, Weickert, & Garner, 2010; Koch et al., 

2001) to interact with a shared family of cell surface receptors (Kounnas et al., 1995; 

Leeb, Eresheim, & Nimpf, 2014) that promote neurite outgrowth (Kang et al., 2005; 

Nathan et al., 1994), cholesterol metabolism (for review, see (Holtzman, Herz, & Bu, 

2012)), and clearance of the AD pathological hallmark, amyloid-β (DeMattos et al., 

2004). We observed that APOE4 decreased medial temporal lobe (MTL) volume in mice 

(Chapter III), and that APOE4-induced deficits in medial entorhinal cortex dendritic spine 

density could be rescued with preventive drug treatment (Chapter IV).  However, the 

extent to which these genes affect brain structure in young adult humans remains unclear. 

Here, hypothesize that AD risk alleles of these two genes, APOE4 and APOJ-C, 

cumulatively alter brain volume in young adults. Using voxel-based morphometry in 57 

young participants with no history of mental illness, psychoactive medication or brain 

injury, we examined the entorhinal cortex in the MTL. 

APOE genotype is associated with accelerated atrophy in the brain during disease 

progression (Shen et al., 2010), and the grey matter density in the medial temporal lobe 

(MTL) of APOE4 carriers is particularly sensitive to this type of atrophy (Fei & Jianhua, 
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2013; Thomann et al., 2008) and one of the earliest brain regions affected in AD 

pathogenesis (Braak et al., 2011) (Fig.VI.3). The entorhinal cortex facilitates 

communication between the hippocampus and neocortex for memory consolidation. 

While the effect of APOE genotype on MTL atrophy has been well established in older 

adults, effects on the young brain are less clear. Whole brain analyses in healthy APOE4 

carriers report increased (Alexander et al., 2012), decreased (Knickmeyer et al., 2013; 

O'Dwyer et al., 2012; Wishart et al., 2006), or unchanged (Dennis et al., 2010; Filippini, 

Rao, et al., 2009; Matura et al., 2014; Mondadori et al., 2007; Samuraki et al., 2012; Stein 

et al., 2012) MTL volume depending on the experimental parameters. Although less 

studied than APOE4, APOJ was also not associated with MTL differences in a large scale 

GWAS meta-analysis (Stein et al., 2012). As with APOE, it may be that more sensitive 

analyses are necessary to detect differences induced by APOJ risk. In addition, the 

putative functional similarities between the proteins these genes encode (Elliott et al., 

2010; Koch et al., 2001; Kounnas et al., 1995; Leeb et al., 2014) prompted us to explore 

whether APOE and APOJ polymorphisms may have a cumulative effect, which would 

suggest the potential of a common pathway for these risk factors in a region critical for 

AD pathogenesis. 
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Fig.VI.3. Demographic information. Participants were healthy, right-handed university 
students and community members (n=57, 33 male, 74% Caucasian). Each participant 
provided informed consent for MRI and genotyping. These participants ranged from 18-
35 years of age (mean=21.8, standard deviation=4.0) with no history of mental illness, 
psychoactive medication or brain injury. All procedures received IRB approval prior to 
the study.  Values for age represent the mean ± standard deviation. Odds ratios (O.R.) are 
normalized to APOE3 and non-APOJ-C, making these values “1”. Risk scores shown are 
sums of the natural log of the odds ratios. Non-APOE4 group includes APOE2 carriers 
that have O.R. of 0.6. 
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To test this hypothesis, we extracted grey matter volumetric measurements within 

the left and right entorhinal cortical regions of interest for each genotype group. We then 

conducted a priori t-tests to interrogate the relationship of each polymorphism with 

entorhinal cortex volume. A comparison of APOE4-positive versus APOE4-negative 

individuals, collapsed across APOJ genotype, revealed significantly greater right 

entorhinal cortex volume for APOE4 carriers by 8.47%, t(55)=2.29, p=0.0259 (Fig.VI.4, 

*p<0.05). This effect persisted when APOE2 carriers were removed from analyses, 

t(47)=2.185, p=0.0339. Differences in left entorhinal cortex volume in APOE4 carriers 

compared to non-carriers were similar to the right entorhinal cortex, but did not reach 

statistical significance, t(55)=1.261, p=0.2126 (Fig.VI.4).  
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Fig.VI.4.  APOE4 Alzheimer’s disease risk genotype is associated with greater right 
entorhinal cortex volume. A two-tailed t-test demonstrates that when participants are 
grouped based on APOE status alone, the risk allele (APOE4) is associated with higher 
right entorhinal cortex volume compared to the non-risk alleles t(55)=2.29, p=0.0259. 
(*p<0.05, n=48 non-APOE4 carriers, n=9 APOE4 carriers). 
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To examine the effect of APOJ-C in the absence of the APOE4 allele, we grouped 

non-APOE4-carriers by APOJ-C status (APOJ-C versus non-APOJ-C-carriers). This 

comparison revealed that, among non-APOE4-carriers, APOJ-C carriers had greater left 

entorhinal cortex volume by 12.33%, t(46)=2.05, p=0.0458, and greater right entorhinal 

cortex volume by 8.16%, t(46)=2.03, p=0.0485 (FigVI.5, *p<0.05). This effect persisted 

when APOE2 carriers were removed from analyses for the right entorhinal cortex 

(t(38)=2.03, p=0.0492), but not the left entorhinal cortex (t(38)=1.89, p=0.067). 
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Fig.VI.5. APOJ-C Alzheimer’s disease risk genotype is associated with greater 
bilateral entorhinal cortex volume, in noncarriers of APOE4. A two-tailed t-test 
demonstrates that when non-APOE4 carriers are grouped based on APOJ status, APOJ-C 
carriers have higher left entorhinal cortex volume, t(46)=2.05, p=0.0458, and right 
entorhinal cortex volume, t(46) =2.03, p=0.0485. (*p<0.05, n=40 APOJ-C carriers, n=8 
non-APOJ-C carriers).  
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Based on a putative shared biological pathway, we hypothesized that AD risk 

factors APOE4 and APOJ-C work together to alter brain structure in young adults. We 

explored the possibility of a combined effect of APOE and APOJ, although the 

interpretation is somewhat limited by the small number in one of the groups (APOE4, 

APOJ-non-C; Fig.VI.3). A t-test of the highest risk group (APOE4, APOJ-C, n=8) versus 

the lowest risk group (non-APOE4, non-APOJ-C, n=6) reveals that greater AD risk is 

associated with greater right entorhinal cortex volume by 13.89%, t(12)=2.27, p=0.0421, 

but no difference in left entorhinal cortex volume, p=0.09 (Fig.VI.6, *p<0.05). When 

including APOE2 carriers in the analyses, this effect on the right entorhinal cortex 

persists, t(20)=2.12, p=0.0464, without changing the effect on the left entorhinal cortex, 

p>0.1. To directly investigate the combined effect AD risk, we tested whether a “risk 

score” variable was predictive of entorhinal cortex volume. Risk score was weighted by 

each risk allele’s odds ratio for AD (Bertram et al., 2007; Carrasquillo et al., 2010) 

(Fig.VI.3). Specifically, risk score was calculated based on APOE and APOJ genotype by 

combining the natural log of the odds ratio for each participant to create a single risk 

score per participant. Values for the two risk alleles were added to generate an additive 

risk score. This risk scores then served as a regressor for volumetric measurements. The 

additive risk score was associated with higher right entorhinal cortex volume, β=5.10, 

F(55)=5.47, p=0.023, but not left entorhinal cortex volume, p>0.1. This effect persisted 

as a strong trend in the absence of the APOE4/non-APOJ-C group, β=4.36, F(54)=3.89, 

p=0.0537. As a control measure, we also measured grey matter volume in one of the 

areas least affected by AD (primary visual cortex, V1). As anticipated, neither left 

(β=0.3313, p=0.9117) nor right (β=-0.6976, p=0.8168) V1 volumes were correlated with 
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risk score. Moreover, no APOE-genotype associated differences were observed in the left 

(p=0.8115) or right (p=0.8446) primary visual cortex. Overall, these results suggest the 

possibility that AD risk-related genes APOE and APOJ additively affect brain volume in 

young people within the entorhinal cortex.  
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Fig.VI.6. APOE and APOJ risk genotypes show an additive association with greater 
right entorhinal cortex volume. A two-tailed t-test shows that when the highest risk 
group (APOE4, APOJ-C, n=8) is compared to the lowest risk group (non-APOE4, non-
APOJ-C, n=6), greater AD risk is associated with greater right entorhinal cortex volume 
by 13.89%, t(12)=2.27, p=0.0421 (*p<0.05), but not left entorhinal cortex volume, 
p>0.09. 
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APOE and VLDLR risk alleles cumulatively alter subsequent memory 

 While APOE is the strongest genetic risk factor for AD, polymorphisms in other 

genes also confer some AD risk. In addition to APOJ, another example of this is in very 

low density lipoprotein receptor, VLDLR. One particular single nucleotide polymorphism 

of VLDLR (rs1454627) has been associated with increased AD risk (personal 

communication, Dr. Steve Estus). In mice, we have shown that apoE receptor VLDLR is 

present at the synapse and alters dendritic spine density (Chapter V). We have also shown 

that APOE4 mice have deficits in dendritic spine density that can be rescued by drug 

interventions (Chapter IV).  Thus, we hypothesized that these two risk factors could be 

working in tandem to alter synaptic function, and that this could translate to behavioral 

differences in humans. 

 To test this hypothesis, 48 subjects were genotyped for APOE and VLDLR 

polymorphisms (mean age=22.06 years, 19/48 female, 36/48 White, 7/48 Asian, 4/48 

Black, 1/48 Latino). Participants were separated into two groups:  “Low Risk” 

(APOE3/APOE3 and VLDLR G/G, n=16) and “Risk” (APOE3/4 or VLDLR A/G or 

VLDLR A/A, n=32). Subjects next performed a subsequent memory task in which they 

recalled words presented during an unrelated behavioral task earlier in the testing session.  

While a total of 72 words were presented, subjects were given a list of 144 words 

containing all 72 words that were presented earlier, as well as 72 words that were not 

presented. From this list, subjects were asked to recall whether each word was presented, 

and if so, to rate their confidence level that this was the case. Subjects in the “risk” group 

were significantly more accurate than subjects in the “low risk” group (Fig.VI.7A). 

Although groups did not differ in confidence levels for incorrect responses (Fig.VI.7B), 
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the “risk” group demonstrated significantly more overall confidence in responses 

(Fig.VI.7C). Similarly, the “risk” group trended toward a decrease in the number of 

words categorized as presented during the task compared to the “low risk” group 

(p=0.0757) (Fig.VI.7D). Interestingly, APOE risk alone had a significant effect on any of 

these measures. VLDLR risk alone had a modest effect on accuracy (p=0.0449), but not 

on any other recorded measures. Overall, these findings suggest that VLDLR influences 

dendritic spine formation (Chapter V), but also affects global brain function by altering 

behavior in humans. 
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Fig.VI.7.  APOE and VLDLR risk alleles cumulatively alter subsequent memory.  
Subjects genotyped for APOE and VLDLR performed a subsequent memory task in which 
they were asked to recall words presented earlier. While 72 words were presented, 
subjects were given a list of 144 words and asked to recall whether or not each word was 
presented.  If they believed a word had been presented, they were also asked to rate their 
confidence level that each word was presented. Subjects in the “Low Risk” group had a 
genotype of APOE3/APOE3 and VLDLR G/G (n=16).  Subjects in the “Risk” group had 
APOE3/4 or VLDLR A/G or VLDLR A/A (n=32).  (A) Accuracy during subsequent 
memory recall (*p=0.0248). (B) Confidence during incorrect recall only (p=0.1266). (C) 
Confidence on all trials (*p=0.0275). (D) Total number of words reported to have seen 
during the task (p=0.0757). 
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Discussion 

As observed in mice, human APOE4 carriers had a higher ratio of TBS- to TBSX-

soluble APOE (Fig.VI.2). APOE4 carriers exhibited higher right entorhinal cortex 

volume compared to non-carriers (Fig.VI.4). Interestingly, APOJ-C risk genotype was 

associated with higher bilateral entorhinal cortex volume in non-APOE4 carriers 

(Fig.VI.5). To determine the combined disease risk of APOE and APOJ status per 

subject, we used cumulative odds ratios as regressors for volumetric measurements. 

Higher disease risk corresponded to greater right entorhinal cortex volume (Fig.VI.6). 

Similarly, higher disease risk due to a combination of VLDLR and APOE genetic risk 

factors promoted performance on a subsequent memory task (Fig.VI.7). These results 

suggest that, years before disease onset, key AD genetic risk factors may exert influence 

on the structure and function of a brain region where AD pathogenesis takes root. 

Multiple genetic polymorphisms have been shown to increase AD risk without 

guaranteeing its onset (Bertram et al., 2007). Though the mechanisms of genetic risk are 

largely unknown, one possibility is that risk gene-dependent vulnerabilities and age-

dependent vulnerabilities may interact to trigger neurodegeneration (Reinvang, Espeseth, 

& Westlye, 2013; Risacher et al., 2010). APOE is the strongest genetic risk factor for AD, 

and the entorhinal cortex is one of the earliest brain regions to develop neuropathological 

lesions and atrophy in AD (Braak et al., 2011; Gomez-Isla et al., 1996; Hyman, Van 

Hoesen, Damasio, & Barnes, 1984). Because pathogenesis of AD begins as early as two 

decades prior to the presentation of clinical symptoms (Bateman et al., 2012), it is 

plausible that a series of genetically-induced differences in brain structure—such as 



	 129	

entorhinal cortex volume—could accumulate with aging to increase vulnerability to AD 

later in life. 

Volumetric studies report conflicting results when examining MTL volume in 

APOE risk carriers depending on the experimental parameters. For instance, one study of 

infants 1-3 months old with family histories of schizophrenia found APOE-associated 

differences in temporal lobe volume, including the hippocampus and entorhinal cortex 

(Knickmeyer et al., 2013). However, this effect was not seen in a study with 6-25 month 

old infants with no family history of schizophrenia (Dean et al., 2014). Similarly, while 

some evidence has suggested that healthy APOE4 positive adults exhibit decreased 

bilateral hippocampal volume (O'Dwyer et al., 2012) and grey matter density in the right 

medial temporal region (Wishart et al., 2006), another study in young adults reported that 

APOE4 carriers showed relative increases in volume in the vicinity of the hippocampus 

(Alexander et al., 2012). Other studies have suggested no differences in MTL volume by 

APOE genotype (Dennis et al., 2010; Filippini, Rao, et al., 2009; Matura et al., 2014; 

Mondadori et al., 2007; Samuraki et al., 2012; Stein et al., 2012). Less research has 

focused on the lesser AD risk factor, APOJ, and its effect on MTL volume. The limited 

extant research has suggested no difference exists in the MTL by APOJ genotype 

(Bralten et al., 2011; Stein et al., 2012). A meta-analysis of GWAS including over 7000 

cognitively normal subjects showed that APOJ genotype was not significantly associated 

with hippocampal volume (Stein et al., 2012). However, this study did not focus on 

young adults or target the entorhinal cortex specifically. While the APOJ-C risk allele has 

no significant effect on grey matter volume by whole brain analyses in young adults, a 
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related risk gene, CR1, was associated with smaller local grey matter volume in the 

entorhinal cortex in a prior study (Bralten et al., 2011).  

The inconsistency of extant evidence could be due to differences in age, gender, 

exclusion criteria, statistical methods, family history, and how each region of interest was 

defined across studies. Another explanation may be that the entorhinal cortex is a 

relatively small region within the MTL, and few studies explicitly target the entorhinal 

cortex. Thus, it is possible that changes in entorhinal cortex volume are not large enough 

to alter volume of the MTL as a whole. By specifically targeting the entorhinal cortex in 

our study, we were able to detect differences in this relatively small MTL structure that 

may have otherwise been below the threshold for detection. 

Our results indicate that the effects of APOE and APOJ may be stronger in the 

right hemisphere. Medial temporal lobe asymmetry has been linked with AD and disease 

progression. For instance, APOE4 carriers have thinner left entorhinal cortex compared to 

the right, while those without APOE4 show this asymmetry in the presence of AD 

pathology (Donix et al., 2013). Individuals with subjective memory impairment had 

reduced volumes of the hippocampus and entorhinal cortex bilaterally (Striepens et al., 

2010). However, APOE4 carriers without this impairment performed better on episodic 

memory tests and had larger right hippocampal volumes, as opposed to those with 

impairment performing worse with smaller right hippocampal volumes (Striepens et al., 

2011). Interestingly, differences in symmetry were also reported in delusional AD 

patients with greater right temporal horn sizes than left, while non-delusional patients did 

not show this asymmetry (Geroldi et al., 2000). Although asymmetry effects have not yet 
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been reported for APOJ, it is possible that APOE may work in conjunction with APOJ to 

induce asymmetry. 

 

With aging, reductions in medial temporal lobe volume in the hippocampus and 

entorhinal cortex are correlated with cognitive decline in the elderly (Bergfield et al., 

2010; Raz, Ghisletta, Rodrigue, Kennedy, & Lindenberger, 2010; Varon et al., 2011). 

However, reductions in grey matter volume during the course of brain development in 

adolescence and early adulthood, correlate with increased synaptic pruning (Gogtay et al., 

2004). Thus, increased entorhinal cortex volume during this developmental window 

could indicate a deficit in neural efficiency. Our study involved individuals of an average 

age of 21.8 years old, all of whom are at these later stages of brain development. Prior 

evidence has linked the APOJ-C risk allele to abnormal brain development through 

decreased white matter integrity (Braskie et al., 2011) and subsequent altered coupling 

between the hippocampus and prefrontal cortex during memory processing, mirroring 

disrupted connectivity in patients (Erk et al., 2011). Other evidence has also linked 

APOE4 to abnormal brain structural and functional development in young risk allele 

carriers, suggesting that APOE and APOJ risk may impede the pruning process in the 

entorhinal cortex. 

 

Alternatively, these findings could contribute to evidence suggesting that the 

APOE and APOJ risk genes confer an evolutionary advantage early in life, but confer a 

disadvantage later in life by increasing AD risk. This antagonistic pleiotropy hypothesis 

of APOE and APOJ risk has been proposed in other contexts (e.g., see (Stevens, 
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DiBattista, William Rebeck, & Green, 2014a; Tuminello & Han, 2011)). College-aged 

young adults carrying the APOE4 allele have an advantage in verbal fluency, decision 

making, and memory (Green et al., 2014; Jochemsen et al., 2012; Marchant, King, Tabet, 

& Rusted, 2010; J. M. Rusted et al., 2013; Zetterberg, Alexander, Spandidos, & Blennow, 

2009), but these advantages disappear by middle age and give way to impairment in old 

age. These beneficial effects early in life could be due in part to increased volume in the 

entorhinal cortex, allowing for more effective processing of memory-associated 

information.  In support of this notion, young adults with higher AD risk due to VLDLR 

and APOE polymorphisms performed better on a subsequent memory task compared to 

those without these risk factors.  

 

Finally, larger entorhinal cortex volume in APOE and APOJ risk carriers could 

indicate more neuroinflammation in the entorhinal cortex of young adults. It has been 

postulated that APOE4 may increase neuroinflammation during aging, thus increasing 

susceptibility to dementia later in life (e.g., for review, see (Guo et al., 2004; J. Kim et al., 

2009)). Several studies have also linked APOJ-C risk to decreased clusterin levels 

(Schurmann et al., 2011), which are thought to serve an anti-inflammatory role (Savkovic 

et al., 2007). Glia can contribute to half of brain volume changes (Snell, 2007), and 

studies have shown that APOE4 is associated with increased neuroinflammation (S. Chen 

et al., 2005; Guo et al., 2004; Maezawa, Maeda, Montine, & Montine, 2006; Y. Zhu et 

al., 2012). Because the entorhinal cortex is one of the earliest affected brain areas in AD, 

it is possible that the increase in entorhinal cortex volume could be due to a deficit in 

APOE4 and APOJ-C carriers to control neuroinflammation in the young adult brain. 
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Overall, our findings in a young adult cohort indicate an additive effect AD risk 

factors on a brain locus at the epicenter of AD pathogenesis. Entorhinal cortex volume 

increased as a function of increasing APOE and APOJ genetic AD risk. Subsequent 

memory task performance also increased as a function of increasing APOE and VLDLR 

genetic AD risk.  These results contribute to a growing literature characterizing genetic 

markers of AD risk in the young brain, long before the first overt signals of AD appear. 

Thus, these findings inform our understanding of the role of these genetic risk factors in 

the normal brain, and contribute to the development of biomarker targets for future 

preventive AD therapies. 
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CHAPTER VII:  OVERALL DISCUSSION 

 

Alzheimer’s disease is the sixth leading cause of death in the United States, and the only 

top ten leading causes of death without a means to prevent, cure or slow its progression 

(Alzheimer's, 2015). Over 70 million people in the United States inherit a genetic risk 

factor for AD, APOE4, which increases AD risk by 300% and decreases age of onset 

(Bertram et al., 2007). However, there are currently no reliable options for APOE4 

carriers to prevent their risk of AD. It would be useful to identify markers of AD risk in 

order to allow testing of potential preventative treatments that reduce the risk of AD 

without directly affecting the accumulation of the later overt neuropathological changes 

related to Aβ and phospho-tau. Accumulating evidence suggests that APOE impacts 

normal brain function, independent of AD pathology (Caselli et al., 2004; Filippini, 

MacIntosh, et al., 2009a; Scarmeas et al., 2005). By utilizing the APOE knock-in mouse 

model, which does not display gross AD pathology, we were able to identify potential 

targets for preventative treatments. We report here that APOE4 mouse brains had a 

different distribution of APOE protein in brain extracts compared to APOE3 mice 

(Chapter III). Further, APOE4 mice also had increased levels of ABCA1 and GLUT1 

proteins (Chapter III).  In addition to influencing phenotypes on the molecular level, 

APOE4 also decreased grey matter volume in the MTL in mice, an area affected early in 

AD pathogenesis (Chapter III). 

 We next examined APOE4 mice to determine whether the APOE4 genotype was 

associated with phenotypes that could be converted to those associated with lower risk of 

AD (the APOE3 genotype) to identify targets for preventative treatments. Remarkably, 
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the PPAR-γ agonist and COX inhibitor ibuprofen improved phenotypes associated with 

APOE4, including APOE distribution, ABCA1 levels, dendritic spine density, and spatial 

learning and memory (Chapter IV). This suggests that anti-inflammatory approaches 

could reduce AD risk for individuals identified with the APOE4 allele. Further, this is 

consistent with the model that APOE distribution and dendritic spine density are part of 

the same pathway, each altered by the effects of ibuprofen, PPAR-γ agonist pioglitazone, 

and selective COX-2 inhibitor celecoxib.   

 We have reported several phenotypes associated with APOE (Chapter III), and 

that these can be modified by preventive drug interventions (Chapter IV). To identify the 

mechanism by which APOE may exhibit phenotypic effects on spine density and 

cognition, we also studied an APOE receptor known as Very Low Density Lipoprotein 

Receptor (VLDLR), which is involved in synaptic plasticity, learning, and memory 

(Chapter V). However, it is unknown how VLDLR can regulate synaptic and cognitive 

function. Here, we identified a novel role for VLDLR on dendritic spine formation and its 

mechanism of action. We found that VLDLR is expressed at synapses and promotes 

dendritic spine formation by regulating Ras signaling molecules. Taken together, our 

results suggest that APOE4 induces reversible deficits on dendritic spine density, while 

APOE receptor VLDLR promotes dendritic spine density.  

 
To determine whether our observations in mice have relevance in humans, we 

studied the effects of APOE and related genetic risk factors on human brains (Chapter 

VI). As observed in mice, human APOE4 carriers had a higher ratio of TBS- to TBSX-

soluble APOE, suggesting that at least one APOE4-associated phenotype observed in 

mice here is also present in humans. Further, human APOE4 carriers also exhibited 
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higher right entorhinal cortex volume compared to non-carriers. Interestingly, a related 

AD risk factor, APOJ-C, was also associated with higher bilateral entorhinal cortex 

volume in non-APOE4 carriers. To determine the combined disease risk of APOE and 

APOJ status per subject, we used cumulative odds ratios of AD risk as regressors for 

volumetric measurements. Higher disease risk corresponded to greater right entorhinal 

cortex volume. In line with previous research demonstrating that APOE4 risk promotes 

MTL activity (Green et al., 2014), higher disease risk due to a combination of VLDLR 

and APOE genetic risk factors promoted performance on a subsequent memory task 

(Chapter VI). These results suggest that, years before disease onset, key AD genetic risk 

factors may exert influence on the structure and function of a brain region where AD 

pathogenesis takes root. 

 
 
What is the underlying mechanism for APOE4-associated phenotypes?  
 
 

The biochemical differences among control APOE mice support a mechanism by 

which APOE genotype affects APOE metabolism in the normal, young brain.  Compared 

to APOE3 brains, APOE4 brains showed significantly more APOE in TBS extracted 

brain fractions compared to TBSX extracted fractions. Taking different ages and brain 

regions into account, we consistently observed this difference in large numbers of 

animals. TBS- and TBSX-soluble fractionations represent different forms of APOE: 

TBS-soluble APOE is larger, more acidic, and appears more like APOE found in human 

CSF compared to TBSX-soluble APOE. Our work suggests that APOE post-translational 

modifications are altered in APOE4 brains due to the molecular weight difference and pI 

shift (Fig.III.1-3). The cysteine to arginine amino acid substitution in APOE4 affects its 



	 137	

folding and stability in astrocytes (Zhong et al., 2009). This could subsequently alter its 

trafficking and processing. Indeed, O-linked glycosylation of APOE allows for the 

addition of sialic acid groups, which would both increase the molecular weight and 

decrease the isoelectric point (pI) of APOE (Mailly et al., 1990; Rebeck et al., 1998; 

Zannis et al., 1986).  

Pulse-chase experiments revealed that the majority of newly secreted APOE is the 

same sialylated APOE found intracellularly (over 90%), while the majority of APOE in 

the plasma is not sialylated (over 75%) (Zannis, McPherson, Goldberger, Karathanasis, & 

Breslow, 1984; Zannis et al., 1986). I hypothesize that TBS-soluble APOE from the brain 

is comprised of more newly translated immature APOE whereas mature APOE is 

predominantly found in the TBSX-soluble fraction in APOE-lipoprotein complexes 

bound to APOE receptors. This would suggest that TBS-soluble APOE retains its sialic 

acid group, and that TBSX-soluble APOE has had this sialic acid group subsequently 

cleaved off.  Because APOE4 is more associated with the TBS fraction compared to 

APOE3 (Fig.III.1-3), I propose that APOE maturation could be a phenotype associated 

with AD risk.  Specifically, I propose that higher levels of immature sialylated APOE, as 

observed in APOE4 mouse brains, could be detrimental as it could be indicative of a 

larger global processing deficit. In a mouse model of amyloid accumulation, APOE3 also 

was preferentially extracted in TBSX (indicative of decreased sialylation) (Youmans et 

al., 2011), further supporting this hypothesis. This is the case not only because we have 

also observed APOE3 preferentially extracted in TBSX (Fig.III.I-3), but also because one 

would expect APOE3 animals to have higher levels of mature, fully functional APOE. 
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These findings regarding APOE distribution also have relevance in human brains. 

We tested whether this experiment was replicable in human samples, and as expected, we 

found that the ratio of TBS- to TBSX-soluble APOE was higher in APOE4 carriers 

compared to APOE3 carriers with AD (APOE3/APOE3 < APOE3/APOE4 and 

APOE4/APOE4) (Fig.VI.1). In the AD brains, the TBSX-soluble non-sialylated APOE 

may contain APOE previously bound to amyloid plaques in addition to APOE from 

APOE-lipoprotein complexes bound to APOE receptors. In both cases, the TBSX-soluble 

APOE would have been secreted for a duration that allowed time for desialylation. This 

would again suggest that APOE4 carriers with AD have increased levels of immature 

sialylated APOE, but decreased levels of mature non-sialylated APOE, as observed in the 

APOE mouse studies without AD pathology. Other groups have also performed 

experiments that support this hypothesis. In the human hippocampus, APOE in APOE4 

carriers has a lower pI (indicative of increased sialylation) compared to APOE3 carriers 

(Alzate et al., 2014). APOE3 carriers with AD also had more of this lower pI, sialylated 

APOE compared to those without AD (Alzate et al., 2014), suggesting that APOE 

modification may represent not only an APOE4-associated biomarker, but also an AD 

associated biomarker.  

Differences in post-translational modification can affect the conformation of 

proteins, and in so doing, can alter the ability of APOE to function properly. This would 

suggest that if APOE4 is sialylated more often or for a longer duration than APOE3, one 

would anticipate molecular consequences that could result in an increased susceptibility 

to AD later in life.  Although changes in post-translational modifications can have effects 
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of their own, it is unclear whether altered post-translational modification may be the 

cause or effect of other cellular dysfunction. 

If APOE4 were present in an immature form for a longer duration than APOE3, it 

could trigger the unfolded protein response (UPR). The UPR occurs in response to 

endoplasmic reticulum (ER) stress, which can be triggered by the accumulation of 

misfolded proteins. The purpose of this response is to return the cell to homeostasis by 

either degrading misfolded proteins, stopping their translation, or if prolonged, inducing 

apoptosis. Interestingly, it has been proposed that the conformation of APOE4, but not 

APOE3, could trigger the UPR (Zhong et al., 2009). APOE4 has a domain interaction 

composed of a salt bridge between Arg-61 and Glu-255 that occurs because of the 

presence of Arg-112, which is instead Cys-112 in APOE3. By mimicking this domain 

interaction in a mouse model, studies have shown that the UPR is activated through the 

upregulation of ATF4 and XBP-1 (Zhong et al., 2009). This suggests that the 

conformation of APOE4 would also induce ER stress, and consequently, the UPR, 

although this hypothesis has not yet been tested directly (please see Limitations and 

Future Research for more details).  

If APOE4 did induce ER stress, the exact mechanism by which this could occur is 

unclear. One possibility is that the domain interaction in APOE4, which is not found in 

APOE3, is recognized as misfolding by the ER. This could trigger ER stress in the sense 

that any APOE4 production would be interpreted to be associated with an increase in 

proteins with an incorrect conformation. As a result, the UPR would become activated in 

an attempt to restore homeostasis. 
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Another possibility is that altered post-translational modification of APOE4 plays 

an indirect role in the activation of the UPR.  As APOE is translated, its 18 amino acid 

signal peptide will target it to the ER.  Once the signal peptide is cleaved, APOE will 

begin to establish its conformation.  It will then be targeted to the Golgi apparatus where 

O-linked glycosylation will take place, followed by sialylation. At this point, the protein 

is classified as immature APOE. Once it is secreted, the sialic acid groups will be 

cleaved, and it will become classified as mature APOE. As we have seen, APOE4 is most 

commonly found in the brain as immature APOE, while APOE3 is most commonly found 

as mature APOE (Chapter III). It is possible that trafficking of newly sialylated APOE4 

from the Golgi to the extracellular space is impaired, preventing it from leaving the cell 

and becoming desialylated, thus increasing levels of immature APOE4. If this were the 

case, there could be an increase in protein translation as a compensatory response to a 

lack of mature APOE.  This increase in demand for the ER to handle could cause ER 

stress with APOE4 that would be absent with APOE3. 

 Lastly, variations in APOE-associated phenotypes in APOE3 compared to APOE4 

animals may be related to the interaction of APOE with its receptors. APOE binds to a 

family of receptors, known as low-density lipoprotein receptors, that are endocytosed 

along with lipid-bound APOE.  In addition to their role in cholesterol transport, APOE 

receptors are also important for neuronal development, synaptic function, and AD.  For 

example, APOER2 and VLDLR are important for nervous system development (Beffert 

et al., 2005; Dulabon et al., 2000; D. H. Kim et al., 1996; Niu et al., 2004), demonstrated 

by the observation that APOER2 and VLDLR double knockout caused deficits in neuronal 

migration in the developing brain (Trommsdorff et al., 1999).  
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While the effects of knocking out multiple forms of APOE receptors are marked, 

there are also consequences to removing one at a time, suggesting that they cannot fully 

compensate for one another. Blocking the function of another APOE receptor, low-

density lipoprotein receptor-related protein-1 (LRP1), can also induce deficits in the late 

phase of LTP (Zhuo et al., 2000) and decrease dendritic spine density (Liu et al., 2010). 

APOER2 knockout alone induces severe defects in LTP and dentate granule cell 

organization, while the VLDLR knockout mice have moderate defects in the hippocampus 

(Drakew et al., 2002; Weeber et al., 2002). APOER2 appears alter dendritic spine 

formation with cytoplasmic adaptor proteins moderating this effect (Dumanis et al., 

2011), while VLDLR relies on the Ras signaling pathway to modulate dendritic spine 

density (Chapter V).  

We have also observed that one of the APOE4-associated phenotypes that can be 

improved with preventive treatment in mice is dendritic spine density (Chapter IV). Like 

APOE, mutations in VLDLR have also been associated with subsequent AD risk later in 

life (Okuizumi et al., 1995), and VLDLR and APOE risk factors have an effect on 

memory performance in humans (Chapter VI). We have demonstrated here that levels of 

TBSX-soluble APOE, which we hypothesize represents mature APOE, are decreased in 

APOE4 mouse brains (Chapter III). It is possible that having lower levels of fully 

functioning APOE to interact with spinogenesis-promoting VLDLR receptors could 

induce a dendritic spine deficit. Specifically, APOE may be affecting dendritic spine 

density through VLDLR clustering. Previous work has demonstrated that APOE-

lipoprotein complexes can promote clustering of APOE receptors with one another and 

with synaptic proteins present at dendritic spines, such as PSD-95 (Divekar et al., 2014). 
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If APOE4 mice have lower levels of APOE to interact with VLDLR receptors to induce 

clustering with synaptic proteins and subsequent promotion of dendritic spines, it would 

be reasonable to expect that this deficit would be improved by increasing the levels of 

mature (TBSX-soluble) APOE. When treating with ibuprofen and pioglitazone, we found 

that we could both decrease the ratio of TBS-soluble to TBSX-soluble APOE, and 

improve dendritic spine density. Ibuprofen and pioglitazone both act as PPAR-γ agonists, 

which promote the transcription of APOE. Although APOE3 and APOE4 animals do not 

have different levels of APOE mRNA before treatment, drug treatment with a PPAR-γ 

agonist could increase transcription of APOE4 above baseline levels (Boehm-Cagan & 

Michaelson, 2014). It may be that by increasing APOE production, these drugs are 

improving dendritic spine density by making more APOE available to interact with 

VLDLR receptors (and other APOE receptors) in the APOE4 mice.  
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Why were NSAIDs unsuccessful in clinical trials? 
 
 

In the studies described here, ibuprofen was successful in shifting APOE4-

associated phenotypes towards those observed in APOE3 mice (Chapter III, IV).  

Because epidemiological studies have shown that ibuprofen is associated with a reduced 

risk of AD (Etminan et al., 2003; in t' Veld et al., 2001; Stewart et al., 1997; Szekely et 

al., 2008; Vlad et al., 2008), and that this effect is particularly strong in APOE4 carriers, 

one would expect clinical trials using nonsteroidal anti-inflammatory drugs (NSAIDs) to 

have been successful. Longitudinal studies tracking thousands of participants confirmed 

that two or more years of NSAID use significantly decreases AD risk (in t' Veld et al., 

2001; Stewart et al., 1997; Szekely et al., 2008). A meta-analysis of over 14,000 subjects 

confirmed that this duration of NSAID use was necessary for the most protection from 

AD, resulting in a very low relative risk of AD (Etminan et al., 2003). The beneficial 

effect of ibuprofen on mitigating AD risk may be specific to APOE4 carriers (Cornelius 

et al., 2004; Hayden et al., 2007; in t' Veld et al., 2001; Szekely et al., 2008; Yip et al., 

2005). Prospective studies following patients beginning before age 65 found that NSAIDs 

lower AD risk (hazard ratio of 0.34 vs. 0.88) and produce the greatest protective effects 

in the Mini Mental State Examination (MMSE) specifically in APOE4 carriers (Hayden 

et al., 2007; Szekely et al., 2008). Cohort studies including non-demented participants 

and studies including AD patients and family members corroborated these findings 

(Cornelius et al., 2004; Yip et al., 2005). Strikingly, a cohort study of nearly 7,000 

subjects in which NSAID use overall had a “dose-dependent” protection against AD 

(long-term > intermediate-term > short-term) showed that the reduction in risk was 

mainly driven by APOE4 carriers (in t' Veld et al., 2001). 
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However, clinical trials using NSAIDs recruiting AD patients were not able to 

cure or slow the progression of the disease.  Despite the promising epidemiological 

evidence, clinical trials of NSAIDs showed no efficacy in treating AD (Pasqualetti et al., 

2009). Many hypothesized that this was because the participants already had overt signs 

of AD, and treatment was initiated too late. To remedy this, NSAID prevention trials 

were implemented in which NSAID treatment was started before clinical signs of AD 

presented in elderly control individuals (average age of 74) (Breitner et al., 2011). 

Unfortunately, these studies also showed no association of NSAIDs and disease 

incidence.  

These findings led to the speculation that NSAIDs were useful only as a 

preventative treatment early in life, before any AD clinical symptoms or pathological 

changes have occurred (Breitner et al., 2011; Imbimbo et al., 2010), potentially 

specifically in APOE4 carriers (Cornelius et al., 2004; Hayden et al., 2007; in t' Veld et 

al., 2001; Szekely et al., 2008; Yip et al., 2005).  The data presented here would also 

support this hypothesis, as ibuprofen was able to mitigate several APOE4-associated 

phenotypes in mice without AD pathology. If the efficacy of NSAIDs as a therapy to 

prevent AD were limited APOE4 carriers, it could be due to its reduction of increased 

brain inflammatory responses and subsequent vulnerability to AD found in the APOE4 

carriers (Szekely et al., 2008; Yip et al., 2005). While a mechanism of protection is 

unknown, ibuprofen could delay the normal sensitivity of microglia to inflammatory 

stimuli that increases as aging progresses, a process known as microglial priming (Perry 

& Holmes, 2014).  Microglia can be switched from an activated phenotype (promoting 

further inflammation) to an alternative phenotype (promoting repair) through nuclear 
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receptors, including PPARγ, for which ibuprofen acts as an agonist (Lehmann et al., 

1997) and showed similar effects to those of ibuprofen in APOE4 mice (Chapter IV).  As 

a result, several groups advocate AD prevention trials targeting inflammation in patients 

with single nucleotide polymorphisms in immune-related AD risk genes (Heneka et al., 

2015), including APOE. However, the age of participants in this type of study should be 

carefully considered. 

One of the obvious pitfalls of the clinical trials and prevention studies conducted 

thus far has been the age of participants, which has only included elderly AD patients and 

elderly controls. For both APOE4 carriers and non-carriers, it is possible that the anti-

inflammatory effects of NSAIDs would be beneficial prior to disease onset, but 

detrimental once neuropathological lesions accumulate with aging. Too much 

inflammation in the brain before AD onset in otherwise young and healthy individuals 

could cause neuronal damage and later neuropathological changes, but inflammation in 

the presence of amyloid pathology may be necessary to remove it. Thus, decreasing 

inflammation before disease onset with an NSAID like ibuprofen may be beneficial (as in 

the epidemiological studies), but detrimental once the disease has begun (as in the elderly 

patients with AD and control trials). Any AD therapeutic approach targeting 

neuroinflammation will likely have very different effects before and after brain amyloid 

deposition, given the very strong inflammatory response to amyloid (Breitner et al., 

2011). Although there may be inherent difficulties in recruiting young healthy subjects 

for a clinical trial, it may be helpful to target individuals with the APOE4 risk factor to 

participate. There are no other proven treatments to reduce their risk of developing AD 
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later in life, and evidence suggests that they have the best chance at benefiting from a 

study using NSAIDs.  

Lastly, a major weakness of clinical trials and prevention trials has been the 

choice of NSAID. Epidemiological studies and meta-analyses have clearly shown that 

ibuprofen showed the greatest effect in reducing AD incidence when compared with 

other NSAIDs (Vlad et al., 2008). However, the large-scale NSAID prevention trial in 

elderly control subjects tested naproxen and celecoxib instead (Breitner et al., 2011). In 

the animal studies presented here, ibuprofen was the most reliable in correcting APOE4-

associated deficits, while celecoxib was the least effective (Chapter IV). We hypothesize 

that celecoxib, a COX-inhibitor, is less efficacious than ibuprofen because of its limited 

mechanism of action. This could also be the case for naproxen in the prevention study, 

which is also a non-selective COX-inhibitor that we have not yet tested in our animal 

model.  

Ibuprofen is both a COX-inhibitor and a PPAR-γ agonist. It may be that the 

success of ibuprofen in preventing AD may reside in its ability to affect several molecular 

pathways simultaneously. The COX-inhibition, accomplished by both ibuprofen and 

celecoxib (as well as naproxen), reduces inflammation. In the young brain, COX-

inhibition could decrease the neuronal damage that accompanies prolonged inflammation, 

and subsequent AD pathology formation. However, ibuprofen offers an added benefit of 

promoting the transcription of PPAR-γ targets, which are also known to delay microglial 

priming, thereby decreasing inflammation through another molecular pathway (Perry & 

Holmes, 2014).  In addition, other targets of PPAR-γ include those related to lipid 

metabolism, such as APOE and ABCA1. These molecules play important roles in 
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synaptic functioning, as lipid transport is a crucial component of new dendritic spine 

formation and dendritic spine maintenance. We have seen that when distribution and 

levels of these proteins are abnormal, as with APOE4 mice, there are consequences on 

brain structure at the neuronal level (Rodriguez et al., 2013), at the level of grey matter 

volume (Chapter III), and at the level of behavior (Rodriguez et al., 2013). Thus, while 

the anti-inflammatory effects of ibuprofen are clearly beneficial, it could be its effect on 

other molecular pathways concurrently that accounts for its marked decrease in AD 

incidence in epidemiological studies. 
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Why do genetic risk factors for AD seem to be beneficial in studies of young humans?   
 
 

We report here that AD genetic risk factors APOE, APOJ, and VLDLR are 

associated with beneficial effects in young adults (Chapter VI). Specifically, APOE4 

carriers exhibited higher right entorhinal cortex volume compared to non-carriers. 

Further, the APOJ-C risk genotype was also associated with higher bilateral entorhinal 

cortex volume in non-APOE4 carriers. When we used the cumulative odds ratios of 

APOE and APOJ AD risk as regressors for volumetric measurements, we found that 

higher overall disease risk corresponded to greater right entorhinal cortex volume. 

Similarly, higher disease risk due to a combination of VLDLR and APOE genetic risk 

factors promoted performance on a subsequent memory task. These results suggest that, 

years before disease onset, key AD genetic risk factors may exert a positive influence on 

the structure and function of a brain region where AD pathogenesis takes root. 

There is already a body of evidence suggesting that AD risk genes confer an 

evolutionary advantage early in life, but confer a disadvantage later in life by increasing 

AD risk. In so doing, these risk genes are maintained in the population, despite increasing 

risk of an ultimately fatal disease. This antagonistic pleiotropy hypothesis of AD risk has 

been proposed in other contexts (e.g., see (Stevens et al., 2014a; Tuminello & Han, 

2011)). For example, the CLU-C risk factor conferred a behavioral advantage in a 

working memory task, and greater parietal cortex volume, compared to non-carriers in 

young adults. College-aged young adults carrying the APOE4 allele also have an 

advantage in verbal fluency, decision making, and other memory tasks (Green et al., 

2014; Jochemsen et al., 2012; Marchant et al., 2010; J. M. Rusted et al., 2013; Zetterberg 

et al., 2009), but these advantages disappear by middle age and give way to impairment 
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in old age. These beneficial effects early in life could be due in part to increased volume 

in the entorhinal cortex, allowing for more effective processing of memory-associated 

information. In support of this notion, young adults with higher AD risk due to VLDLR 

and APOE polymorphisms performed better on a subsequent memory task compared to 

those without these risk factors. 

One alternative interpretation of the volumetric findings is that larger entorhinal 

cortex volume in APOE and APOJ risk carriers could indicate more neuroinflammation 

in the entorhinal cortex of young adults. This hypothesis does not support the notion that 

increased entorhinal cortex volume is beneficial; rather, it suggests that this volume 

increase is detrimental. It has been proposed that APOE4 may increase 

neuroinflammation during aging, thus increasing susceptibility to dementia later in life 

(e.g., for review, see (Guo et al., 2004; J. Kim et al., 2009)). Several studies have also 

linked APOJ-C risk to decreased clusterin levels (Schurmann et al., 2011), which are 

thought to serve an anti-inflammatory role (Savkovic et al., 2007). Glia can contribute to 

half of brain volume changes (Snell, 2007), and studies have shown that APOE4 is 

associated with increased neuroinflammation (S. Chen et al., 2005; Guo et al., 2004; 

Maezawa et al., 2006; Y. Zhu et al., 2012). Because the entorhinal cortex is one of the 

earliest affected brain areas in AD, it is possible that the increase in entorhinal cortex 

volume could be due to a deficit in APOE4 and APOJ-C carriers to control 

neuroinflammation in the young adult brain.  

An alterative explanation that would also suggest that AD risk genes do not 

confer an advantage in young adults suggests that increased grey matter volume is not 

advantageous. Because few studies have reported behavioral differences in healthy AD 
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risk gene carriers (Acevedo et al., 2010), the possibility that these AD risk genes are 

associated with increased entorhinal cortex volume as a compensatory response cannot be 

eliminated. It is possible that carriers of the APOE4 and APOJ-C risk genes have 

increased entorhinal cortex volume with no behavioral benefit dependent on this brain 

region.  

In any case, these findings suggest that AD risk factors are altering the structure 

of the brain and behavior years before the onset of AD pathology. The influence of these 

risk factors appears to be modifiable with pharmacologic intervention in animals, and the 

same may be true for humans. Further research is needed to determine whether these 

newly identified APOE4-associated phenotypes are also modifiable in humans.  

 

Proposed Overall Model 

The findings reported here and in previously published studies can be unified in 

the following hypothesized model (Fig.VII.1). As APOE is translated in astrocytes, its 

signal peptide targets it to the ER (Fig.VII.1A). Next, APOE is glycosylated and 

sialylated in the Golgi complex (Zannis et al., 1984). At this stage, the protein is defined 

as immature APOE that is TBS-soluble. APOE is then lipidated by ABCA1 and secreted 

from the cell. Once outside of the astrocyte, the sialic acid group is cleaved (Zannis et al., 

1986). After this step, APOE is defined as mature APOE that forms APOE-lipoprotein 

complexes with APOE receptors, including VLDLR. Importantly, this mature APOE is 

also TBSX-soluble. When mature APOE complexes with VLDLR on neurons, it induces 

clustering with other synaptic proteins found at dendritic spines, such as PSD-95 

(Chapter V) (Divekar et al., 2014).  Thus, increasing levels of TBSX-soluble APOE 
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would promote further clustering, downstream signaling through synaptic proteins, and 

the formation of additional dendritic spines. This increase in dendritic spines would then 

facilitate better behavioral performance (Fig.VII.1A).   

However, the APOE4 risk factor disrupts the normal functioning of this system 

(Fig.VII.1B). As APOE4 is translated in the astrocyte, its conformation can trigger ER 

stress, and subsequently, the unfolded protein response (UPR) (Zhong et al., 2009). There 

also could be trafficking deficits due to this conformational change, resulting in lower 

levels of APOE moving from the Golgi complex to the extracellular space. As a 

consequence, there are higher levels of immature APOE inside of the astrocyte 

(sialylated, TBS-soluble), and lower levels of mature APOE outside of the astrocyte 

(desialylated, TBSX-soluble) in APOE4 brains (Chapter III).  Lower levels of mature 

APOE in APOE4 brains corresponds to a decrease in APOE available to complex with 

lipoproteins and APOE receptors, including VLDLR.  As a result, there is also a decrease 

in downstream signaling to promote dendritic spine formation, which acts as a detriment 

to behavioral performance (Rodriguez et al., 2013).  As a compensatory response for this 

lack of mature APOE4, astrocytes increase ABCA1 levels to lipidate all available mature 

APOE (Chapter III). This added stress on the ER could also further promote ER stress, 

and subsequently, the UPR (Fig.VII.1B). 

Interestingly, the detrimental effects of APOE4 on this system are modifiable with 

drug intervention (Fig.VII.1C). Ibuprofen decreases the surplus of immature APOE4 

levels (TBS APOE, sialylated) while increasing mature APOE4 levels (TBSX APOE, 

non-sialylated) (Chapter IV).  In addition, the compensatory increase in ABCA1 levels is 

also reduced following ibuprofen treatment (Chapter IV). As a result, more APOE is 
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available to complex with VLDLR receptors to promote dendritic spine density and 

behavioral performance (Chapter IV) (Fig.VII.1C).  To restore this balance of APOE, 

ibuprofen may be increasing the transcription of APOE4 through its activity as a PPAR-γ 

agonist. Although such increases in transcription are accompanied by the possibility of 

inducing ER stress and the UPR, ibuprofen also acts as an anti-inflammatory drug. The 

UPR is exacerbated by inflammation. By decreasing inflammation with ibuprofen, the 

UPR can be circumvented to allow functional levels of mature APOE to be restored.  In 

the studies presented here, we have observed that ibuprofen mitigates these APOE4-

associated phenotypes both through its activity as a COX-inhibitor and as a PPAR-γ 

agonist in that ibuprofen is more effective than a COX-inhibitor or PPAR-γ agonist alone 

(Chapter IV). 
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Fig.VII.1. Proposed Overall Model. (A) Processing and function of APOE under 
normal conditions. Signal peptide, purple box; glycosy-lation, green box; sialylation, 
orange circle. (B) The effect of APOE4 on this system. (C) The effect of ibuprofen 
introduced into the presence of APOE4.  Images adapted from (Bu, 2009).  
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I hypothesize that the proposed model (Fig.VII.1) also holds true for humans, 

excluding the final effect on behavioral performance. Although human APOE4 carriers 

have the same altered balance of APOE observed in the APOE4 mice (Chapter VI), 

humans do not reliably develop behavioral deficits until later in life. Indeed, it seems that 

humans APOE4 carriers can compensate for the detrimental effects of APOE4 in a way 

that mice cannot. Specifically, human APOE4 carriers can recruit other brain regions to 

boost behavioral performance, but APOE4 mice cannot.  This may explain why the 

antagonistic pleiotropy effect is prevalent in young human APOE4 carriers, yet not in 

APOE4 mice that also do not display signs of AD pathology.  

There are several sources of evidence to support this notion. For instance, mouse 

and human volumetric studies do not report the same findings when comparing APOE3 

and APOE4 carriers.  Although differences in brain volume are consistently observed 

with the APOE4 genotype in the absence of pathology in both species, the entorhinal 

cortex is larger in human APOE4 carriers (Chapter VI) while there is a global decrease in 

MTL volume in APOE4 mice (Chapter III). This suggests that although it is clear that 

APOE4 has an effect on brain structure decades before AD arises, it is unclear that the 

direction of this effect is conserved across species.  

Another example can be found in behavioral studies.  While APOE4 mice reliably 

have behavioral deficits, healthy human APOE4 carriers often exhibit no difference or 

perform better on behavioral tasks. Taken together, these studies suggest that humans are 

able to compensate for the susceptibility for poor behavioral performance associated with 

APOE4. One such compensation mechanism may be through the recruitment of other 

brain areas. A recent study reports that increasing activity of nearby brain structures 
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compensates for entorhinal cortex deficits in human APOE4 carriers (Kunz et al., 2015). 

We have also observed a similar phenomenon in an executive attention task in humans. 

Although executive attention is not predicted to require the functionality of the MTL, this 

brain area was more active in human APOE4 carriers during this task as a compensatory 

response (Green et al., 2014).  Overall, it appears that although the effects of APOE4 at 

the cellular level are likely conserved across species, humans may be protected from the 

detrimental effect of APOE4 on behavioral output prior to the development of AD 

pathology. 

 

Limitations and Future Research 

 Although these studies help us to understand some of the basic biology behind the 

brains of the 70 million Americans living with APOE4-induced AD risk, there are several 

limitations on the interpretation of the results of the current research. Because we have 

identified APOE4-associated phenotypes in the brains of APOE mice, these are not 

readily applicable for use as clinical biomarkers in humans. Future studies are warranted 

to determine whether there are CSF or plasma biomarkers related to these APOE4-risk 

phenotypes in the periphery. Another limitation is in the relationship of these APOE4-

associated phenotypes with AD. In particular, it is unclear whether these phenotypes are 

correlative with the presence of APOE4, or if they are involved in the mechanism by 

which APOE4 increases disease risk. To address these limitations preliminarily, one 

study has provided evidence to suggest that APOE4-associated phenotypes are both 

present in the periphery and associated with AD. In the human hippocampus, APOE in 

APOE4 carriers has a lower pI (indicative of increased sialylation) compared to APOE3 
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carriers (Alzate et al., 2014). APOE3 carriers with AD also had more of this lower pI, 

sialylated APOE compared to those without AD in the hippocampus and plasma (Alzate 

et al., 2014), suggesting that APOE modification may represent not only an APOE4-

associated biomarker, but also an AD associated biomarker. However, more research will 

be required to determine whether this can be broadly applied in the clinic. 

 Further research into the mechanism by which APOE4-induced phenotypic 

changes arise will be helpful in determining whether these markers are appropriate targets 

for drug interventions. In particular, our lab is investigating whether there are differences 

in the unfolded protein response (UPR) between APOE3 and APOE4 mice in 

collaboration with Dr. Leena Hilakivi-Clarke.  To do so, we plan to measure levels of 

proteins from all three branches of the UPR, which are initiated by the proteins PERK, 

IRE1, and ATF6, respectively.  To do so, we will measure levels of BiP, a protein which 

interacts with all three UPR branches by helping to initiate the UPR. To examine the 

PERK pathway more closely, we will measure levels of eIF2-alpha, which attenuates 

translation, and LC3 and p62, which are important in autophagy.  To investigate the IRE1 

pathway, we will measure levels of downstream targets such as CHOP, important in 

apoptosis, and levels of beclin, which plays a role in autophagy.  To investigate the ATF6 

pathway, we will measure levels of ATF6 directly, and CHOP, which is also downstream 

of ATF6. Our preliminary work suggests that the UPR may be more active in APOE4 

compared to APOE3 mouse brains (data not shown). Future work should also focus on 

whether candidate preventive treatments alter the functioning of this system.  In addition, 

we are also examining whether the hypothesized difference in TBS- and TBSX-soluble 

APOE is due to glycosylation and/or sialylation in collaboration with Dr. Rado Goldman.  
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Our preliminary data suggests that TBS-soluble APOE, as hypothesized, contains 

sialylated APOE via liquid chromatography-mass spectrometry (data not shown). 

 The question of how APOE4 leads to an increased incidence of AD remains 

elusive. While we know relatively little about the strongest genetic risk factor for AD, 

there is even less known about the other genes that contribute to AD risk to a far lesser 

extent. Although these genes may work independently, it is also possible that some of 

them work in concert to alter AD risk. By building upon the studies presented here, future 

work should be able to discern more precisely how APOE4 promotes AD risk, and 

ultimately, how we can prevent it from doing so in humans. 
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