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ABSTRACT OF THE DISSERTATION 

Cell-type specific expression of apolipoprotein E by astrocytes and microglia: Implications for 

the development of amyloid-β pathology in Alzheimer disease 

By 

Thomas E. Mahan 

Doctor of Philosophy in Biology and Biomedical Sciences 

Neurosciences 

Washington University in St. Louis, 2021 

Professor David M. Holtzman, Chair 
 
 

Alzheimer disease (AD) is characterized by two main pathological hallmarks, 

extracellular amyloid plaques primarily comprised of the amyloid-β (Aβ) peptide, and 

intracellular neurofibrillary tangles mainly comprised of the tau protein. Although the 

pathologies underlying AD were first described over one hundred years ago, researchers today 

are still trying to understand how the development of Aβ pathology is regulated in the hopes of 

developing more effective treatments. Advances in genetics over the last several decades have 

allowed for several genetic risk factors to be identified that increase or decrease ones likelihood 

for developing (AD). Of these genetic risk factors, the strongest one for developing late onset 

AD is apolipoprotein E (APOE). The ε2 allele of APOE (APOE2) is considered to be protective 

relative to the more common ε3 allele (APOE3), while the ε4 allele (APOE4) confers the 

strongest increased risk. For those who carry one copy of APOE4 there is an approximate 3-fold 

increase in risk while those with two copies of APOE4 have a 12-fold increase in risk.  APOE4 

has been shown to influence the development of Aβ pathology in several ways, including the 

ability to indirectly increase Aβ levels by competing for clearance mechanisms with Aβ and to 
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increase fibrillization of Aβ through direct interactions. These influences of APOE4 on Aβ, as 

well as more recent findings that APOE4 can influence tau mediated neurodegeneration, likely 

underlie why APOE4 carriers also have an earlier age of onset of AD.   

Many studies, including work done in our lab, have shown potential interventions for 

improving AD pathology could come from targeting apoE. In particular, reducing the levels of 

apoE in mice has been shown to significantly reduce the overall level of Aβ plaque burden. 

While the ability to improve overall Aβ pathology by manipulating apoE levels holds promise as 

a potential therapeutic intervention, few studies have looked closely at how cells respond to, and 

are impacted by, changes in apoE levels in the presence of developing Aβ pathology, especially 

at an individual per plaque basis. To begin to address these questions, we investigated how a 

complete loss of apoE impacts Aβ plaque formation, and the subsequent microgliosis and 

neuritic dystrophy, in two mouse models of amyloidosis. Here, I report on how the loss of apoE 

resulted in the formation of fewer amyloid plaques and how the fibrillar plaques that did form 

had an altered morphology. These morphologically altered plaques also had a reduction in 

microgliosis as well as an increase in neuritic dystrophy. With these findings, we hypothesized 

that the phenotypes we were seeing were due not only to the loss of apoE from astrocytes but 

were also due in part to the loss of microglial apoE. However, little is known about the 

characteristics of microglial apoE and raises the question as to whether differences exist between 

microglial apoE and astrocytic apoE.   

The physical characteristics of apoE-containing lipoprotein particles have been 

previously investigated in an attempt to better understand how structural differences between 

APOE2, APOE3, and APOE4 may be exerting their impact on AD pathology. However, these 

studies focused primarily on the apoE particles that are produced by astrocytes with minimal 
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characterization of the apoE lipoprotein particles that are produced by microglia. We 

hypothesized that the apoE-containing lipoprotein particles that are produced by microglia differ 

from the particles that are produced by astrocytes. We investigated these potential differences by 

using primary cultures enriched for either microglia or astrocytes that expressed either APOE2, 

APOE3, or APOE4. Serum-free media samples from these cultures were analyzed using gel-

electrophoresis and run under non-denaturing conditions to determine the size of the secreted 

apoE particles. I found that microglia produced a far greater amount of smaller apoE particles 

(~8nm) compared to astrocytes, which produced more of the larger apoE particles (~10-17nm). 

Furthermore, by changing the cell culture conditions and shifting the state of the microglia, I 

found that the level, and to some extent the size, of the apoE particles could also be shifted. 

These drastic changes in microglial apoE levels provide evidence that microglia apoE expression 

is highly dynamic and can be altered depending on the activation state of the microglia. These 

findings provide insight into how microglia may regulate their apoE expression and associated 

lipid components depending on their environment and whether they encounter pathological 

conditions. 

After finding that astrocytes produce larger apoE particles than microglia, we wanted to 

further explore how a loss of astrocytic apoE might influence the development of Aβ pathology. 

To do so, we utilized new APOE knock-in (APOE-KI) mouse models that our lab recently 

developed. These mice express APOE2, APOE3, or APOE4 under the endogenous mouse APOE 

promoter and contain loxP sites within the APOE gene that allow for a cell-specific removal of 

APOE using Cre-recombinase. By crossing the APOE-KI mice with Aldh1l1-Cre/ERT2 mice, 

we were able to selectively remove apoE from astrocytes and examine the impact on Aβ 

pathology in the APPPS1-21 mouse model. I found that, similar to a global removal of apoE, the 
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overall fibrillar Aβ plaque load was significantly reduced after the loss of astrocytic apoE. The 

overall levels of GFAP and dystrophic neurites in the cortex were also reduced. The fibrillar 

plaques that did form with a loss of astrocytic apoE still had apoE present in them, however, the 

intensity of the plaques was greatly reduced. Interestingly, microglia were less activated and the 

neuritic dystrophy was increased around plaques. These findings indicate that apoE produced by 

astrocytes is playing a significant role in regulating overall Aβ pathology and is also influencing 

how microglia are activated in the presence of Aβ plaques. While further work is needed to 

address how a reduction in microglial apoE may influence Aβ pathology, I have demonstrated 

that reducing astrocytic apoE may provide therapeutic opportunities to improve outcomes in AD. 
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Chapter 1: Introduction 

1.1 Alzheimer disease 

 Mental decline with aging has plagued homo sapiens for thousands of years, with 

ancient Egyptians describing aged individuals experiencing declining memory as early as 2000 

B.C. and the term ‘dementia’ being first used around 600 A.D. (1). Yet despite the long 

documented history of dementia affecting humans, it was not until 1906 that Dr. Alois Alzheimer 

first reported on the underlying pathology of the disease that now bears his name (1–3). Dr. 

Alzheimer met his first patient with dementia, Auguste Deter, in 1901 and was intrigued by her 

mental decline, which he documented over the next 5 years (4). After the passing of Auguste D. 

at the age of 55, Dr. Alzheimer was able to perform a histopathological exam of her brain, which 

led to the discovery of senile plaques and neurofibrillary tangles (5). In 1910, Dr. Alzheimer’s 

colleague, Emil Kraepelin, would be the first to coin the term Alzheimer disease (AD) to 

describe the early onset of dementia that afflicted Auguste D (1,2,5,6). Now, over one-hundred 

years later, Alzheimer disease is the leading cause of dementia in the world and one of the 

greatest maladies mankind has ever had to face (7). 

 Alzheimer disease currently affects over 6 million Americans and ~50 million people 

worldwide (7,8). The estimated costs to care for and treat individuals with AD in the United 

States, excluding unpaid care provided by friends and family, will be $355 billion for 2021 (9).  

Without further development of treatments or cures to delay or prevent the development of AD, 

the number of individuals with AD could grow to 13.8 million and cost the United States in 

excess of $1.1 trillion by the year 2050 (10).  In addition to the tremendous financial burden, AD 
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takes an emotional and physical toll on those with the disease, and on their caregivers and loved 

ones as well. For these reasons, as well as many others, it is critical that investments in AD 

research continue in order to further develop new treatments and therapies. 

 The clinical manifestations of AD, which Dr. Alzheimer described with Auguste D., 

include memory loss, progressive cognitive impairment, confusion, changes in behavior, sleep 

disturbances, and changes to physical function, to name a few (11). The symptoms of AD can be 

varied and exist on a spectrum based on the level and location of pathology within the brain. The 

pathologies that characterize AD include extracellular plaques, primarily composed of the 

amyloid-β (Aβ) peptide, and intracellular neurofibrillary tangles, primarily composed of the 

protein tau (12).  The Aβ peptide is produced by the sequential cleavage of the amyloid precursor 

protein (APP). APP is first cleaved by the β-secretase enzyme, encoded by the BACE1 gene 

followed by cleavage from the γ-secretase complex (13). The cleavage of APP can produce Aβ 

peptides of different lengths, of which Aβ40 and Aβ42 are the most prevalent. Aβ42 is the most 

amyloidogenic and toxic species of Aβ and is a primary component of Aβ plaques (13,14).  The 

formation of Aβ plaques is one of the first pathologies that is seen in AD and can begin 

anywhere from 10-20 years before the onset of symptoms (15). The amyloid plaque 

accumulation is then sequentially followed by glial activation, tau pathology, neuronal 

dysfunction, neuronal loss, and finally brain atrophy as the clinical symptoms initiate and 

progress (16,17). While this sequence of events tends to be similar for most cases of AD, the 

initiation and time course of progression of each event can vary from one individual to the next. 

 The underlying causes that initiate AD pathology, as well as the age of onset of 

pathology, can be used to help characterize the disease.  Individuals who develop cognitive 

impairment before the age of 65 have an early onset of AD (EOAD) and account for about 5% of 
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cases, while those who develop symptoms after the age of 65 have late onset AD (LOAD) 

(12,18). Furthermore, individuals may carry an underlying genetic mutation that can be passed 

from one generation to the next, resulting in a family history of AD, known as familial AD 

(fAD). Those with fAD often present with early onset fAD (EOFAD or eFAD), but may also 

have a later onset.  More than 90% of those with AD have no known underlying genetic cause 

and have what is known as sporadic AD (sAD), most of whom have LOAD (19). For fAD, there 

have been several deterministic genetic mutations identified in three genes, presenilin1 (PSEN1), 

presenilin2 (PSEN2), and amyloid precursor protein (APP).  These genetic mutations are 

inherited in an autosomal dominant manner and result in autosomal dominant AD (ADAD), 

which accounts for less than 1% of AD cases (20). 

 In addition to those in the general population with EOAD or LOAD, individuals with 

Down syndrome (DS) also develop AD pathology that results in a very high rate of dementia. 

Nearly all individuals with DS develop AD pathology in their brains by the time they reach their 

40s, which has consequently resulted in those with DS becoming the largest group of individuals 

with EOAD (21). Additionally, upwards of 77% of those with DS over the age of 60 develop 

signs of dementia and all individuals with DS have a lifetime risk of AD dementia that is >90% 

(22–24). One of the main driving factors for developing AD comes from the fact that individuals 

with DS have an additional copy of their 21st chromosome, known as Trisomy 21.  The APP 

gene is located on the 21st chromosome, which results in an increase in the expression of APP 

(22,25). This increased expression of APP ultimately leads to an increase in the production of the 

Aβ peptide and drives the formation of Aβ plaques.  More recent research has also begun to 

investigate other factors that may influence the development of AD pathology and dementia that 

results from Trisomy 21. The uniqueness of each individual with DS, and the wide range of 
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cognitive abilities each possesses, adds to the complexity of trying to address the development of 

AD pathology and dementia in this population.  As research continues to provide more insight 

into the development of therapeutics and treatments for AD, it will be vital that those with DS 

are included and that the complexity of Trisomy 21 is considered and accounted for in the 

treatment strategies that are developed.  In order to truly achieve a world without Alzheimer 

disease, individuals with Down syndrome must be included. 

1.2 Amyloid-β and the amyloid cascade hypothesis 

 One of the greatest challenges in trying to pinpoint the etiology of AD has come from 

determining what the precise biological underpinnings are that result in the clinical 

manifestations of the disease. Initial post-mortem brain analyses of those with AD, including 

those by Dr. Alzheimer, identified plaques and tangles in the brain, glial activation, vascular 

damage, and neuronal cell loss (3,6,26,27). However, it was not quite fully understood how, and 

in what order, these pathologies developed and whether the presence of one might influence the 

development of another.  When Aβ and tau were identified as the primary components of 

extracellular plaques and tau tangles, respectively, researchers began to focus in on how each of 

these proteins might become aggregated and potentially neurotoxic.  Additionally, with advances 

in genetic sequencing, mutations were identified that are involved in the development of AD and 

provided further evidence for what might be driving the sequence of events that leads to the 

clinical manifestations of the disease. In 1992, Hardy and Higgins first proposed the amyloid 

cascade hypothesis to try to explain how the pathology of AD first begins and progresses to 

cause dementia (28).  This hypothesis centers around the Aβ peptide and how its production, 
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clearance, and aggregation initiate a ‘cascade’ of pathological events that spread throughout the 

brain. 

 Hardy and Higgins proposed that Aβ is the main perpetrator that initiates AD pathology 

and subsequently induces the hyperphosphorylation of tau, leading to tau aggregation into 

neurofibrillary tangles, which ultimately causes the neuronal damage that leads to cell death and 

brain atrophy. The amyloid cascade begins with the amyloidogenesis of Aβ, which occurs in a 

concentration dependent manner.  Soluble monomers of Aβ first bind to create oligomeric 

species that then go on to form protofibrils, fibrils, and ultimately plaques (29). Aβ can 

accumulate into different types of plaques, primarily characterized by the plaque structure, the 

plaque components, and the plaques impact on the cellular environment (30). Aβ is the primary 

component of amyloid plaques and in vitro studies have shown that Aβ is prone to self-

aggregation, however, different proteins and molecules can interact with Aβ to influence the 

aggregation process, such as APOE, APOJ (aka Clusterin), αl-antichymotrypsin (ACT), adaptor 

protein apoptosis-associated speck-like protein containing a CARD (ASC) specks, and 

transthyretin (TTR) (31–37). Some of these molecules, like APOE, can become incorporated into 

the plaque and impact the type of plaque that forms.   

 Diffuse plaques are accumulations of dispersed Aβ that lack fibrillar structure and tend to 

lack a dense concentrated core. Fibrillar amyloid plaques on the other hand contain Aβ that has a 

β-sheet structure which can be identified by several dyes, such as Thioflavin S or Congo red, 

which bind to and intercalate into the β-sheet structure (38,39). These fibrillar plaques can be 

further characterized based on their morphology as well.  Dense core plaques contain a 

concentrated, compact central core while filamentous plaques lack a central core with dispersed 

fibrils that are wispy-like in appearance (30,40). Furthermore, fibrillar plaques can induce 
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damage to neuronal processes, more so than diffuse plaques, that leads to neuritic dystrophy 

(30,41).  These damage inducing plaques are also referred to as neuritic plaques. Neuritic 

plaques can be identified by the various proteins, and other materials, that accumulate in the 

neurites, such as BACE1, Reticulon-3, Lamp1, APP, tau, and neurofilaments, (30,42–45). This 

damage caused by Aβ plaques is one of the key steps that is likely driving the amyloid cascade. 

 One of the greatest pieces of evidence for the role of Aβ in the amyloid cascade came 

from the discovery of the determinant mutations in PSEN1, PSEN2, and APP that cause ADAD. 

All of these mutations influence the processing of APP and the production of the Aβ peptide. 

Presenilins are the catalytic component of the γ-secretase complex and are responsible for the 

cleavage of the C-terminus of APP that produces the final Aβ peptide product (46).  PSEN1 and 

PSEN2 mutations, as well as APP mutations located near the γ-secretase cleavage site, often 

drive the relative production of Aβ42 relative to other Aβ species and increase the Aβ42/Aβ40 

ratio to induce increased aggregation and toxicity of Aβ (47,48). While other mutations have 

been identified that do not directly influence the dynamics of Aβ accumulation, these mutations 

only alter ones risk for developing AD and are not deterministic like PSEN1, PSEN2, and APP 

mutations.  

 Further support for the amyloid cascade has come from the APP gene being located on 

the 21st chromosome. Individuals with Down syndrome who have Trisomy 21 have an increased 

gene copy number of APP that results in the inevitable formation of Aβ plaques and the 

subsequent high rate of dementia in DS. In addition to those with DS, there have been 

individuals who have a partial duplication of HSA21 that contains the APP gene locus and this 

increased copy number of APP has been shown to cause fAD (49).  
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 These various findings that support the role of Aβ in the amyloid cascade have led to the 

development of numerous therapeutic treatments that target Aβ.  These include gamma-secretase 

inhibitors and modulators, BACE1inhibitors, active immunization with Aβ peptides, and passive 

immunization with monoclonal antibodies directed against different forms and epitopes on  Aβ 

(50).  Unfortunately, nearly all of the clinical trials using Aβ-targeted therapies have ultimately 

failed to improve cognitive outcomes.  However, most of the trials did not effectively remove 

amyloid plaques.  Recently, several clinical phase II clinical trials and one phase III clinical trial 

have used anti-Aβ antibodies in patients with very mild dementia due to AD.  Antibodies such as 

lecanemab and donanemab both remove amyloid plaques robustly in humans and provided 

evidence of slowing of cognitive decline in phase II trials (51,52).  Aducanumab, an anti-Aβ 

antibody that also was recently shown to effectively remove amyloid plaques at monthly doses of 

10 mg/kg was just approved by the FDA as an antibody that effectively removes amyloid 

plaques a process which will “likely will result in cognitive benefit”.  One phase III trial did 

show an ~22% slowing of cognitive decline in very mild dementia due to AD and the other 

similar trial did not (53). Thus, we still await definitive evidence as to whether removing 

amyloid in patients with very mild dementia will be effective. However, one caveat to the 

majority of previous Aβ-targeted clinical trials is that they were conducted in individuals that 

were already symptomatic and presenting with impaired cognition, a phase of the disease in 

which the brain already has widespread Aβ plaque formation (54). With this in mind,  a number 

of ongoing clinical trials have begun to focus on treating individuals that are in the pre-

symptomatic stage, or very early symptomatic stage, of AD when Aβ levels may still be able to 

be lowered and prevent and/or delay the subsequent cascade of pathological events that leads to 

impaired cognition and dementia (55,56).  
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 The failed clinical trials, combined with additional studies that have shown that 

individuals can have high levels of Aβ plaque load with little to no impairment of cognition, 

have led many in the AD research field to recognize that Aβ plaques alone may be necessary but 

not sufficient to cause AD (57,58).  This had led many to look at other potential therapeutic 

targets, such as tau, to try to improve clinical outcomes for those with AD.  Despite this, the 

production, accumulation, and formation of Aβ into amyloid plaques is still a necessary 

component for one to develop AD. The role of Aβ as a key pathology in AD has continued to 

warrant further investigation into various factors that influence Aβ pathogenesis, factors like 

APOE. 

1.3 Apolipoprotein E 

 Apolipoprotein E is a protein that is a component of lipoprotein particles and is involved 

with the shuttling of cholesterol and lipids throughout the body.  In the periphery, apoE is mainly 

produced by the liver and is a component of VLDL and HDL particles and chylomicron 

remnants (59). In the central nervous system (CNS), apoE is found in HDL-like particles that are 

mainly produced by astrocytes (60). However, during brain insult microglia can significantly 

upregulate their APOE production (61,62). Astrocytic APOE particles act to shuttle cholesterol 

to neurons to aid in neuronal growth and synapse formation (63,64). 

 The three human APOE isoforms vary from one another at amino acid residues 112 and 

158, which are located in the LDL receptor binding region, and change the charge and structure 

of the protein. APOE2 has Cys-112 and Cys-158, APOE3 has Cys-112 and Arg-158, while 

APOE4 has Arg-112 and Arg-158 residues (65).  The differences in amino acids between each 



9 
 

isoform results in a defect in APOE2 binding to LDL receptors compared to the other two 

isoforms (66).  This results in an isoform dependent difference in cellular uptake of lipoproteins 

(APOE2 < APOE3 < APOE4) and is the underlying cause of some of those homozygous for 

APOE2 developing type III hyperlipoproteinemia (67). Additionally, some isoform dependent 

differences have been observed in the lipoprotein particles.  For instance, in plasma, APOE4 has 

shown more of an association with triglyceride-rich VLDL particles than APOE3 and APOE2 

(68,69). The APOE lipoprotein particles produced by astrocytes have also been well 

characterized based on their particle size, shape, and lipid content.  The APOE particles 

primarily range in size from 8-17nm and are spherical and disc-shaped (70,71). These particles 

contain phospholipids, free cholesterol, and triglycerides (72,73). APOE4 particles contain more 

triglycerides, but contain far less cholesterol than APOE3 containing particles (72,74). This 

results in APOE4 particles being smaller in size overall than APOE3 and APOE2 containing 

particles, and has led many to theorize that perhaps increasing the lipidation of APOE4, to be 

more in like APOE2, might lead to improved outcomes in AD (73). Indeed, many studies have 

been able to increase lipidation of APOE particles by various means and have shown 

improvements in Aβ pathology and cognition in Aβ mouse models (73). 

1.4 The influence of Apolipoprotein E on Alzheimer disease 

and β-amyloidogenesis  

 The association of apoE with AD first came when it was discovered that apoE is a 

component of Aβ plaques (75,76). Shortly thereafter the ε4 allele of the APOE gene was 

identified as a risk factor for AD (77,78). Subsequent studies found that having one copy of 

APOE4 increases the risk for AD ~3 fold while those who carry two copies have a 12-fold 
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increased risk, making APOE4 the strongest genetic risk factor for developing LOAD (79). In 

addition, APOE4 carriers have an earlier age of onset of AD (79,80). There are however 

differences in how APOE4 influences ones risk based on sex and ethnic background. Female 

APOE4 carriers are more likely to develop AD, have a faster rate of disease progression, and 

more severe cognitive decline and memory impairment compared to males who are APOE4 

carriers (81–84). For African-Americans, the level of risk from being an APOE4 carrier appears 

to not be as great as the level of risk of non-Hispanic whites and does not appear to have the 

same impact on different measures of brain function and on AD biomarkers. (85–88). Further 

research is needed to better understand this variation in the risk of being an APOE4 carrier 

amongst females and African-Americans, especially when considering different therapeutic 

approaches that might be needed based on sex and ethnic background.  

 The overall increased risk that results from APOE4 has led many to investigate how 

APOE exerts its influence on the development of AD pathology.  Due to APOE being a 

component of Aβ plaques, a lot of attention has been focused on how APOE influences Aβ 

pathology.  However, more recent work, including work from the our lab, has shown that APOE 

can influence tau-mediated neurodegeneration and that an isoform-dependent effect exists with 

APOE4 inducing greater tau pathology (89). While more insight into the mechanisms of how 

APOE is impacting tau pathology is needed, a large amount of work has been done to better 

understand the relationship between APOE and Aβ.   

 One area of interest pertaining to how APOE influences Aβ pathology has focused on the 

direct interactions of APOE with Aβ and how these interactions influence Aβ fibrillogenesis.   

Studies have shown isoform dependent differences in the binding of apoE particles to Aβ, 

however, many of these binding interaction studies used apoE expressed artificially in various 
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non-astrocytic cell lines, plasma-derived apoE particles, or recombinant apoE that was either 

lipidated or non-lipidated (90–93). Additionally, in many studies, recombinant or synthetic Aβ 

was used, often at non-physiological concentrations, and whether or not the Aβ was in a native 

monomer state or had formed into aggregation prone oligomeric ‘seeds’ was not controlled for. 

(90,94–97). All of the variability in what types of apoE and Aβ are used have caused mixed 

results and made it difficult to fully interpret all of the findings. However, previous work from 

our lab focused on the interactions between apoE and Aβ using more physiological conditions 

and multiple sources of both apoE and Aβ, including reconstituted, cell-secreted, and human 

CSF derived apoE and Aβ that was synthetic, cell-secreted, and from CSF (94). The results 

showed that minimal direct interaction occurs between soluble/monomeric Aβ and lipidated 

APOE particles and that the isoform-dependent impact of apoE on Aβ levels likely comes in part 

via apoE and Aβ competing for the same clearance mechanisms. For example, like apoE, Aβ can 

bind to and taken up and cleared by LDLR (98). Since APOE4 has a higher affinity for LDLR 

than APOE2, it is believed that APOE4 is more capable of outcompeting Aβ for clearance via 

LDLR than APOE2, which results in increased concentrations of ISF Aβ in APOE4 mice 

compared to APOE2 (94,99,100). 

 Additionally, many in vitro assays looking at amyloid fibril formation and elongation 

have shown apoE isoform-dependent effects on the aggregation of Aβ. However, while some in 

vitro results have shown apoE increases the fibrillization of Aβ, with APOE4 > APOE3 > 

APOE2 (34,95,101), others studies have been contradictory and shown that apoE actually has a 

reduced ability to fibrillize Aβ, with APOE4 < APOE3 < APOE2 (102–105). Once again, these 

studies used experimental conditions with variable sources and forms of apoE and Aβ, including 

using apoE with varying lipidation states (106). The lipidation state of apoE is a critical factor 
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when it comes to how apoE impacts Aβ plaque development. Several studies have shown that 

APOE4-containing lipoprotein particles tend to be less lipidated than APOE2 and APOE3 

particles and that increasing the lipidation of these APOE4 particles, may hold promise as a 

therapeutic way to improve AD pathology (73,107–109). Most studies have shown that with an 

increase in apoE lipidation, the aggregation propensity of Aβ is decreased, and, inversely, if 

apoE lipidation is decreased, Aβ aggregation increases. One of the primary lipidators of apoE in 

the CNS is ABCA1 and in vivo studies have shown that a loss of ABCA1, and subsequent 

reduction in apoE lipidation, causes an increase in Aβ deposition (110–114). On the other hand, 

overexpression of ABCA1 leads to increased lipidation of apoE and a reduction in Aβ plaques 

(115). The impact of apoE lipidation on Aβ pathology has led many to develop various 

treatments targeting the level of lipidation of apoE in hopes of reducing Aβ plaques and 

improving disease outcomes (73). One such treatment that was recently developed by our lab 

uses an anti-APOE antibody, HAE-4, that specifically targets and binds non-lipidated forms of 

APOE (116).  Use of this antibody showed that a non-lipidated form of apoE is present in Aβ 

plaques and when HAE-4 is administered in mice it elicits an antibody-mediated microglial Fcγ 

receptor dependent phagocytosis of Aβ plaques by microglia (116,117). 

 While targeting non-lipidated apoE, or less-lipidated apoE lipoprotein particles, may hold 

promise as a therapeutic treatment to improve outcomes in AD, there is still much to be 

discovered about these forms of apoE. For instance, the source of the non-lipidated apoE that is 

found in Aβ plaques has yet to be fully determined. While some recent work has suggested that 

microglia may be the source of apoE that ends up deposited in plaques, it has not definitively 

been shown (118).  Additionally, how apoE ultimately comes to exist in a non-lipidated state is 

unknown. One possibility is that after the apoE protein is translated from apoE mRNA, it never 
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becomes lipidated and directly interacts with Aβ in an already non-lipidated state. Another 

possibility is that after apoE is lipidated and forms apoE-containing lipoprotein particles, apoE, 

prior to interacting with Aβ, is then somehow delipidated and this delipidated form of apoE is 

then capable of binding to Aβ and participating in the formation of amyloid plaques. Similarly, 

apoE-containing lipoprotein particles could be delipidated upon interacting with Aβ and the 

binding to Aβ, whether it be oligomers or protofibrils/fibrils, could induce the shedding of lipids 

from apoE and thus allow apoE to become non-lipidated and ultimately incorporated into 

amyloid plaques (105). In order to determine the source(s) of apoE found in amyloid plaques, 

and the process by which apoE is deposited, further studies are needed, including additional 

work to characterize the apoE produced by microglia, in order for cross comparisons to be made 

against apoE produced by astrocytes. In order to address some of the questions regarding 

potential differences between apoE produced by astrocytes and apoE produced by microglia, we 

have further characterized apoE lipoprotein particles produced by microglia, including 

lipoprotein particles containing APOE2, APOE3, or APOE4.  Furthermore, to better understand 

the cell-type specific roles of apoE on the development of Aβ pathology, we have removed apoE, 

both globally and in a cell-specific manner from astrocytes, to investigate the impact on Aβ 

plaque formation and the subsequent gliosis and neuritic dystrophy. 

 The development of treatments for AD have often focused on impacts on neuronal 

function and improved cognitive outcome, but more recently there has been a growing 

appreciation for how glia are impacted by Aβ and the role that glial cells play in regulating the 

development of pathology. In particular, recent discoveries have been made showing that not 

only are microglia activated in the presence of Aβ plaques, but that their activation state 

influences inflammation within the brain and plays a key role in regulating the development of 
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Aβ pathology. Since microglia are the resident macrophages in the brain, initial characterizations 

of activated microglia divided them into either an M1 (pro-inflammatory) or M2 (pro-

phagocytic/repair) state based upon previous classifications for macrophages (119). Two main 

factors that have been shown to regulate this polarization are macrophage colony-stimulating 

factor (M-CSF), which helps prime macrophages toward the M1 state, and granulocyte-

macrophage colony-stimulating factor (GM-CSF), which drives the M2 state (120,121). 

However, these classifications are now viewed as being over-simplified and not truly 

representative of the very diverse states that microglia can move in and out of depending on the 

various environments they reside in and conditions they encounter (122). 

More recently, activated microglia involved in responding to neurodegenerative 

conditions have been characterized as being disease-associated microglia (DAM) or as having a 

microglial neurodegenerative (MGnD) phenotype (61,62). One key molecule that regulates this 

type of activation is apoE. As microglia shift out of homeostasis and into an activated state 

during neurodegeneration, they upregulate several genes, of which apoE is one of the most 

significantly upregulated (61,62,123). Interestingly, when apoE is removed from microglia, this 

activation is suppressed and genes that are normally induced in the face of neurodegenerative 

conditions are repressed (61). This ability of activated microglia to induce apoE expression, and 

the role that apoE plays in regulating the activation state of microglia, warrants further 

investigations into how microglial apoE expression is regulated and whether apoE produced by 

microglia has distinct characteristics and functions compared to astrocytic apoE.   

In addition to microglial activation, astrocytes also become activated in the presence of Aβ. One 

of the most common markers used for astrocyte activation is GFAP. As astrocytes become 

activated by Aβ, they upregulate their GFAP production and GFAP+ astrocyte processes 
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surround Aβ plaques (124). More recently, additional genes that are altered during changes to 

activation of astrocytes have been identified and the activation of astrocytes has been 

characterized into A1 (neurotoxic) or A2 (neurotrophic) (125).  Some studies have suggested that 

apoE can influence astrocyte activation in the presence of Aβ (126). ApoE isoform dependent 

differences in astrocyte responses to inflammatory stimuli have also been reported (127). The 

influence of APOE4 on the inflammatory state of astrocytes has been proposed to be through 

several potential mechanisms, including altering lipid homeostasis, cholesterol synthesis, lipid 

droplet formation and glucose metabolism to name a few (128). Additionally, it has been 

theorized that apoE produced by astrocytes might be a secreted factor that can act as a signal to 

regulate the activation of microglia, however there have not yet been any reports that have 

provided evidence of such a role (128). However, some of the greatest evidence for how apoE 

exerts its influence on astrocyte activation comes via the role that apoE plays in regulating Aβ 

amyloidogenesis and the development of Aβ pathology. 

1.5 Modeling the role of Apolipoprotein E on amyloid-β 

plaque pathology using mouse models 

One of the many challenges when trying to understand the role of apoE in the 

development of AD is the ability to appropriately model the conditions within the human brain in 

which apoE is exerting its influence on the development of Aβ pathology. One of the ways this 

challenge has been addressed is through the use of animal models that have been genetically 

engineered to develop aspects of AD pathology that are similar to what is seen in the human 

condition. Mouse models in particular have provided invaluable insights into how Aβ is 

produced, the mechanisms of Aβ clearance, and how Aβ accumulates into plaques. Furthermore, 
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mice have also been engineered that express the human forms of APOE2, APOE3, or APOE4 

(129) and the crossing of these mice with mouse models of amyloidosis have provided 

opportunities to investigate how each apoE isoform influences Aβ pathology.  

Mice contain a murine version of the APP gene, however the amino acid sequence of the 

Aβ peptides that are produced by the processing of murine APP varies from the Aβ produced in 

humans by three amino acids and is non-amyloidogenic during the ~ 2 year lifespan of a mouse 

(130). As a result, many attempts have been made to engineer mice that are capable of producing 

Aβ peptides that are similar to those produced in humans and have the ability to aggregate in a 

manner similar to what is seen in AD. While mice that overexpress wild-type human APP 

develop neuronal pathology and impairments in cognitive function, the Aβ produced in these 

mice is essentially non-amyloidogenic (131). In order to drive amyloidosis of Aβ in mice, APP 

or PSEN1 genes with mutations that cause ADAD, many of which increase the Aβ42/Aβ40 ratio, 

have been introduced into mice (20,132).  One mouse model frequently used by our lab, and for 

the results I report here, is the APPPS1-21 model, which has the KM670/671NL (Swedish) 

mutation in APP and the L166P mutation in PSEN1 under the control of a neuron-specific Thy1 

promoter (133). This model begins to develop Aβ plaques around 6-8 weeks of age.  Another 

model I report on here is the APPPS1ΔE9, which also has APP with Swedish mutation, but 

carries the ΔE9 mutation in PSEN1 instead of the L166P mutation and both genes are driven by 

the mouse prion promoter (134).  This model develops Aβ plaques at a slower rate with initial 

deposition occurring around 6 months of age. 

The majority of transgenic models of amyloidosis use various promoters to drive 

increased APP expression, which aids in driving more Aβ production and the formation of Aβ 

plaques. Many behavioral studies in these mice demonstrated cognitive deficits, including 
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memory impairment (135).  However, given the role that APP plays in neurodevelopment and 

overall neuronal function, the overexpression of APP in and of itself may actually be driving 

some of the cognitive deficits that are seen in these mice (136). In light of this issue, new APP 

knock-in mouse models were recently created with the expression of the APP transgene 

controlled by the endogenous APP mouse promoter (137).  Three separate strains were created 

expressing a combination of different APP mutations, the Swedish (NL), Iberian (F), Arctic (G) 

mutations. While the NL mice developed little to no Aβ pathology, the NLF mice showed the 

first signs of Aβ plaques around 6 months of age and the NLGF mice had initial Aβ plaque 

deposition starting around 2 months of age. While these mice help address some of the issues 

surrounding APP overexpression and the interpretation of behavioral experiment results, the 

NLF mice have a relatively slow plaque development and the NLGF mice carry the Arctic 

mutation, which is located in the Aβ peptide sequence and alters the properties of the Aβ peptide. 

The issues surrounding these knock-in mice underscores how each mouse model of amyloidosis 

has its own unique characteristics and challenges and further highlights the importance of 

comprehending the limitations of each model when trying to interpret results. Further 

precautions need to be taken with AD mouse models when trying to understand how apoE 

influences Aβ pathology. 

In order to try to understand how apoE was affecting Aβ levels in mice, apoE knock-out 

mice were crossed with various APP mouse models. The complete removal of apoE resulted in a 

reduction in the amount of total Aβ, in particular fibrillar Aβ, that accumulated in the brains of 

mice (138,139). However, murine apoE is only 70% homologous to the human apoE isoforms 

(140). The differences between mouse apoE and human apoE can lead to varying impacts on Aβ 

and potential complications when trying to translate findings from mice to humans (141). 
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Therefore, to better understand how human apoE isoforms might be impacting various types of 

physiology, knock-in models were generated with either APOE2, APOE3, or APOE4 expressed 

under the endogenous mouse apoE promoter (129). These mice were then further crossed with 

amyloidosis mouse models and revealed isoform dependent differences on Aβ plaque 

development. Mice expressing APOE4 had an earlier and more rapid accumulation of Aβ 

plaques compared to mice carrying APOE3 (142).  Furthermore, gene dose dependent effects 

were revealed when mice heterozygous for APOE3 or APOE4 were shown to have significantly 

less Aβ plaques than mice that carried two copies of APOE3 or APOE4 (143). Additionally, 

experiments using anti-sense oligonucleotides (ASO’s) to reduce APOE3 or APOE4 revealed 

that a reduction of apoE prior to Aβ plaque formation had a greater effect at lowering Aβ plaque 

levels compared to ASO treatments given after the onset of Aβ plaque deposition (144).  The 

reduction in Aβ plaques that is seen with a reduction in apoE levels has helped bolster efforts to 

try to reduce apoE as a therapeutic intervention. However, given the many functions apoE plays 

in the brain, it is important to understand how targeting apoE for reduction might impact cellular 

responses to changes in apoE levels. Furthermore, given the continued development of ways to 

manipulate genes and proteins of interest in a cell-specific manner, understanding how 

specifically reducing astrocytic or microglial apoE might influence pathological outcomes will 

be vitally important for the development of therapeutic interventions.  
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Chapter 2: ApoE facilitates the microglial 
response to amyloid plaque pathology 
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2.1 Introduction 

 One of the hallmark pathologies of Alzheimer’s disease (AD) is the presence of 

extracellular deposits of diffuse and fibrillar amyloid plaques predominantly consisting of the 

amyloid-β (Aβ) peptide. Aβ-related pathology is accompanied by the clustering of microglia 

around fibrillar plaques, although the molecular mechanisms facilitating microglial clustering are 

still poorly understood (145). The formation of Aβ plaques within the brain parenchyma is 

influenced by the concentration of monomeric forms of Aβ in the interstitial fluid and by other 

proteins in the brain, perhaps most notably apolipoprotein E (apoE) (146). ApoE has previously 

been shown to influence the rate of monomeric Aβ clearance from the brain interstitial fluid in an 

isoform-dependent manner and to influence the kinetics of amyloid formation in vitro 

(106,147,148). Both of these characteristics likely contribute to apoE-dependent effects on Aβ 

plaque formation in vivo. 

 In addition to influencing Aβ metabolism, increasing evidence suggests that apoE may 

influence the microglial response in different ways in the context of neurodegenerative disease. 

ApoE is predominantly expressed by astrocytes but it is strongly up-regulated by microglia in the 

context of Aβ pathology and can influence the activation state of microglia (61,149,150). The 

role of microglia in the course of AD remains ambiguous. Recent genetic evidence strongly 

implicates microglial function in playing a critical role in the disease. Variants in microglial-

expressed genes, such as TREM2 and CD33 alter the risk of developing AD, implicating the 

importance of microglia in the onset and progression of AD (151–154). Although chronic 

microglial activation is hypothesized to result in neurotoxic inflammatory signaling, recent 
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studies have shown that plaque-associated microgliosis was negatively correlated with the degree 

of neuritic dystrophy around plaques, suggesting a potential protective role for microglia in 

response to amyloid plaque formation (155,156). Mouse models of Aβ deposition that are 

haploinsufficient or completely deficient in Trem2 exhibit reduced plaque-associated 

microgliosis, and Trem2-deficient mice exhibit altered plaque morphology and increased neuritic 

dystrophy, suggestive of a role for microglia in shaping the gross structure of plaques and 

reducing plaque-associated toxicity (40,157–162). 

 Previous studies found that genetic deletion of Apoe in amyloid-depositing mouse 

models overexpressing human amyloid precursor protein (APP), but not PS1, resulted in a 

dramatic decrease in diffuse plaques and an absence of fibrillar plaque formation (139,163,164). 

However, more recently developed aggressive mouse models of amyloid deposition exhibit 

modest fibrillar amyloid deposition in the absence of apoE (165). The effect of the lack of Apoe 

expression in these mouse models on the tissue response to amyloid pathology is not currently 

understood and provides an opportunity to understand the role of apoE in this process. In this 

study, we characterize the impact that apoE has on amyloid pathology and the innate immune 

response in both the APPPS1ΔE9 and APPPS1-21 amyloid-developing mouse models. We found 

that Apoe-deficient mice exhibited reduced fibrillar plaque deposition and altered regional 

distribution of plaque pathology within the hippocampus, consistent with previous studies 

(164,166,167). However, fibrillar plaques in Apoe-deficient mice exhibited a striking reduction 

in plaque compaction, and hyperspectral fluorescent imaging using luminescent conjugated 

oligothiophenes (LCOs) identified distinct Aβ morphotypes in Apoe-deficient mice. We also 

observed a significant reduction in plaque-associated microgliosis and activated microglial gene 

expression in Apoe-deficient mice, along with significant increases in dystrophic neurites. Our 
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results suggest that apart from influencing Aβ plaque formation, apoE facilitates plaque-

associated microgliosis and limits plaque-associated neuronal toxicity. 

2.2 Experimental Methods 

Mice. APPPS1-21 (APPPS1) transgenic mice on a C57BL6 background containing the APP 

KM670/671NL Swedish mutations and PSEN1 L166P mutation (gift from M. Jucker, University 

of Tübingen, Tübingen, Germany; (133)) were crossed with Apoe−/− mice on a C57BL6 

background (Jackson Labs) to produce Apoe+/−;APPPS1 mice. Apoe+/−;APPPS1 mice were 

then bred with Apoe+/+ or Apoe−/− mice to produce APPPS1 or APOE−/−;APPPS1 mice. 

APPPS1ΔE9 (APPPS1;ΔE9) transgenic mice on a C3B6 background (Jackson Labs) containing 

the APP KM670/671NL Swedish mutations and PSEN1 exon 9 deletion were similarly crossed 

with Apoe−/− mice to produce Apoe+/−;APPPS1ΔE9 mice. Apoe+/−;APPPS1ΔE9 mice were 

then bred to either Apoe−/− or C57BL6 mice to produce Apoe−/−;APPPS1ΔE9 or APPPS1ΔE9 

mice on a mixed C57BL6;C3B6 background. APPPS1 mice were analyzed at 6 mo of age and 

APPPS1ΔE9 mice were analyzed at 10 mo of age. All experimental procedures relating to 

animal use were approved by the Washington University Institutional Animal Care and Use 

Committee. 

Brain sample collection. Mice were anesthetized with intraperitoneal 200-mg/kg injections of 

pentobarbital and perfused with ice-cold PBS containing 0.3% Heparin. One hemibrain was 

fixed in 4% paraformaldehyde overnight at 4°C followed by storage in a 30% sucrose in PBS 

(pH 7.4) solution at 4°C. The other hemibrain was dissected and flash frozen for further analysis 

and stored at −80°C. 
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Histological analysis. Fixed hemibrains were frozen and serial 50-µm coronal sections were 

obtained from the rostral to caudal end using a sliding microtome. Sections were stored in a 

cryoprotectant solution (30% ethylene glycol, 15% sucrose, and 30 mM phosphate) and stored at 

−20°C. Three 50-µm sections spaced 300 µm apart were used for each staining procedure. 

Amyloid plaque staining and morphology. To visualize Aβ plaques, APPPS1 and 

Apoe−/−;APPPS1 mice were immunostained using the anti-Aβ1-5 antibody 3D6 (gift from Eli 

Lilly, Lilly Corporate Center, Indianapolis, IN), whereas immunostaining for APPPS1ΔE9 and 

Apoe−/−;APPPS1ΔE9 mice was performed with the anti-Aβ1-13 antibody HJ3.4. All sections 

were free-floating and were first treated with 0.3% hydrogen peroxide, blocked in 3% milk + 

0.25% Triton X-100 in Tris-buffered saline (TBS), and then incubated overnight in biotinylated 

3D6 or HJ3.4 accordingly at 4°C. Sections were then developed using a Vectastain ABC Elite kit 

(1:400; Vector Labs), followed by incubation in a 0.025% 3,3′-diaminobenzidine (DAB; Sigma-

Aldrich) + 0.01% NiCl + 0.015% hydrogen peroxide solution. Images of the stained sections 

were obtained using a slide scanner (NanoZoomer; Hamamatsu Photonics), exported using NDP 

Viewer (Hamamatsu Photonics), and analyzed using ImageJ software (National Institutes of 

Health). To identify fibrillar plaques, free-floating sections from the APPPS1, Apoe−/−;APPPS1, 

APPPS1ΔE9, and Apoe−/−;APPPS1ΔE9 mice were all permeabilized with 0.25% Triton X-100 

in PBS and stained with 10 µM X-34 in 40% ethanol + 0.02M NaOH in PBS. X-34 images were 

obtained with an Eclipse 80i microscope (Nikon) equipped with a digital complementary metal-

oxide semiconductor camera (ORCA-Flash4.0 V2; Hamamatsu Photonics) and analyzed using 

ImageJ software to determine fibrillar plaque levels. 
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 To determine fibrillar plaque morphology, z-stacked images were taken every 0.75 µm 

from X-34–stained sections. Images were acquired on a confocal microscope (A1R+; Nikon) at 

40× magnification with 1.5× digital zoom. Max intensity projections of the z-stack images were 

then used to assess shape compactness, average intensity, and intensity Gini coefficient. A 

blurring filter was first applied to images to clarify the plaque from background. All pixels >2× 

background were considered part of the plaque, whereas pixels <1.5× background were 

considered non-plaque. Pixels between 1.5 and 2× backgrounds were assigned based on edge 

detection. Average intensity was determined based on plaque pixels. Gini coefficient was based 

on the distribution of pixel intensity for plaque pixels. Shape compactness was determined as the 

ratio of plaque area pixels to plaque perimeter pixels after scaling plaques to be the same overall 

area. 

Aβ ELISA. Cortical tissues from 6-mo-old APPPS1 and Apoe−/−;APPPS1 mice were hand-

homogenized in 10-fold volume PBS using a Teflon pestle. Brain homogenates were spun at 

14,000 g for 30 min, and the supernatant was retained as the soluble fraction. The pellet was 

resuspended in 10-fold volume 5 M guanidine, hand homogenized, and rotated for 3 h at room 

temperature. Homogenates were clarified by centrifugation at 14,000 g for 30 min, and the 

supernatant was retained as the insoluble fraction. Aβ40 and Aβ42 concentrations were measured 

by sandwich ELISA. Aβ40 concentration was measured using HJ2 as the capture antibody and 

biotinylated HJ5.1 as the detection antibody. Aβ42 was measured using HJ7.4 as the capture 

antibody and biotinylated HJ5.1 as the detection antibody. ELISAs were developed using 

streptavidin-PolyHRP40 (Fitzgerald) and TMB Superslow reagent (Sigma Aldrich). Aβ40 and 

Aβ42 values were normalized to wet weight of brain tissue. 
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Western blotting. Hippocampal tissue was homogenized in 10-fold volume lysis buffer (10 mM 

Tris-HCl, pH 8.0, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, and 150 mM NaCl), and lysate 

was clarified by centrifugation at 15,000 g at 4°C. Total protein concentrations in lysate were 

quantified using a BCA assay, and 50 µg of protein were loaded onto a 4–20% Bis-Tris SDS-

PAGE gel followed by transfer to nitrocellulose. Full-length APP was detected using 6E10 

(1:1,000; Biolegend), and C99 fragment was detected using 82E1 (1:1,000; IBL America). 

Protein detection was visualized using an HRP-coupled anti–mouse secondary antibody 

(1:5,000) and ECL reagent. Images of the blot were captured using a G Box (SynGene) and 

analyzed in ImageJ. 

Cytokine assessment. Levels of IL1β, IL-10, TNF-α, CCL3, CCL2, and CCL4 were assessed 

using a Milliplex multianalyte profiling kit (Millipore) per the manufacturer’s instructions. 

Assays were run on a FlexMAP 3D (Luminex) at the Andrew M. and Jane M. Bursky Center for 

Human Immunology & Immunotherapy Programs at Washington University, St. Louis, MO. 

Cytokine levels were normalized for total protein content in lysate as calculated by BCA assay. 

LCO staining and fluorescence microscopy. The synthesis of the LCOs, q-FTAA, and h-

FTAA have been reported previously (168), and the LCOs were dissolved in deionized water to a 

final concentration of 1.5 mM. Floating sections from 6-mo-old APPPS1 or Apoe−/−;APPPS1 

mice were equilibrated in PBS and stained with a mixture of 2.4 µM q-FTAA and 0.77 µM h-

FTAA in PBS or 0.77 µM h-FTAA in PBS for 30 min (169). After washing in incubation buffer 

the sections were transferred to glass slides and mounted with mounting media (DAKO; 

Agilent). The mounting medium was allowed to solidify overnight before the rims were sealed 

with nail polish. The LCO-stained sections were analyzed with a confocal laser scanning 
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microscope (LSM 780; Zeiss) equipped with a 32-channel spectral array detector (QUASAR 

GaAsP; Zeiss) and a tunable In Tune laser (488–640 nm; Zeiss), as well as a modular FLIM 

system (Becker and Hickl). In spectral mode, q-FTAA and h-FTAA were excited with a 458-nm 

laser, and the emitted light was detected in steps of 8.7 nm from 488 to 686 nm. Z-stacks were 

recorded with the dimension of x = 250 µm, y = 250 µm, and z = 90 µm using a Plan-

Apochromat 20×/0.8 M27, and three-dimensional images were generated by spectral mixing 

using the ZEN2010 software. Three-dimensional images were rendered by spectral unmixing 

using the ZEN2010 software. For the FLIM, the emitted photons were routed through the direct 

coupling confocal port of a scanning unit (LSM 780; Zeiss) and detected by a hybrid detector 

(HPM-100-40; Becker and Hickl). Data were recorded by a Simple-Tau 152 system (SPC-150 

TCSPC FLIM module; Becker and Hickl) with the instrument recording software SPCM version 

9.42 (Becker and Hickl) in the FIFO image mode, 256 × 256 pixels, using 256 time channels 

(Becker and Hickl). For all acquisitions, a main beam splitter (T80/R20; Zeiss) was used and the 

pinhole was set to 20.2 µm. Scanning area was set to 235.7 × 235.7 µm, with a scanning 

resolution of 512 × 512 pixels. Furthermore, a Plan-Apochromat 40×/1.3 Oil DIC objective lens 

was used, and a 510-nm long pass filter was positioned in front of the hybrid PMT. Excitation 

used the 490-nm laser line from the pulsed tunable In Tune laser with a repetition rate of 40 

MHz. Data were subsequently analyzed in SPCImage version 3.9.4 (Becker and Hickl), fitting 

each of the acquired decay curves to a triexponential function, and color-coded images showing 

the intensity-weighted mean lifetimes were generated with the same software. Fluorescence 

decays were collected from 5–10 different plaques in tissue sections from five individual 6-mo-

old APPPS1 or Apoe−/−;APPPS1 mice. 
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Microglia, dystrophic neurites, and fibrillar plaque staining. To assess microglial 

colocalization with fibrillar plaques, sections from each group of mice were costained with X-34 

and Iba-1. Free-floating sections were first stained with X-34 followed by blocking, using 3% 

normal donkey serum in TBS and then incubation with rabbit anti–Iba-1 (1:10,000; Wako) + 1% 

donkey serum in TBS overnight at 4°C. Iba-1–stained sections were then incubated in secondary 

donkey anti–rabbit Alexa Fluor 647 (1:1000; Thermo Fisher) in PBS. Neuritic dystrophy around 

fibrillar plaques was assessed in each group of mice using 22C11, an antibody to the N terminus 

of APP, and the X-34 dye. Free-floating sections were blocked in confocal buffer (0.5% BSA, 

2% goat serum, and 0.15% Triton X-100 in PBS) and then incubated with 22C11 (1:2,000; 

Millipore) in confocal buffer overnight at 4°C. Sections were then incubated in confocal buffer 

with biotinylated goat anti–mouse IgG1 (1:2,000; Thermo Fisher) followed by Streptavidin-488 

(1:2,000; Thermo Fisher) + To-Pro3 (nuclear stain, 1:1,000; Thermo Fisher) in PBS. 

Confocal analysis. Confocal images were taken in the cortical regions of the Iba-1/X-34– and 

APP/X-34–stained sections using a confocal microscope (A1R+; Nikon). Z-stacked images were 

acquired every 1.25 µm at a 20× magnification. Images were then analyzed using Imaris 

software (Bitplane) or ImageJ. For all Imaris analyses, the Spots and Surfaces functions were 

used. The coordinates of microglia and the location and volume of Aβ plaques were identified 

using the Spots and Surfaces functions, respectively, and imported into Matlab (Mathworks). 

The number of microglia within a 15- and 30-µm radius were then determined using an 

automated script. The level of APP accumulation in neuritic processes surrounding X-34 plaques 

for APPPS1 and Apoe−/−;APPPS1 mice was determined by creating Spots for APP and Surfaces 

for X-34. The volume and number of APP-NT+ neuritic processes was determined within 30 µm 

using an automated script. For APPPS1ΔE9 and Apoe−/−;APPPS1ΔE9 mice the level of APP 
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around X-34 plaques was determined by creating surfaces for both APP and X-34. The Dilate 

Xtension was used to dilate out the X-34 plaque surface 15 µm and create a second dilated 

surface. To determine the volume of APP surface within 15 µm of X-34 plaque, surface–surface 

colocalization Xtension was run using the dilated surface and APP surface as the two surfaces 

for comparison. The number and volume of APP-NT+ neurites per plaque was found and 

determined based on overall X-34 plaque volume. 

RNAseq analysis. RNA was extracted from frozen cortex tissue of 6-mo-old APPPS1 and 

Apoe−/−;APPPS1 mice using TRIzol per the manufacturer’s instructions. Isolated RNA was 

then treated with DNase to remove any contaminating genomic DNA and RNA integrity 

assessed using a Bioanalyzer 2100 (Agilent) to ensure an RNA integrity number >7. Library 

preparation was performed using the SMARTer RNA kit (Clontech), and libraries were 

sequenced on a HiSeq2500. Sequence data were aligned to the mouse reference genome mm10 

using STAR. Gene-level differential expression analysis was performed in Partek Genomic 

Suite. Gene ontology enrichment analysis was performed in Partek Genomic Suite by comparing 

the list of differentially expressed genes with the gene ontology database using a Fisher’s exact 

test. All data have been deposited at GEO (accession no. GSE109906). 

Statistical analysis. Statistical significance between two groups was assessed by two-tailed, 

unpaired Student’s t test with significance assigned for P < 0.05. Statistical analysis of 

differential gene expression from RNAseq data were assessed using Partek Genomic Suite. A 

corrected p-value of 0.05 following Benjamini-Hochberg correction for multiple comparisons 

was considered statistically significant. 
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2.3 Results 

2.3.1 ApoE modifies Aβ deposition 

 Previous studies in human APP transgenic mice, PDAPP and Tg2576, found that Apoe 

deficiency significantly reduced both total and fibrillar Aβ deposition (138,139,163,166). 

Therefore, we first assessed total Aβ deposition in the cortex and hippocampus of 6-mo-old 

APPPS1 and Apoe−/−;APPPS1 mice using an N-terminal Aβ antibody. Surprisingly, we 

observed significantly more Aβ deposition in the cortex of Apoe−/−;APPPS1 compared with 

APPPS1 mice, which was attributable to a significant increase in both the number and size of 

cortical Aβ immunostained plaques in the absence of Apoe expression (Fig. 1, A–D). Marked 

cortical Aβ deposition was also observed in 10-mo-old Apoe−/−;APPPS1ΔE9 mice (Fig. 1 E). 

The overall cortical plaque burden did not significantly differ between APPPS1ΔE9 and 

Apoe−/−;APPPS1ΔE9 mice; however, there was a significant decrease in the number of Aβ 

plaques (Fig. 1, F and G). Interestingly, the average size of Aβ plaques was significantly larger in 

Apoe−/−;APPPS1ΔE9 mice than in APPPS1ΔE9 mice, consistent with the effect of apoE on 

plaque size in the APPPS1 model (Fig. 1 H). In agreement with previous studies (139,163), we 

observed a marked shift in the regional distribution of Aβ plaques within the hippocampus from 

the molecular layer of the dentate gyrus to the hilus (Fig. 1, A and E). 

 In previous studies, Tg2576 and PDAPP mice deficient in Apoe exhibited virtually no 

true fibrillar amyloid, suggesting that apoE is necessary for Aβ to form Aβ containing a β-sheet 

structure, i.e., amyloid (139,163). Given that we observed significant levels of Aβ plaque 

pathology in both APPPS1 and APPPS1ΔE9 mice in the absence of Apoe, we decided to assess 

whether the fibrillar amyloid burden was significantly altered by Apoe deficiency using X-34, 

which labels amyloid structures (170). The cortical and hippocampal amyloid burden in both 6-
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mo-old Apoe−/−;APPPS1 and Apoe−/−;APPPS1ΔE9 mice was strongly reduced in the absence 

of apoE compared with mice expressing ApoE; however, fibrillar plaques were detectable in the 

absence of Apoe expression in both strains (Fig. 1, I–N). Biochemical analysis of cortical tissue 

from 6-mo-old APPPS1 and Apoe−/−;APPPS1 mice revealed decreased levels of insoluble Aβ40 

and Aβ42, consistent with the observed decrease in X-34+ plaque pathology (Fig. S1 A). 

Interestingly, although soluble Aβ40 levels were decreased in Apoe−/−;APPPS1 mice, soluble 

Aβ42 levels were slightly but statistically significantly elevated (Fig. S1 B). This might reflect 

the increase in diffuse Aβ pathology observed by N-terminal Aβ antibody staining (Fig. 1 A). 

Western blot analysis of APP and the APP C99 cleavage fragment did not reveal a significant 

difference in the ratio of C99 to APP, suggesting that apoE did not significantly affect APP 

processing by β-secretase (Fig. S1, C and D). 

 Recent studies indicate that apoE expression influences the initiation of fibrillar plaque 

deposition, but not the subsequent growth of amyloid plaques once plaque formation has 

occurred (171,172). This would suggest that apoE serves as a catalyst for the folding of Aβ 

peptides into higher-order amyloid/β-sheet conformations. Aβ42 exhibits a greater propensity to 

form amyloid fibrils, and variants in APP, PSEN1, or PSEN2 that increase the production of 

Aβ42 relative to shorter Aβ species result in autosomal dominant AD (146). We speculate that 

the differences we report here in Apoe-deficient APPPS1 models compared with earlier APP 

overexpression models stems largely from differences in the relative production of Aβ42:Aβ40 

in these different strains. Tg2576 mice exhibited a roughly 1:5 ratio of Aβ42/Aβ40 in young 

animals, compared with an ∼1:1 ratio in APPPS1 and APPPS1ΔE9 mice, which likely results in 

the accelerated development of Aβ-deposition in APPPS1 and APPPS1ΔE9 mice and the 

formation of amyloid (133,134). Thus, although apoE may catalyze the conversion of Aβ into a 
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fibrillar state, high relative generation of Aβ42 may be sufficient for the development of some 

true amyloid even in the absence of apoE. 

2.3.2 ApoE regulates amyloid morphology and conformation 

 We noted that the amyloid plaques in Apoe−/− mice appeared to not stain as intensely 

with X-34 as in Apoe+/+ mice. Given that the plaques in Apoe−/−;APPPS1 plaques were larger 

than plaques in APPPS1 mice, we decided to assess the effect of Apoe on plaque morphology. 

High-resolution confocal imaging of amyloid plaques revealed that the gross morphology of the 

plaque was strikingly different in the presence and absence of apoE (Fig. 2 A). Amyloid plaques 

in 6-mo-old APPPS1 and 10-mo-old APPPS1ΔE9 mice had a distinct, dense core that was 

intensely stained with X-34 (Fig. 2 A). In contrast, plaques in Apoe−/−;APPPS1 and 

Apoe−/−;APPPS1ΔE9 mice contained numerous wispy fibrils, projecting out from a loosely 

defined core (Fig. 2 A). We quantitatively assessed these qualitative observations using a shape 

compactness index that takes into account the perimeter and two-dimensional area of the plaque 

and found that Apoe−/−;APPPS1 and Apoe−/−;APPPS1ΔE9 mice exhibited a significantly less 

compact morphology (Fig. 2, B and C). We further quantitatively compared plaques by assessing 

the Gini coefficient of pixel intensity for X-34 staining (Fig. 2, D–F). We found that plaques 

from Apoe−/−;APPPS1 and Apoe−/−;APPPS1ΔE9 mice exhibited a significant decrease in the 

Gini coefficient, consistent with the observed decrease in intensity of the dense X-34+ core of 

amyloid plaques compared with APPPS1 and APPPS1ΔE9 mice (Fig. 2, E and F). 

 A previous study demonstrated that a combination of two LCOs, q-FTAA and h-FTAA, 

can be used for spectral assignment of distinct aggregated Aβ morphotypes (169). q-FTAA stains 

only mature fibrillar Aβ deposits that are also recognized by conventional amyloid ligands, such 
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as Thioflavin T and X-34, whereas h-FTAA detects a broader subset of disease-associated 

protein aggregates (168,169,173,174). Given the stark contrast in amyloid plaque morphology in 

Apoe−/− mice, we stained tissue sections from 6-mo-old Apoe−/−;APPPS1 and APPPS1 mice 

with a mixture of q-FTAA and h-FTAA. Hyperspectral fluorescence imaging revealed distinct 

staining patterns using q-FTAA and h-FTAA dependent on the Apoe genotype. For all mice, 

minor q-FTAA fluorescence was only observed in the core of some plaques. In contrast, h-FTAA 

staining was much more abundant in the Apoe−/−;APPPS1 mice compared with APPPS1 mice 

(Fig. 2 G). Hence, in accordance with anti-Aβ antibody staining, h-FTAA fluorescence displayed 

a greater amount of Aβ deposition in mice lacking Apoe, and these deposits are most likely 

composed of an Aβ morphotype that is only detected by h-FTAA. 

 To examine the difference in Aβ morphotypes further, we performed fluorescence-

lifetime imaging (FLIM) analysis of h-FTAA–stained Aβ deposits. FLIM is a powerful 

technique that can be used to determine both differential states of binding and to observe minute 

variations in ligand–aggregate interactions, and differences in fluorescence decays from h-FTAA 

have previously been observed from the ligand bound to prion aggregates associated with 

specific prion strains (174). For APPPS1 mice, h-FTAA–stained Aβ deposits displayed 

fluorescence decays between 350–600 ps, whereas the decays from h-FTAA bound to Aβ 

deposits in Apoe−/−;APPPS1 mice were considerably longer at 400–800 ps (Fig. 2, H and I). 

Hence, a distinct distribution of fluorescence decays was observed for h-FTAA depending on the 

Apoe genotype, suggesting that the lack of apoE induces an enrichment of a specific Aβ 

morphotype. 
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2.3.3 Decreased plaque-associated microgliosis and activated microglial gene 

expression in Apoe−/−;APPPS1 and Apoe−/−;APPPS1ΔE9 mice 

 Apoe expression is up-regulated in response to amyloid pathology and is thought to play 

a role in the innate immune response in the central nervous system. Interestingly, lipidated apoE 

binds to TREM2 in vitro and may be a potential physiological ligand mediating TREM2 

activation (175,176). Given that a lack of Trem2 expression impairs plaque-associated 

microgliosis, we decided to test whether a lack of Apoe expression affected the microglial 

response to amyloid plaques. As expected, both 6-mo-old APPPS1 and 10-mo-old APPPS1ΔE9 

mice exhibited pronounced microglial clustering around amyloid plaques (Fig. 3, A and C). 

However, the number of microglia located within 15 or 30 µm of a plaque was significantly 

decreased in both Apoe−/−;APPPS1 and Apoe−/−;APPPS1ΔE9 mice (Fig. 3, A–D). The number 

of microglia located farther than 30 µm from a plaque were unaffected by Apoe genotype, 

suggesting that the effect of apoE on microglial function was specific to activated microglia 

around amyloid plaques (Fig. 3, B and D). 

 To further assess the effect of Apoe deficiency in the context of amyloid pathology, we 

performed RNA sequencing (RNAseq) analysis on cortical tissue from 6-mo-old APPPS1 and 

Apoe−/−;APPPS1 mice. Gene-level analysis revealed that 115 genes were differentially 

expressed in APPPS1 and Apoe−/−;APPPS1 mice (Fig. 3 E; Table S1). Changes in microglial 

gene expression in amyloid models detected using whole tissue methods may result from either 

the up-regulation of a given transcript at the cellular level or an increase in microglial abundance, 

which, in general, positively correlates with amyloid burden (177). Evidence from single-cell 

RNAseq studies indicates that activated microglia around plaques, termed disease-associated 

microglia, exhibit up-regulation of several genes associated with lipid metabolism and 
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phagocytosis, including Itgax and Cst7, which are significantly down-regulated in 

Apoe−/−;APPPS1 mice, consistent with a decrease in plaque-associated microgliosis (Fig. 3 G; 

Table S1; (62)). Gene ontology analysis of differentially expressed genes found a significant 

enrichment in genes related to the immune system (Table S2), of which the vast majority were 

down-regulated (Fig. 3 E; Table S1). We further analyzed cytokine levels at the protein level in 

the hippocampus of 6-mo-old APPPS1 and Apoe−/−;APPPS1 mice and observed reduced levels 

of CCL3, consistent with the reduction in CCL3 transcript observed by RNAseq (Fig. 3 F). 

Interestingly there was a trend toward elevated TNFα in Apoe−/−;APPPS1 mice (Fig. 3 F). This 

may be attributable to increases in peripheral TNF-α expression in Apoe−/− mice, since TNF-α 

is transported across the blood–brain barrier (BBB; (178,179)). Collectively, these data suggest 

an overall impairment in the microglial response to amyloid pathology in Apoe−/− mice. 

2.3.4 Increased neuritic dystrophy in Apoe−/−;APPPS1 mice 

 Emerging data suggest that reductions in plaque-associated microgliosis are associated 

with increases in dystrophic neurites around plaques (40,155,159). Previous studies reported a 

lack of dystrophic neurites in Apoe−/− mice crossed with either the PDAPP or Tg2576 models 

(139). However, as noted above, PDAPP and Tg2576 mice developed minimal, if any, fibrillar 

plaques in the absence of apoE. Moreover, accumulations of protofibrillar Aβ species within 

amyloid plaques are spatially associated with increases in dystrophic neurites (155). Since the 

Apoe−/−;APPPS1 and Apoe−/−;APPPS1ΔE9 mice developed significant fibrillar and diffuse 

plaques, and exhibit significant reductions in microgliosis, we tested whether these mice 

exhibited any differences in plaque-associated neuronal toxicity. We labeled dystrophic neurites 

with an N-terminal APP antibody (NT-APP) and quantified the abundance of NT-APP staining 

within 30 µm of a plaque. (Fig. 4, A and C). The number of dystrophic neurites around plaques 
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was significantly increased in both 6-mo-old Apoe−/−;APPPS1 and 10-mo-old 

Apoe−/−;APPPS1ΔE9 (Fig. 4, B and D). This observation is consistent with a role for apoE in 

facilitating plaque-associated microgliosis and reducing plaque-associated neuronal damage. 

2.4 Discussion 

 Considerable evidence suggests that apoE influences the propensity of Aβ to aggregate 

into fibrillar plaques through several potential mechanisms, including affecting the rate of Aβ 

clearance from the brain and the rate of conversion of Aβ monomers and oligomers to mature 

fibrils (106). However, beyond its effect on amyloid, apoE also influences diverse processes in 

the brain, such as synaptogenesis, phagocytosis, BBB function, and microglial activation 

(61,63,89,150,180,181). The histological and gene expression data presented in this study 

suggest that apoE not only affects the structure and level of amyloid pathology, but also the 

innate immune response to amyloid plaques, which in turn may protect against plaque-associated 

neurotoxicity. This observation supports a role for apoE downstream of plaque-deposition in 

regulating the toxicity and immune response to amyloid pathology. The influence of apoE on 

microglial activation may have important implications for apoE-modulating therapies in AD. 

 One limitation of the current study is that we did not examine the potential contribution 

of apoE-dependent vascular BBB changes on plaque deposition or the immune response. 

Previous studies indicate that Apoe−/− mice have age-dependent BBB dysfunction, which leads 

to extravasation of peripheral proteins with neurotoxic consequences (180,182). Moreover, a 

compromised BBB could lead to increased infiltration of peripheral macrophages and 

neutrophils into the brain, which may also be neurotoxic (183). Conceivably, the increase in 

dystrophic neurites we observe in Apoe−/− could be promoted in part by infiltrating neutrophils 
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or a compromised BBB. In addition, we cannot exclude the possibility that overexpression of 

APP and PS1 may also influence the phenotypes we report here. Future studies using APP 

knock-in mice that test whether Apoe-dependent alterations in the BBB affect microgliosis, 

plaque burden, and neuritic dystrophy could provide additional insight into potential mechanisms 

underlying our observations (137). 

 In addition to BBB dysfunction, Apoe−/− mice develop hypercholesterolemia and 

atherosclerosis, which are accompanied by immune responses to atherosclerotic plaques (184). 

Interestingly, the background strain can strongly influence the degree of atherosclerosis that 

develops in Apoe−/− mice; C57BL/6 mice exhibit more robust atherosclerosis pathology than 

C3H mice (185). We observed an increase in the number of Aβ-immunoreactive plaques in 

Apoe−/−;APPPS1 mice, which are on a C57BL/6 background, and a decrease in the number of 

Aβ-immunoreactive plaques in Apoe−/−;APPPS1ΔE9 mice, which are on a mixed C57BL/6C3H 

background. Whether the degree of vascular pathology contributed to this dichotomous result is 

unknown, and it is important to note that in addition to background strain and PSEN1 mutations, 

the APPPS1 and APPPS1ΔE9 mice also differ in the promoter used for transgene expression 

(Thy1 vs. Prp, respectively). Overall, the different effects of Apoe−/− on Aβ burden we describe 

in APPPS1 and APPPS1ΔE9 suggest that the choice of Aβ-deposition model can strongly 

influence the effect of gene KO on Aβ pathology. It is important to note that despite the differing 

effects on Aβ pathology, we observed consistent effects of Apoe-deficiency on fibrillar Aβ 

deposition, microgliosis, and neuritic dystrophy in both APPPS1 and APPPS1ΔE9 models. 

 Apoe expression is up-regulated in AD, which is generally attributed to a 

proinflammatory response to Aβ pathology. Within the brain, apoE is predominantly expressed 
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by astrocytes, although microglia, particularly in an activated state, also produce apoE (100). The 

relative contribution of microglial and astrocyte-derived apoE to the regulation of Aβ deposition 

and microgliosis is unclear. Microglia immunoreactive for apoE were noted to be intimately 

associated with senile plaques, in contrast to astrocytes, which were localized more distally to 

plaques. The proximity of microglia versus astrocytes to plaques could indicate a unique role for 

microglial expressed apoE in the immune response to AD pathology (149). Investigations into 

the effects of apoE on plaque-associated microgliosis have focused largely on apoE isoform–

dependent effects. ApoE4 and apoE2 exhibited increased numbers of plaque-associated 

microglia within certain cortical regions of 5xFAD mice compared with apoE3 (186). However, 

the APOE4 allele did not appear to affect the magnitude of plaque-associated microgliosis in 

human AD patients (187). Apoe expression in general has been shown to have pleiotropic effects 

on microglia and the broader immune response. Apoe expression is low in microglia in a 

homeostatic activation state, but is strongly up-regulated by neurodegenerative insults 

(61,150,188). Moreover, application of recombinant apoE to cultured microglia is sufficient to 

polarize gene expression away from a resting state toward a more activated phenotype (150). 

This suggests that apoE is a powerful modulator of microglial phenotype, in agreement with our 

current findings. In addition, the influence of apoE on microglial physiology does not appear to 

be specific to amyloid pathology. Reductions in microgliosis were also observed in the 

experimental autoimmune encephalomyelitis model of multiple sclerosis and reduced 

inflammation and neurodegeneration were observed in an Apoe-deficient model of tauopathy 

(89,189). 

 The function of plaque-associated microgliosis remains poorly understood. Some recent 

studies may indicate that microgliosis around plaques may initially have a neuroprotective role. 
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Plaque-associated dystrophic neurites appear in areas devoid of microglial coverage, suggesting 

that microglia may limit amyloid toxicity in plaque-adjacent neurons (155). An alternative 

interpretation is that a reduction in plaque-associated microglia could hamper phagocytic 

clearance of injured dystrophic neurites, resulting in an apparent increase in neuritic dystrophy. 

ApoE isoforms can differentially influence the phagocytosis of synapses by astrocytes and the 

amount of C1q deposition in aging (181). Thus Apoe expression, either by astrocytes or 

microglia, may promote the clearance of damaged neurites around plaques. Future studies 

investigating cell type–specific expression of apoE or inhibition of apoE expression following 

plaque deposition could provide insight into the mechanistic basis by which apoE influences the 

innate immune response in the context of amyloid pathology. 
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2.5 Figures 

 

Figure 2.1: Apoe deficiency increases Aβ plaque size but decreases amyloid burden.  
(A) Representative images of APPPS1 and Apoe−/−;APPPS1 mice stained with an N-terminal Aβ 
antibody. (B) The percentage of cortical area immunopositive for Aβ was increased 
in Apoe−/−;APPPS1 mice (28.0 ± 1.4%, n = 7 mice) relative to APPPS1 (8.8 ± 0.9%, n = 10 
mice); t(15) = 12.1, P < 0.0001, Student’s t test. (C) The mean number of plaques was increased 
in Apoe−/−;APPPS1 mice (230.6 ± 6.5, n = 7 mice) relative to APPPS1 (172.8 ± 9.6, n = 9); t(14) 
= 4.7, P = 0.0003. (D) The mean plaque size was increased in Apoe−/−;APPPS1 mice (1,159 ± 
72.9 µm2, n = 7 mice) relative to APPPS1 (555.1 ± 23.2 µm2, n = 10); t(15) = 9.1, P < 0.0001, 
Student’s t test. (E) Representative images of APPPS1ΔE9 and Apoe−/−;APPPS1ΔE9 mice 
stained with an N-terminal Aβ antibody. (F) The percentage of cortical area immunopositive for 
Aβ was not significantly different between APPPS1ΔE9 (7.0 ± 0.7%, n = 9 mice) 
and Apoe−/−;APPPS1ΔE9 (5.6 ± 1.0%, n = 7 mice); t(14) = 1.2, P = 0.25, 
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Student’s t test. (G) The number of cortical plaques was significantly reduced 
in Apoe−/−;APPPS1ΔE9 mice (105.2 ± 13.0, n = 7 mice) compared with APPPS1ΔE9 mice 
(183.5 ± 12.4, n = 9 mice); t(14) = 4.3, P = 0.0007, Student’s t test. (H) The mean plaque size 
was increased in Apoe−/−;APPPS1ΔE9 mice (529.8 ± 48.6 µm2, n = 7 mice) compared with 
APPPS1ΔE9 mice (377.9 ± 18.5 µm2, n = 9 mice); t(14) = 3.2, P = 0.0064, 
Student’s t test. (I) Representative images of APPPS1 and Apoe−/−;APPPS1 mice stained with X-
34. (J) The percentage of cortical area stained with X-34 was significantly decreased 
in Apoe−/−;APPPS1 mice (0.27 ± 0.08, n = 5 mice) compared with APPPS1 (1.2 ± 0.07, n = 4 
mice); t(7) = 8.411, P < 0.0001, Student’s t test. (K) The percentage of hippocampal area stained 
with X-34 was significantly decreased in Apoe−/−;APPPS1 mice (0.18 ± 0.04, n = 4 mice) 
compared with APPPS1 (0.85 ± 0.1, n = 5 mice); t(7) = 5.9, P = 0.0006, 
Student’s t test. (L) Representative images of APPPS1ΔE9 and Apoe−/−;APPPS1ΔE9 mice 
stained with X-34. (M) The percentage of cortical area stained with X-34 was significantly 
decreased in Apoe−/−;APPPS1ΔE9 mice (0.54 ± 0.11%, n = 7 mice) compared with APPPS1ΔE9 
(2.5 ± 0.19%, n = 9 mice); t(14) = 8.0, P < 0.0001, Student’s t test. (N) The percentage of 
hippocampal area stained with X-34 was significantly decreased in Apoe−/−;APPPS1ΔE9 mice 
(0.12 ± 0.05%, n = 7 mice) compared with APPPS1ΔE9 (2.0 ± 0.15, n = 9 mice); t(14) = 10.4, P 
< 0.0001, Student’s t test. All values given and plotted as mean ± SEM. Bars, 500 µm. **, P < 
0.01; ***, P < 0.001. 
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Figure 2.2: Apoe deficiency alters amyloid morphology and conformation. 
 (A) Representative, high-magnification images of X-34+ plaques from APPPS1 
and Apoe−/−;APPPS1 mice and APPPS1ΔE9 and Apoe−/−;APPPS1ΔE9 mice. Bars, 10 
µm. (B) Significant decrease in the shape compactness of Apoe−/−;APPPS1 mice (11.18 ± 
0.38, n = 28 plaques) compared with APPPS1 (13.14 ± 0.50, n = 25 plaques); t(51) = 3.2, P < 
0.001, Student’s t test. (C) Significant decrease in the shape compactness 
of Apoe−/−;APPPS1ΔE9 (10.12 ± 0.47, n = 29 plaques) compared with APPPS1ΔE9 (15.19 ± 
0.44, n = 43 plaques); t(70) = 7.6, P < 0.001, Student’s t test. (D) Representative pixel intensity 
heat maps for APPPS1 and Apoe−/−;APPPS1. Same scale bars as in A. (E and F) The Gini 
coefficient for pixel intensity was decreased in Apoe−/−;APPPS1 mice (0.37 ± 0.02, n = 28 
plaques) compared with APPPS1 (0.47 ± 0.01, n = 25 plaques); t(51) = 4.3, P < 0.0001, 
Student’s t test (E) and the Gini coeffecient for Apoe−/−;APPPS1ΔE9 mice (0.26 ± 0.01, n = 29) 
compared with APPPS1ΔE9 (0.48 ± 0.01, n = 43 plaques); t(70) = 15.53, P < 0.0001, 
Student’s t test (F). Values are given and plotted as mean ± SEM. (G) Fluorescence images of 
Aβ-deposits costained by the tetrameric LCO, q-FTAA (blue), and the heptameric LCO, h-
FTAA (red). The images are rendered from z-stacks recorded with the dimensions of x = 250 µm 
(red line), y = 250 µm (blue line), and z = 90 µm (green line; bar, 75 µm). (H and I) 
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Fluorescence lifetime images (H) and lifetime decay curves (I) for h-FTAA stained Aβ-deposits 
in brain tissue sections. The color bar represents lifetimes from 300 ps (orange) to 800 ps (blue) 
and the images are color-coded according to the representative lifetime. The fluorescence 
lifetimes were collected with excitation at 490 nm. Fluorescence decays were collected from 5 to 
10 different plaques in tissue sections from five individual APPPS1- or Apoe−/−;APPPS1 mice. 
Bars, 20 µm. **, P < 0.01; ***, P < 0.001. 

 

 

Figure 2.3: Decreased plaque-associated microgliosis in Apoe-deficient mice. 
(A) Representative images of APPPS1 and Apoe−/−;APPPS1 mice stained with Iba1 to label 
microglia and X-34 to label amyloid plaques. (B) Significant reduction in the number of 
microglia in Apoe−/−;APPPS1 (0.60 ± 0.04, n = 7 mice) mice compared with APPPS1 (1.7 ± 
0.12, n = 7) within 15 µm (t[12] = 8.3, P < 0.0001) and 30 µm (2.5 ± 0.18, n = 7 mice versus 4.5 
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± 0.28, n = 7 mice); t(12) = 5.9, P < 0.0001, Student’s t test. The number of microglia >30 µm 
from a plaque in APPPS1 (154.3 ± 7.1, n = 7 mice) compared with Apoe−/−;APPPS1 (150.7 ± 
14.9, n = 7 mice) was not significantly different; t(12) = 0.22, P = 0.83, 
Student’s t test. (C) Representative images of APPPS1ΔE9 and Apoe−/−;APPPS1ΔE9 mice 
stained with Iba1 and X-34. (D) Significant reduction in the number of microglia within 15 µm 
of Apoe−/−;APPPS1ΔE9 (1.2 ± 0.17, n = 7 mice), compared with APPPS1ΔE9 (2.2 ± 0.1, n = 11 
mice); t(16) =5.6, P < 0.0001, Student’s t test, and within 30 µm (2.8 ± 0.24, n = 7 mice) 
compared with (4.6 ± 0.16, n = 11 mice); t(16) = 6.5, P < 0.0001, Student’s t test. The number of 
microglia >30 µm from a plaque in APPPS1ΔE9 (160.3 ± 14.7, n = 11 mice) 
and Apoe−/−;APPPS1ΔE9 (133.2 ± 8.5, n = 7 mice) were not significantly different; t(16) = 1.4, P 
= 0.19, Student’s t test. (E) Selected differentially expressed inflammatory gene expression from 
APPPS1 (n = 6 mice) and Apoe−/−;APPPS1 mice (n = 7 mice). See Table S1 for p-
values. (F) Analysis of cytokine levels in the hippocampus of APPPS1 and Apoe−/−;APPPS1 
mice. Apoe−/−;APPPS1 mice (n = 13 mice) exhibited a significant reduction in CCL3 compared 
with APPPS1 mice (n = 11 mice). P < 0.0001, Student’s t test. Bars, 100 µm. ***, P < 0.001. 
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Figure 2.4: Significant increase in plaque-associated neuritic dystrophy in Apoe-deficient 
mice. 
(A) Representative image of dystrophic neurites labeled with APP (green) and amyloid labeled 
with X-34 (red). Nuclei are labeled with Topro-3 (blue). (B) Significant increase in the number 
of dystrophic neurites per plaque in Apoe−/−;APPPS1 mice (7.3 ± 0.66, n = 40 plaques) compared 
with APPPS1 (5.5 ± 0.39, n = 95 plaques); t(133) = 2.48, P = 0.01, 
Student’s t test. (C) Representative image of neuritic dystrophy in APPPS1ΔE9 
and Apoe−/−;APPPS1ΔE9 mice. (D) Significant increase in the number of dystrophic neurites per 
plaque in Apoe−/−;APPPS1ΔE9 mice (8.2 ± 0.86, n = 27 plaques) compared with APPPS1ΔE9 
(4.5 ± 0.42, n = 26 plaques); t(51) = 3.8, P = 0.0004, Student’s t test. All values given and plotted 
as mean ± SEM. Bars, 20 µm. **, P < 0.01; ***, P < 0.001. 
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Chapter 3: Differential production of ApoE 
containing lipoprotein particles by microglia 
and astrocytes from an apoE knock-in model 

 

This chapter is partially adapted from the following manuscript: 

Huynh TV*, Wang C*, Tran AC, Tabor GT, Mahan TE, Francis CM, Finn MB, Spellman R, 
Manis M, Tanzi RE, Ulrich JD, Holtzman DM. Lack of hepatic apoE does not influence early Aβ 

deposition: observations from a new APOE knock-in model. Mol Neurodegeneration 14, 37 
(2019) 
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Figure 3.4 in this dissertation). 
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3.1 Introduction 

Over the past 20 years, studies on apolipoprotein E (apoE) and its roles in various 

physiologic processes (atherosclerosis, Alzheimer disease – AD, etc..) have relied heavily on 

murine models that express the three main human isoforms (ε2, ε3, and ε4) under the control of 

the endogenous murine ApoE regulatory sequences (129,190,191). These APOE knock-in mice 

were generated through targeted replacement strategies (referred to as APOE-TR mice from here 

onward) and have played instrumental roles in elucidating the isoform-specific differences in 

lipid metabolism and receptor binding affinity. In the context of AD, APOE modifies the risk for 

development of late-onset AD in an isoform-dependent manner (ε2 < ε3 < ε4, where the ε4 allele 

carries the highest risk) (192). One mechanism through which APOE influences AD risk is 

through its effects on the metabolism of the amyloid-β peptide (Aβ), the main constituent of 

amyloid plaques found in AD patients. Indeed, crossing of transgenic mice that develop Aβ 

deposition in the brain (e.g. APP/PS1 or PDAPP mice that develop human-like Aβ plaques) 

to APOE-TR mice led to an isoform-dependent effect on cerebral amyloid plaque accumulation 

(142,193), which is consistent with observations in humans (194). Intriguingly, the effects 

of APOE on amyloidosis appear to be both isoform- and quantity-dependent, as reduction of 

apoE3 and apoE4 levels through genetic (143,195) or pharmacologic (144) manipulations results 

in reduction of cerebral amyloid plaque load. While these studies shed important insights on one 

aspect of apoE’s role in AD pathogenesis, it remains unclear whether the effects resulted from a 

cell-independent or cell-autonomous mechanism. 

Emerging data indicate that APOE not only affects AD risk, but also severity of 

pathology in dementia with Lewy bodies and neurodegeneration in tauopathies (89,196–198). In 

particular, microglia-derived apoE appears to regulate the inflammatory response (61,62,89,118), 
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suggesting that the cellular source of apoE in both the brain and periphery has distinct functions 

in different diseases. In the brain, both astrocytes (199) and microglia (200) contribute to the 

pool of apoE. ApoE-containing lipoprotein particles produced by astrocytes, including particles 

containing each of the human apoE isoforms, have been well characterized. However, little work 

has been done to characterize the apoE-containing lipoprotein particles produced by microglia. 

Given the recent findings that microglial-derived apoE regulates inflammation in the brain, it is 

vitally important for microglial apoE particles to be further characterized in order to determine 

what differences, if any, exist between astrocytic and microglial apoE. Furthermore, a better 

understanding of how the expression of apoE by microglia and astrocytes is regulated and can be 

altered will help provide important insight into how each source of apoE is influencing the 

development of AD-associated pathologies. 

ApoE expression in microglia appears to be induced under conditions of injury and insult 

to the brain (61,62). It is therefore critical to understand how the expression of microglial apoE 

may be altered in different cellular environments and in the presence of neurodegenerative 

pathology. Since microglia are the resident macrophages of the brain, some initial classifications 

for activated microglia were made by applying the M1 and M2 polarization states that are seen in 

peripheral macrophages (119). Two main factors that help prime and drive the polarization of 

macrophages into the M1 or M2 state are granulocyte-macrophage colony-stimulating factor 

(GM-CSF) (M1) and macrophage colony-stimulating factor (M-CSF) (M2) (120,121). In the 

CNS, astrocytes produce both GM-CSF and M-CSF depending on the types of stimuli they are 

exposed to (201,202). Studies using both of these factors have shown that they can influence the 

ability of macrophages to proliferate and impact cell growth and survival (203–206). In addition, 

culturing macrophages in GM-CSF or M-CSF can also influence the amount of apoE that is 
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secreted by macrophages (207,208). However little is known about how GM-CSF or M-CSF 

might be influencing the production and secretion of apoE in microglial cells. With more 

evidence showing that apoE produced by microglia plays a critical role in regulating 

neuroinflammatory pathways in the brain, it is important to better understand how factors like 

M-CSF and GM-CSF are influencing the activation state and production of microglial apoE and 

what effect this might have on impacting overall cellular functions, including neuronal function. 

Some early studies in Apoe-deficient mice found age-dependent synaptic loss and 

learning deficits (209). These deficits reflect the potential role of apoE in multiple physiologic 

processes responsible for maintaining brain homeostasis, including protection from oxidative 

damage (210,211) , maintenance of the BBB (180,212), and cholesterol transport in the setting of 

synapse development (213) or neuronal injury (214). These and many other outstanding gaps in 

knowledge regarding apoE biology necessitate an experimental model where APOE expression 

can be specifically manipulated in different tissues and cell types. Here, we report the generation 

of an APOE knock-in mouse model where the various human APOE variants (ε2, ε3, and ε4) 

replace the endogenous murine ApoE locus (termed E2F, E3F, E4F mice individually, 

and APOE-KI mice collectively). Importantly, the human locus (specifically exons 2 to 4) is 

flanked by loxP sites that allow for the tissue and cell-specific manipulation of APOE expression 

and the potential to better understand how apoE from specific cell sources influences different 

aspects of pathobiology. We characterized the expression of apoE in the brain and brain cell 

types and analyzed how apoE lipoprotein particles can differ between microglia and astrocytes. 

We also show how microglia grown in media containing M-CSF impacts overall microglial apoE 

production and microglial morphology compared to cells grown in GM-CSF containing media. 
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3.2 Experimental Methods 

Experimental Model 

Targeting construct. The targeting strategy allows the generation of a constitutive humanization 

of the Apoe gene with the various human isoforms (APOE-ε2, APOE-ε3, and APOE-ε4), as well 

as a conditional knock-out and a constitutive knock-out of the gene. The targeting strategy is 

based on Ensembl transcripts ENSMUST00000174064 (mouse, corresponding to NCBI 

transcript NM_009696.3) and ENST00000252486 (human, corresponding to NCBI transcript 

NM_000041.3). The humanized alleles express the full length human proteins, including its 

signal peptide. Mouse genomic sequence from the translation initiation codon in exon 2 to the 

termination codon in exon 4 was replaced with its human counterparts: [Cys130, Cys176] for 

APOE-ε2, [Cys130, Arg176] for APOE-ε3, and [Arg130, Arg176] for APOE-ε4. Exons 2 to 4 

(~ 3.9 kb) have been flanked by LoxP sites. A polyadenylation signal (hGHpA: human Growth 

Hormone polyadenylation signal) has been inserted to the 3′ of the genes (downstream of the 

distal loxP sites) in order to prevent transcriptional read-through. Positive selection markers were 

flanked by FRT (Neomycin resistance – NeoR) and F3 (Puromycin resistance – PuroR) sites and 

inserted downstream of the proximal loxP site and upstream of the distal loxP site, respectively. 

The targeting vectors were generated using BAC clones from the mouse C57BL/6 J RPCI-23 and 

human RPCI-11 BAC libraries. 

Generation of knock-in mice homozygous for human APOE isoforms (APOE-KI mice). 

Targeting vectors for the various human APOE isoforms were individually transfected into the 

Taconic Biosciences C57BL/6 N Tac ES cell line. Homologous recombinant clones were 

isolated using double positive (NeoR and PuroR) and negative (Thymidine kinase – Tk) 

selections. The constitutive humanized/conditional knockout alleles were obtained after in vivo 
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Flp-mediated removal of the selection markers. The newly introduced human APOE gene is 

expressed under control of the endogenous Apoe promoter. The resulting strains are referred to 

by their specific isoform expression (E2F, E3F, and E4F), or collectively as APOE-KI mice. The 

specific DNA sequence corresponding to each isoform were verified through sequencing of exon 

4 by GENEWIZ. DNA was isolated from fresh-frozen brain tissues, and exon 4 was amplified 

using specific primers (Forward: AACAACTGACCCCG GTGG; and reverse: 

GCTCGAACCAGCTCTTGAGG). 

Methods 

Brain extraction and histology. Mice were anesthetized with an intraperitoneal injection of 

pentobarbital (200 mg kg − 1), and subsequently perfused with 3 U / ml heparin in cold 

Dulbecco’s PBS for 3 min. The brains were then extracted from the skull and fixed in 4% 

paraformaldehyde for at least 48 h before being transferred to 30% sucrose and stored at 4 °C. 

Following immersion in sucrose for at least 24 h, serial coronal sections (50 μm thickness) were 

collected from frontal cortex to caudal hippocampus (right hemisphere) using a freezing sliding 

microtome (ThermoFisher). Three hippocampal-containing sections (separated by 300 μm) from 

the right hemisphere of each brain were stained with biotinylated HJ3.4 (anti-Aβ1–13, mouse 

monoclonal antibody generated in-house, 1:500 dilution) (215), as described previously. 

Microglia were immunostained using goat anti- IBA1 antibody (Abcam ab5076, 1:500 dilution). 

Astrocytes were immunostained using mouse anti-GFAP antibody (MAB3402, 1:1000 dilution). 

ApoE was immunostained with rabbit anti-apoE antibody (Cell signaling D719N, 1:500 dilution. 

All secondary antibodies were used in appropriate combinations depending on the primary 

antibody host, including: donkey anti-goat AF-488 (Invitrogen catalog # A-32814), donkey anti-

rabbit AF-647 (Invitrogen catalog # A-31573), donkey anti-mouse AF-488 (Invitrogen catalog # 
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A-21202), donkey anti-rabbit AF-568 (Invitrogen catalog # A-10042). All secondary antibodies 

were incubated at 1:500 dilution. Quantitative analysis of immunopositive staining was 

performed as described previously (216). Briefly, images of immunostained sections were 

exported with NDP viewer (Hamamatsu Photonics). Using ImageJ software, images were 

converted to 8-bit grayscale, thresholded to highlight Aβ-specific staining and the percent area of 

a given brain region covered by thresholded staining calculated. For analyses of 

immunofluorescent staining (including GFAP, IBA1, apoE, X-34, and Aβ), 20X – 40X images 

were acquired on Nikon A1Rsi confocal microscope. Random z-stacks containing clusters of 

plaques were imaged, spanning approximately 30 μm of tissue in the z-plane with steps of 

1.5 μm. Representative images are generated by projecting maximal intensity of each voxel on 

the same z-plane (using ImageJ software). All analyses were done blinded to treatment and 

genotype. 

Primary astrocyte and microglia cultures. Mixed glial cultures were prepared from the cortex 

of E2F, E3F, and E4F neonatal mice (1–3 days old), similar to as previously described (60,71). 

Cortices were dissected in calcium- and magnesium-free Hanks’ Balanced Salt solution (HBSS) 

with careful removal of meninges. Tissue was digested in HBSS containing 0.25% trypsin and 

0.2 mg/ml DNase at 37 °C for 10 min, and was dissociated by trituration in HBSS containing 

0.4 mg/ml DNase. Material was filtered through a 70-μm nylon mesh, pelleted at 1000 g for 

5 min, and re-suspended in glial media (DMEM + 10% FBS+ 1X Glutamax +1X 

Penicillin/Streptomyicin). Cells were then plated on a poly-L-lysine (PLL)-coated 10 cm dishes 

and then switched to glial media containing 10% L929-conditioned media (10% L929 glial 

media) the next day. 10% L929 glial media changes were performed every 3–4 days until cells 

were grown to confluence (14–16 days). The top layer of loosely attached microglia were then 
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harvested by pipetting media over the dish ~ 10–15 times to flush off the microglia. The media 

containing the suspended microglia was then collected and spun down at 1000x G for 5 min at 

4 °C. Microglia were then re-suspended in 10% L929 glial media and re-plated onto a 12-well 

plates coated with PLL. Astrocytes remaining in the 10 cm dish were detached by treating with 

3 ml of 0.25% Trypsin-EDTA for 10 min at 37 °C. Seven milliliter of glial media was added to 

suspend the astrocytes and material was then collected and spun down at 1000 g for 5 min at 

4 °C. Cells were re-suspended in glial media and re-plated onto a T75 flask coated with Geltrex. 

Microglia were allowed to grow for 3 days in 10% L929 glial media before being washed 2-

times with sterile PBS and then switched to serum-free glial media (DMEM +1X Glutamax +1X 

Penicillin/Streptomyicin) containing 25 ng/ml M-CSF. Astrocytes were allowed to grow for 

4 days in glial media before being shaken overnight at 250 RPM at 37 °C to remove loosely 

attached cells from the astrocyte layer. The glial media was removed and astrocytes were then 

washed 2-times with sterile PBS and switched to serum-free glia media. Serum-free glial media 

from microglial and astrocyte cultures was collected after 48 h and stored at 4 °C for non-

denaturing gel electrophoresis. 

Primary microglia cultures using 10% L929 and GM-CSF. Primary microglia cultures were 

obtained as described above. Mixed glial cultures for each apoE isoform started from the same 

pool of dissociated cortical cells that was equally distributed into each starting dish for each of 

the culture conditions. For example, the pool of E2F dissociated cortical cells was equally 

distributed into one 10cm dish for 5.0 ng/ml GM-CSF, one 10cm dish for 0.05ng/ml GM-CSF, 

and one 10cm dish for 10% L929 and this was also done for E3F. However for the dissociated 

E4F cells, the starting number of total cortices and, therefore total cortical cells, was lower and 

these were distributed into one 6cm dish for 5.0ng/ml GM-CSF, one 10cm dish for 0.05ng/ml 
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GM-CSF, and one 10cm dish for the 0.05ng/ml GM-CSF. (With the 10cm dish having 2.78-

times more surface area than the 6cm dish, the total yield of microglia cells from the 5.0ng/ml 

GM-CSF was multiplied by 2.78). L929 media obtained from a cultured L929 cell line was 

aliquoted and stored at -80C and thawed as needed. The day after the mixed glial cells were 

initially plated on PLL-coated 10cm dishes, the media was switched to just glial media (as a 

control), glia media containing either 10% L929, 5.0ng/ml GM-CSF or 0.05ng/ml GM-CSF. The 

cultures were maintained in glia media containing either 10% L929, 5.0ng/ml GM-CSF or 

0.05ng/ml GM-CSF until cells were grown to confluence (14–16 days) with media changes 

performed every 3–4 days. Microglia were then collected from the top layer of the mixed glial 

cultures as described above. Cell counts were then taken using the Invitrogen Countess II and 

cells were re-plated with roughly 200,000 cells per well of a 12-well plate. Microglia that started 

in 10% L929 glial media were re-plated and kept in 10% L929.  Microglia that started in 5ng/ml 

GM-CSF glial media were re-plated and kept in 5ng/ml GM-CSF, re-plated in 5ng/ml GM-CSF 

with 10% L929 media added, or re-plated and switched to only 10% L929 glial media. Microglia 

that started in 0.05ng/ml GM-CSF glial media were re-plated and kept in 0.05ng/ml GM-CSF, 

re-plated in 0.05ng/ml GM-CSF with 10% L929 media added, or re-plated and switched to only 

10% L929 glial media. Microglia were allowed to grow for 3 days before being washed 2-times 

with sterile PBS and then switched to serum-free glial media. Serum-free glial media from the 

microglia cultures was collected after 48 h and stored at 4 °C for non-denaturing gel 

electrophoresis.  The cells were then washed 1X with sterile DPBS, fixed in 4%PFA for 10 

minutes, and then washed 2X and stored in sterile DPBS.  The fixed cells were then stored at 

4 °C until images of the cells were acquired. 



54 
 

Imaging of microglia cultures. Brightfield images of fixed microglia cultures grown in 10% 

L929, 5ng/ml GM-CSF, or 0.05ng/ml GM-CSF media were taken using an inverted Nikon 

Eclipse Ti microscope. 

Non-denaturing gradient gel electrophoresis. Microglia-conditioned serum-free media and 

astrocyte conditioned serum-free media samples were run on a 4– 20% Tris-Glycine native non-

denaturing gel at 100 V for 18 h at 4 °C. Gels were transferred to PVDF membrane at 25 V for 

90 min at 4 °C and probed with an anti-ApoE antibody (HJ15.7, 1:1000; in house). ApoE 

immunoreactivity was detected by chemiluminescent development with ECL ultra reagents. 

Western blot analysis. PBS-soluble brain lysates from the sequential homogenization step were 

analyzed for total protein concentration with a micro BCA kit (Thermo Scientific). Thirty 

microgram of proteins from each sample were loaded onto a NU-PAGE 4–12% Bis-Tris 15 well 

gel (Thermo Fisher Scientific # NP0336BOX) and the gel was run at 150 V for 1.5 h. The 

proteins were subsequently dry-transferred onto a PVDF membrane using the iblot2 system (Life 

Technologies) and blocked with 5% milk in TBS-Tween (0.05%). The membrane was incubated 

with anti-apoE antibody HJ15.7 (141) (or HJ15.3) and anti-βtubulin antibodies to probe for apoE 

and a loading control, respectively. Donkey-anti-mouse IgG-HRP was used as secondary 

antibody (Santa Cruz Biotechnology # sc2096). All blots were developed for ~ 10 s using an 

enhanced chemiluminescence (ECL) Ultra kit (Lumigen TMA-6) and imaged on the SynGene 

Imager (BioRad) at the appropriate exposure. 

ApoE Sandwich ELISA. The levels of apoE in serum-free cell media samples were measured 

by sandwich ELISA. For apoE ELISA, HJ6.2 and biotinylated HJ6.1 were used as capture and 

detection antibodies, respectively, as previously reported (94,98,142,217). 
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3.3 Results 

3.3.1 Design and generation of APOE-KI mice. 

In order to investigate the effects of tissue-specific APOE deletion, we set out to create a 

knock-in model that can allow for promoter-specific deletion of the APOE coding region under 

the Cre-loxP system. Three separate vector constructs with human sequences corresponding to 

the ε2, ε3, and ε4 alleles of APOE were generated with loxP sites flanking exons 2 through 4 

(Fig. 3.1a – e). The targeting strategy allows for the humanization of the coding region within the 

murine Apoe gene (Fig. 3.1a) with the various human isoforms (APOE-ε2, APOE-ε3, and 

APOE-ε4), as well as the opportunity to conditionally knock-out the coding region of the gene. 

Mouse genomic sequence from the translation initiation codon in exon 2 to the termination 

codon in exon 4 was replaced with its human counterparts: [Cys130, Cys176] for APOE-ε2, 

[Cys130, Arg176] for APOE-ε3, and [Arg130, Arg176] for APOE-ε4. Exons 2 to 4 (~ 3.9 kb) are 

flanked by LoxP sites to allow for conditional deletion by Cre-recombinase. Homologous 

recombinant clones were isolated using double positive (NeoR and PuroR) and negative 

(Thymidine kinase - TK) selections, and the respective resistance genes were included in the 

targeting vector (Fig. 3.1b, c). The constitutive humanized/conditional knock-out alleles were 

achieved after in vivo Flp-mediated removal of the selection markers (Fig. 3.1d). In the presence 

of Cre-recombinase (either through directed genetic crossing with a Cre line or viral vector), 

constitutive knock-out of the APOE gene is achieved when the loxP-flanked region is removed 

(Fig. 3.1e). Of note, the chimeric locus retains all normal mouse regulatory sequences in addition 

to the non-coding exon 1. Exon 2 contains the translation initiation codon. The cleavable signal 

peptide is encoded within exons 2 and 3 (amino acids 1–18). Due to the non-conserved cleavage 
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sites of mouse and human signal peptides, the humanized allele expresses the full-length human 

APOE protein, including its signal peptide, rather than a fusion protein between the mouse signal 

peptide and the human mature protein. To verify accuracy and successful creation of the model, 

brain samples from all 3 lines were submitted for sequencing of exon 4 of the APOE locus by 

GENEWIZ, which confirmed the presence of human sequence and appropriate single nucleotide 

polymorphisms (SNPs) specific for each isoform. Further details on the specific design of the 

vector can be found in the methods section. 

3.3.2 Human APOE is expressed in astrocytes and microglia in APOE-KI 
mice 

The majority of apoE molecules in the CNS are synthesized by astrocytes (199), with a 

small portion coming from microglia (200). We further characterized the expression pattern of 

apoE in the brain of APOE-KI mice by co-staining for apoE and traditional markers for 

astrocytes as well as microglia. We confirmed the presence of apoE protein in astrocytes by co-

staining for apoE and the astrocytic marker GFAP (Fig. 3.2a). There was some apoE staining in 

cells with the morphology of astrocytes that were GFAP-negative. We also assessed microglia 

for the presence of apoE protein by co-staining for the microglial marker IBA1, however, we did 

not observe significant overlap of apoE and IBA1 signal (Fig. 3.2b). For simplicity, only 

representative images from E4F mice are shown, as similar findings were found in E2F and E3F 

mice. 

ApoE’s role in AD pathogenesis was first recognized when apoE was found to co-

localize with amyloid plaques, specifically at the center (i.e. the “core”) of mature, fibrillar 

amyloid plaques (75,218). ApoE expression is low in microglia under basal, homeostatic 

conditions, but is strongly up-regulated in the setting of various neurodegenerative insults 

(100,118,150,188). Thus, we investigated whether apoE can be found in microglia in the setting 
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of amyloidosis, specifically in the APP/PS1–21 model which develops Aβ deposition in amyloid 

plaques beginning at 6–8 weeks of age (133). APP/PS1–21 mice were crossed with APOE-KI 

mice for two successive generations and the brain sections from 4-month-old APP/PS1–21 mice 

homozygous for human APOE alleles (ε2/ε2, ε3/ε3, or ε4/ε4) were subjected to 

immunohistochemical analysis. Qualitative assessment of the staining pattern showed 

localization of apoE in the center of plaques, and significant co-localization with IBA1 in 

surrounding microglia, suggesting microglial expression of apoE (Fig. 3.3a, b). We made similar 

observations in APP/PS1–21 mice expressing APOE-ε2 and APOE-ε3 (data not shown). These 

histological observations confirm the presence of apoE in astrocytes and microglia, which is 

consistent with previous studies, and highlight the validity of our model system. 

3.3.3 Qualitative assessment of microglia and astrocyte-derived apoE 

particles 

 Most of the biologically active apoE exists in the brain in lipidated HDL-like particles 

and alterations in the lipidation state of apoE have been shown to drastically affect Aβ 

accumulation in models of Aβ amyloidosis (111–113,115,219). Thus, we investigated whether 

apoE particles from astrocytes and microglia are comparable in size, which is associated with the 

amount of lipidation. Additionally, we examined microglial apoE particles produced from E2F, 

E3F, and E4F mice in order to understand if isoform dependent differences exist between 

lipoprotein particles that contain human APOE. 

The majority of ApoE-containing lipoprotein particles from astrocyte-conditioned media 

for all three APOE isoforms were > 12 nm in diameter, consistent with what has been reported 

previously (Fig. 3.4) (60,71). While the E2F and E3F astrocyte-derived particles showed little to 

no particles that were < 12 nm in size, E4F astrocytes did appear to produce a small, but notable, 
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amount of approximately 8 nm-sized particles (Fig. 3.4). Microglia-conditioned media contained 

apoE particles that were overall much smaller than the astrocyte-derived particles. For E3F and 

E4F microglia, the majority of particles produced were about 8 nm in size with a small amount of 

particles 10–17 nm in size (Fig. 3.4). However, for E2F microglia there did appear to be a shift in 

the relative amount of 10–15 nm-sized particles versus 8-nm-sized particles. While E2F 

microglia did produce a considerable amount of ~ 8 nm-sized particles, more 10–15-nm-sized 

particles were present than what was seen for E3F and E4F microglia. As larger particles contain 

greater amounts of cholesterol and phospholipid, these findings suggest that microglia secrete 

poorly lipidated apoE relative to the larger HDL-like lipoproteins secreted by astrocytes. These 

results highlight the need for future studies to more closely examine the properties of these apoE-

containing particles and whether they also differ in their normal function as well as in 

pathological states. 

3.3.4 Microglia proliferation and morphology under varying cell culture 

conditions 

 The ability of M-CSF and GM-CSF to aid in macrophage proliferation has been 

reported, however whether or not primary microglia cells expressing human apoE react in a 

similar fashion is unknown. Therefore, we used primary microglial cells from E2F, E3F, and 

E4F mice cultured in glia media containing 5.0ng/ml GM-CSF, 0.05ng/ml GM-CSF, or 10% 

L929 media to assess the effect on microglia proliferation and cellular morphology. For a source 

of M-CSF, we used media collected from an L929 cell line which secretes M-CSF. 

The microglia cells showed a dose-dependent effect of GM-CSF on overall cell 

proliferation with cells grown in 5.0ng/ml GM-CSF showing a high level of cellular proliferation 

compared to the cells grown in 0.05ng/ml GM-CSF and 10% L929. A full layer of microglia 
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cells completely coated the underlying layer of astrocytes at around day 9-10 of the 5.0ng/ml 

GM-CSF cultures, a full 3-4 days before the 0.05ng/ml GM-CSF and 10% L929 media had a 

well-established layer of microglia. Cell counts performed on the pooled microglia prior to re-

plating in a 12-well plate showed dramatically increased cell numbers for the 5.0ng/ml GM-CSF 

condition (Table 3.1). The E2F microglia had 1.98 million cells in 5.0ng/ml GM-CSF compared 

to just 780,000 and 653,000 cells for 10% L929 and 0.05ng/ml GM-CSF, respectively. The E3F 

microglia had 4.81 million cells in 5.0ng/ml GM-CSF compared to just 1.51 million and 1.28 

million cells for 10% L929 and 0.05ng/ml GM-CSF, respectively. The E4F microglia had 3.63 

million cells in 5.0ng/ml GM-CSF compared to just 780,000 and 940,000 cells for 10% L929 

and 0.05ng/ml GM-CSF, respectively. The E3F cultures had a greater number of cortices and 

total number of cortical cells that were initially cultured, which may account for why the total 

yield for all three conditions was greater than for the E2F and E4F. 

After the microglia cells were collected and re-plated, the microglia in 5.0ng/ml GM-CSF 

microglia maintained a more spherical like shape and appeared to continue to proliferate. 

However, for the microglia in the 0.05ng/ml GM-CSF and 10% L929, upon re-plating the cells 

appeared to adhere to the plate and send out cellular processes. After the switch to, and collection 

of, serum-free media, imaging of the final fixed microglia showed that the vast majority of cells 

in 5.0ng/ml GM-CSF continued to have a more rounded spherical-like shape with little to no 

cellular processes coming from the cells (Fig. 3.5). In contrast, the microglia in 0.05ng/ml GM-

CSF or 10% L929 had mostly laid flat on the plate and had sent out projections into the cellular 

environment (Fig. 3.5). While images for E2F and E3F were obtained, images for E4F were 

unfortunately not acquired, however visual inspection of the cells did show similar results as 

were seen in the E2F and E3F cultures. 
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3.3.5 Microglial apoE secretion and apoE particle analysis from varying cell 

culture conditions 

In addition to the ability of M-CSF and GM-CSF to aid in macrophage proliferation, it 

has also been reported that these same factors alter apoE secretion in macrophages. However, 

whether or not primary microglia cells expressing human apoE have altered apoE secretion when 

exposed to these factors is unknown. Therefore, we collected and analyzed serum-free media 

from primary microglial cells expressing E2F, E3F, or E4F cultured in glia media containing 

5.0ng/ml GM-CSF, 0.05ng/ml GM-CSF, or 10% L929 media. Additionally, to analyze whether 

microglia initially cultured in GM-CSF could alter their secretion of apoE upon being exposed to 

10% L929 media, we switched some microglia that started in media containing GM-CSF to 

media that had 10% L929 combined with the GM-CSF, or to glia media that only had 10% L929 

added. We collected serum-free media samples from these microglia for analysis as well. Next, 

we then analyzed the impact of the varying culture conditions on the level of secretion of apoE-

containing lipoprotein particles and assessed whether there were any differences in the size of the 

particles. 

The serum-free media samples that were analyzed for apoE levels by ELISA showed that 

overall 10% L929 resulted in the highest levels of apoE secretion, while 0.05ng/ml GM-CSF 

secreted only slightly lower levels of apoE. 5.0ng/ml GM-CSF, however, showed a dramatic 

reduction in apoE levels compared to the cells grown in 10% L929 media and 0.05ng/ml GM-

CSF (Table 3.1). For E2F microglia, the percentage of the amount of apoE secreted for 5.0ng/ml 

GM-CSF compared to 10% L929 and 0.05ng/ml GM-CSF was 12.0% and 17.0%, respectively. 

For E3F microglia, the percentage of the amount of apoE secreted for 5.0ng/ml GM-CSF 

compared to 10% L929 and 0.05ng/ml GM-CSF was 5.3% and 9.9%, respectively. For E4F 
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microglia, the percentage of the amount of apoE secreted for 5.0ng/ml GM-CSF compared to 

10% L929 and 0.05ng/ml GM-CSF was 11.2% and 28.1%, respectively. 

For microglia cells that started in media containing GM-CSF, when switched to glia 

media that had 10% L929 combined with the GM-CSF, or to glia media that only had 10% L929 

added, the amount of secreted apoE went up for all apoE isoforms compared to cells that stayed 

in media that only had GM-CSF (Table 3.1). In particular, the 5.0ng/ml GM-CSF cells switched 

to 10% L929 media showed increases in apoE levels of 637% for E2F, 353% for E3F, and 

1783% for E4F when compared to cells that remained in just 5.0ng/ml GM-CSF (Table 3.1). The 

0.05ng/ml GM-CSF cells switched to media containing both 0.05ng/ml GM-CSF and 10% L929 

had the greatest amount of apoE secreted of all cell conditions and showed an increase of 196% 

for E2F, 504% for E3F, and 573% for E4F compared to cells that remained in just 0.05ng/ml 

GM-CSF (Table 3.1). Overall, these findings showed that culturing in 10% L929 glial media, or 

switching cultures that started in media with GM-CSF to media that contained 10% L929, results 

in greater amounts of apoE being secreted. 

To assess how GM-CSF and 10%L929 containing media were impacting both the level 

and the type of apoE-containing lipoprotein particles secreted by microglia, non-denaturing gel 

electrophoresis followed by Western blotting (WB) for apoE was performed. The lower amount 

of apoE secreted by microglia grown in 5.0ng/ml GM-CSF that was detected by apoE ELISA 

was also seen by WB for all three apoE isoforms, as evidenced by the very faint bands that were 

barely detectable (Fig.3.6A). The microglia in 10%L929 and 0.05ng/ml GM-CSF on the other 

hand produced bands that were easily detectable from 8nm-17nm, even with some samples being 

diluted 2-fold. Interestingly, there appeared to be less of the particles around 8nm in size than the 

particles around 10-17nm, especially around ~14nm, in the E2F and E3F samples. However, the 
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E4F samples had the greatest amount of particles around 8nm in size for the microglia in 10% 

L929. Additionally, for the E4F in 0.05ng/ml GM-CSF, the amount of 8nm sized particles was 

about the same level as particles around 10-17nm (Fig. 3.6A), indicating an apparent shift away 

from the smaller 8nm size compared to the 10% L929. The effect of GM-CSF and APOE4 on the 

size of apoE particles was also evident looking at the samples initially in 5.0ng/ml GM-CSF that 

were switched to media with both 5.0ng/ml GM-CSF and 10% L929 (Fig. 3.6B). These E4F 

samples had an appreciable amount of particles at 8nm, but far more particles were ~14nm in 

size (Fig 3.6B), in contrast to E4F cells that continually had 10% L929 which had predominantly 

8nm sized particles (Fig 3.6A). However, for the 5.0ng/ml GM-CSF + 10% L929 samples, the 

proportion of particles 8nm in size compared to particles 10-17nm for the E4F was greater than 

the proportion of 8nm to 10-17nm sized particles in the E2F mice (Fig 3.6B).  These results 

further support an isoform-dependent effect on the size of apoE-containing lipoprotein particles 

with E4F mice having a greater amount of the particles they secrete around 8nm in size than the 

E2F and E3F mice.  Additionally, it was intriguing to find that not only can GM-CSF impact the 

amount of apoE being secreted, but that in E4F mice there are relatively fewer 8nm sized 

particles secreted in the presence of GM-CSF. 

3.4 Discussion 

APOE is the strongest genetic risk factor for late-onset AD and intensive research efforts 

have led to several important insights regarding apoE and its role in AD. Nevertheless, cell-type 

specific roles for APOE isoform expression, secretion, and lipidation in neurodegenerative 

disease remain poorly understood. We generated three separate lines of APOE-KI mice, each 

carrying one of the three most common variants of the human APOE gene. The presence of loxP 
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site on either side of the human gene sequence allow for cell-type-specific manipulation 

of APOE expression through the Cre-loxP system. Our targeting construct retained the natural 

genetic context surrounding the human exon sequence, including endogenous regulatory 

elements such as enhancers. Thus, we expected the tissue-specific expression of the 

human APOE gene to closely parallel that of the endogenous mouse Apoe gene. Future studies 

using floxed allele APOE KI mice can test the temporal and cell-type specific effects of 

disrupting APOE expression on Aβ and tau pathology using a variety of inducible Cre mouse 

strains. We also qualitatively compared apoE particles isolated from astrocytes and microglia, 

and found the latter to produce significantly smaller lipid-containing particles. 

Astrocytic apoE particles had previously been shown to be HDL-like and exist as 

particles primarily ranging in size from 10-17nm with some particles around 8nm in size (60,71). 

Initial studies using BV2 cells, a type of immortalized microglia cell line that expresses murine 

apoE, reported that these cells produce apoE particles that tend to be smaller in size, primarily 

around 8nm, than those produced by astrocytes (220). However, there had not previously been a 

characterization of apoE particles produced by primary microglia expressing human apoE 

isoforms. Our results show that not only do microglia produce more apoE particles that are 

smaller in size, but that there may also be an apoE isoform dependent influence on the size of 

apoE particles produced by microglia, with E4F microglia producing the greatest amount of 

smaller less-lipidated particles. The regulation of apoE secretion by microglia also appears to be 

dynamic given that microglia upregulate there apoE production when activated. 

The characterization of activated microglia has recently become an area of great interest, 

especially given the role activated microglia play in regulating neuroinflammation and 

neurodegeneration (221–223). While the polarization of microglia into an M1 (pro-
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inflammatory) or M2 (reparative) state is debated and thought to be oversimplified (122,224), it 

does provide a basis for understanding how microglia can exist in varying states of activation 

and how these activation states can influence microglial function and inflammatory pathways. 

The M1 state has been associated with being pro-inflammatory and is thought to be more 

detrimental and damaging in the context of neurological diseases. On the other hand, microglia 

activated more toward the M2 state are thought to be pro-phagocytic and more reparative, which 

allows them to aid in responses to neurological injury. With this in mind, studies have 

investigated potential ways to target M-CSF signaling pathways in a therapeutic manner to 

improve disease and CNS injury outcomes (225). One area that has been investigated in regards 

to the role that GM-CSF may play in neurological disease has been in autoimmune disorders. 

Astrocytes are the primary producers of GM-CSF in the CNS and it is believed that GM-CSF 

helps regulate microglial function (226).  In particular, EAE mouse models of MS have shown 

that GM-CSF aids in increasing microglial proliferation and activation, which helps initiate the 

disease and increase destruction of the myelin sheath (227,228).  

In vitro work using M-CSF or L929 cell media, which contains M-CSF, to culture 

macrophages has been shown to aid in the growth and survival of macrophages (203–205). 

Furthermore, recent in vitro work looking at how both M-CSF and GM-CSF influence alveolar 

macrophages showed that GM-CSF induced higher rates of proliferation (206), something that 

was clearly evident in our primary microglia cultures. Surprisingly, the highly-proliferative 

microglia in 5.0ng/ml GM-CSF also maintained a rounded shape with a noticeably different 

morphology where they appeared to not become differentiated and had little to no extending 

processes. In vivo analysis of microglial activation has shown that microglia morphology can 

change based upon the activation state of the microglia. Therefore, further work looking into 
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whether cells exposed to GM-CSF are functionally different than cells in M-CSF (as is found in 

L929 media) would be warranted.  

In addition to the role that GM-CSF may be playing in microglial/macrophage 

proliferation, GM-CSF has also been shown to influence the secretion of apoE by macrophages. 

Macrophages cultured in GM-CSF showed a dose dependent reduction in the secretion of apoE 

over a range of 0.0001ng/ml GM-CSF to 100ng/ml GM-CSF (207). On the other hand, one study 

has shown that in contrast to GM-CSF, M-CSF is capable of inducing a significant secretion of 

apoE from macrophages (208). However, up until now, little work has been done investigating 

how GM-CSF or M-CSF might be influencing the production and secretion of apoE in microglial 

cells. We show that microglia grown in M-CSF containing L929 media do indeed produce 

significant amounts of apoE while cells grown in GM-CSF have dramatically reduced amounts 

of apoE that is secreted. Further understanding of how each of these factors is influencing 

microglial activation and the production and secretion of apoE particles could prove important 

for better understanding the role that microglial apoE plays in neurological diseases like AD. 

It is our hope that these new APOE-KI mice will facilitate studies into apoE physiology 

and AD pathogenesis. It is also important, however, to acknowledge their limitations. While the 

APOE-KI mice harbor the human gene sequence, they retain the regulatory elements found in 

mice. Considerable species differences between rodents and humans exist and might challenge 

our ability to generate findings that are all relevant and directly translatable to humans from 

studies in mice and rats. Apparent differences in physiological function and metabolism, such as 

lipid metabolism and immune response between humans and rodents might preclude some 

discoveries that are relevant to disease mechanism. For example, apoB is a ligand for the LDLR 

along with apoE in humans, albeit with a lower affinity than apoE. Hepatic-derived apoB is 
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secreted as apoB100 (a full length protein) and contains the LDLR binding domain. However, a 

large portion of hepatically derived apoB in mice is truncated (apoB48) and does not contain the 

LDLR domain. Wild-type mouse VLDL and IDL contain roughly equal portions of apoB48 and 

apoB100, and this leads to a compromised compensatory mechanism in the absence of apoE, 

leading to severe hypercholesterolemia in ApoE knock-out mice [86, 97]. This latter example 

highlights the need to address these and other caveats when interpreting rodent studies, 

especially in those where such physiologic differences might confound some findings. 

3.5 Figures and Table 
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Figure 3.1: Replacement of the mouse Apoe gene with the human APOE gene in APOE-KI 
mice.  
A) Genomic organization of the mouse Apoe gene containing exons 1–4. B) The APOE-ε3 
targeting construct containing the 5′ and 3′ arms of mouse homology interrupted by the human 
APOE-ε3 gene sequence. Exons 2 to 4 of the human sequence were flanked with loxP sites. 
Positive selection markers were flanked by FRT (Neomycin resistance – NeoR) and F3 
(Puromycin resistance – PuroR) sites and inserted downstream of the proximal loxP site and 
upstream of the distal loxP site, respectively. C) Homologous recombinant clones were isolated 
using double positive (NeoR and PuroR) and negative (Thymidine kinase - TK) selections. D) 
The constitutive humanized/conditional knock-out alleles were achieved after in vivo Flp-
mediated removal of the selection markers. The newly introduced human APOE gene is 
expressed under control of the endogenous Apoe promoter. E) Constitutive knock-out allele is 
achieved when the loxP-flanked region is removed by Cre-recombinase. (Figure modified from 
(229)) 
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Figure 3.2: Human APOE is expressed in astrocytes in APOE-KI mice. 
A) Brain sections from APOE-KI mice were co-stained for nuclei (DAPI), apoE, and GFAP. 
Multiple foci of ApoE/GFAP co-localization can be seen at high magnification (bottom panels). 
B) Brain sections from APOE-KI mice were co-stained for nuclei (DAPI), apoE, and IBA1. No 
overlap of apoE and IBA1 staining was observed. Scale bars = 200 μm (top panels) and 50 μm 
(bottom panels). Images are from E4F mice, and are representative of at least 3 random cortical 
areas from 3 biological replicates. There were no appreciable qualitative differences between 
E2F, E3F, and E4F samples. (Figure from (229)) 
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Figure 3.3: Microglial APOE expression in APP/PS1/EKI mice.  
A) Brain sections from APPPS1;FE4 mice were co-stained for nuclei (DAPI), apoE, and IBA1. 
Multiple foci of apoE/ IBA1 co-localization can be seen (arrows). Scale bar = 20 μm. B) Brain 
sections from APPPS1;FE4 mice were co-stained with DAPI, apoE, Aβ, and IBA1. ApoE is co-
localized with IBA1 (arrowhead). Scale bar = 25 μm. Images are representative of at least 3 
random cortical areas from 3 biological replicates. There were no appreciable qualitative 
differences between APPPS1;FE2, APPPS1;FE3, and APPPS1;FE4 samples. (Figure from (229)) 
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Figure 3.4: Qualitative assessment of microglia and astrocyte-derived apoE particles.  
Conditioned media samples from E2F, E3F, and E4F-derived primary cultures enriched for 
microglia and astrocyte were subjected to non-denaturing 4–20% Tris-glycine gradient gel 
electrophoresis followed by Western blotting. Approximate hydrated radius of marker proteins, 
run on the same gel, are shown for comparative purposes. Data shown are representative of 3 
independent cultures from different cohorts of mice. 
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Figure 3.5: Microglial morphology under varying culture conditions.  
Images of E2F (A) and E3F (B) primary microglia cultured in glia media with either 0.05ng/ml 
GMCSF, 5.0 ng/ml GMCSF, or 10% L929 media. Initial number of cells cultured varied 
between E2F and E3F. 
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Figure 3.6: Qualitative assessment of microglia-derived apoE particles produced under 
varying culture conditions.  
A) Conditioned media samples from E2F, E3F, and E4F primary microglia cultured in glia 
media with either 10% L929 media, 5ng/ml GMCSF, or 0.05% GMCSF.  
B) Conditioned media samples from E2F, E3F, and E4F primary microglia initially cultured in 
glia media with 5ng/ml GMCSF and then switched to glia media containing either 5ng/ml 
GMCSF and 10% L929 media (+L9), or just 10% L929 media (-> L9).  
C) Conditioned media samples from E2F, E3F, and E4F primary microglia initially cultured in 
glia media with 0.05ng/ml GMCSF and then switched to glia media containing either 0.05ng/ml 
GMCSF and 10% L929 media (+L9), or just 10% L929 media (-> L9). 
Samples were loaded with either no dilution (1X), a 2-fold dilution (2X), a 3-fold dilution (3X), 
or a 4-fold dilution (4X). 
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Starting 
Media 

Condition 

APOE 
Genotype 

Final Culture 
Media 

Condition 

Total Cell 
Count 

prior to re-
plating 

# of 
cells / 
well 

Final 
APOE 
Conc. 

(ng/ml) 

APOE Conc. 
(ng/ml) per 
100K cells 

10% L929 
APOE2 10% L929 780,000 195000 566.7 290.62 

APOE3 10% L929 1,509,000 252000 387.2 153.64 

APOE4 10% L929 780,000 195000 1049.6 538.26 

             

0.05ng/ml 
GMCSF 

APOE2 0.05ng/ml GMCSF 653,000 218000 444.2 203.76 

APOE3 0.05ng/ml GMCSF 1,283,000 214000 175.4 81.94 

APOE4 0.05ng/ml GMCSF 940,000 188000 403.1 214.41 

             

5ng/ml 
GMCSF 

APOE2 5ng/ml GMCSF 1,981,000 198000 68.8 34.74 

APOE3 5ng/ml GMCSF 4,810,000 200000 16.2 8.09 

APOE4 5ng/ml GMCSF 3,628,000* 186000 111.9 60.16 
             

5ng/ml 
GMCSF 

APOE2 5ng/ml GMCSF + 
10% L929 

1,981,000 198000 249.3 125.91 

APOE3 5ng/ml GMCSF + 
10% L929 

4,810,000 200000 111.3 55.66 

APOE4 5ng/ml GMCSF + 
10% L929 

3,628,000* 186000 736.4 395.91 

           
APOE2 10% L929 1,981,000 198000 438.0 221.22 

APOE3 10% L929 4,810,000 200000 57.1 28.56 

APOE4 10% L929 3,628,000* 186000 1995.2 1072.69 
             

0.05ng/ml 
GMCSF 

APOE2 0.05ng/ml GMCSF 
+ 10% L929 

653,000 218000 872.4 400.18 

APOE3 0.05ng/ml GMCSF 
+ 10% L929 1,283,000 214000 884.4 413.27 

APOE4 0.05ng/ml GMCSF 
+ 10% L929 940,000 188000 2312.1 1229.84 

           

APOE2 10% L929 653,000 218000 708.7 325.09 

APOE3 10% L929 1,283,000 214000 675.8 315.79 

APOE4 10% L929 940,000 188000 2171.6 1155.11 
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Table 3.1: APOE levels produced by microglia cultured under varying conditions.  
APOE levels were determined using a sandwich ELISA for conditioned media samples from 
E2F, E3F, and E4F primary microglia cultured in glia media with either 10% L929 media, 
5ng/ml GMCSF, or 0.05% GMCSF. A subset of primary microglia were initially cultured in glia 
media with 5ng/ml GMCSF and then switched to glia media containing either 5ng/ml GMCSF 
and 10% L929 media (+L9), or just 10% L929 media (-> L9). A subset of primary microglia 
were initially cultured in glia media with 0.05ng/ml GMCSF and then switched to glia media 
containing either 0.05ng/ml GMCSF and 10% L929 media (+L9), or just 10% L929 media (-> 
L9). APOE concentrations were normalized to every 100,000 cells (100K) based upon cell 
counts that were performed at the time of splitting and re-plating of the microglia. *For E4F 
5.0ng/ml GM-CSF the total cell count of 1,305K for the 6cm dish was multiplied by 2.78 to 
account for the smaller surface area compared to the 10cm dish used for all other conditions. 
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Chapter 4:  Selective reduction of astrocyte 
apoE3 and apoE4 strongly reduces Aβ 

accumulation and plaque-related pathology 
in a mouse model of amyloidosis 

 

This chapter is adapted from a manuscript that has been reviewed. We are in the process 

of revising it for re-submission: 

Mahan TE*, Wang C*, Bao X, Choudhury A, Ulrich JD, and Holtzman DM. Selective reduction 

of astrocyte apoE3 and apoE4 strongly reduces Aβ accumulation and plaque-related pathology in 

a mouse model of amyloidosis. Mol Neurodegeneration. 

* Equal contribution 

T.E.M. designed the experiments, performed the research and data analysis, compiled the 

figures and wrote the manuscript 
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4.1 Introduction 

Alzheimer disease (AD) is the leading cause of dementia, affecting over 6 million 

Americans and ~50 million people worldwide (7,8).  The strongest genetic risk factor for 

developing late-onset AD is apolipoprotein E (APOE) genotype. The influence of APOE on AD 

risk occurs in an isoform-dependent manner (ε2 < ε3 < ε4) (77,78,230,231).  One way apoE 

affects AD risk is through facilitating the formation of amyloid plaques, the earliest detectable 

pathological hallmark of AD (16,17,232). ApoE is found as a constituent in amyloid plaques, 

suggesting it can directly facilitate plaque formation, and apoE affects amyloid deposition in an 

isoform and expression-level dependent manner (138,139,143,146,218,233–235).  APOE4 

carriers exhibit more amyloid pathology than non-carriers and mouse models of β-amyloidosis 

with the human APOE4 gene knocked in develop more amyloid than those with APOE3 

(142,143,195,236–240). The effect of apoE on Aβ is also dependent on the amount of apoE in 

the brain. Knockout of Apoe strongly reduces amyloid deposition in mouse models of amyloid 

deposition (138,139,241). Mice that are hemizygous for APOE develop less Aβ plaque than mice 

homozygous for APOE (138,143,166,195).  Additionally, reduction of apoE levels prior to 

plaque onset using apoE targeted anti-sense oligonucleotides (ASO’s), results in reduced Aβ 

plaque pathology (171).  Conversely, overexpression of ApoE4 during the nascent stages of 

plaque formation led to an increase in amyloid plaque deposition (172). 

Within the brain, APOE is predominantly expressed by astrocytes under physiological 

conditions. However, when damage occurs in the brain, microglia significantly upregulate APOE 

expression (61,62,150). In mouse models of amyloid pathology, plaque-associated microglia 

exhibit high levels of apoE expression as part of a broader “microglial neurodegenerative 
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phenotype” (MGnD) or “disease-associated microglia” (DAM) transcriptional profile 

(61,62,123). Microglial apoE expression may be critical for the microglial responses to injury in 

the brain since microglial activation is attenuated by germ line Apoe KO in mouse models of 

amyloid or tau pathology (89,241). Previous research from our lab has shown that microglia 

expressing human APOE2, APOE3, or APOE4 produce apoE-containing lipoprotein particles 

that are smaller in size than particles produced by astrocytes (229). The difference in apoE 

particle size in astrocytes and microglia raises the question as to whether or not apoE-containing 

lipoprotein particles produced by each cell type may have differential effects on the development 

of Aβ pathology.  

Microglia-derived apoE can deposit within amyloid plaques and may  contribute to 

plaque formation and influence morphology (118). Other studies found selective removal of 

murine apoE from astrocytes in APPPS1ΔE9 mice reduces Aβ plaque burden (242). Conversely, 

overexpression of APOE4, but not APOE3, in astrocytes exacerbated Aβ pathology, suggesting 

that astrocyte-derived human apoE may differentially affect amyloid pathology (172).  Whether 

astrocyte-specific expression of endogenously produced human APOE isoforms influences Aβ 

pathology, glial reactivity to Aβ plaque deposition, or downstream effects of Aβ deposition has 

not been investigated. To assess how the loss of astrocytic APOE impacts Aβ pathology, we used 

Aldh1l1-Cre/ERT2 BAC transgenic mice, in which the Aldh1l1 promoter drives expression of a 

tamoxifen-inducible Cre recombinase specifically in astrocytes, crossed with APPPS1-

21/APOE3 or APOE4 knock-in mice. 
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4.2 Methods 

Experimental Model and Subject Details. APPPS1-21 mice on a C57BL/6N background (gift 

from Dr. Mathias Jucker, Department of Cellular Neurology, Hertie Institute for Clinical Brain 

Research, University of Tübingen, Germany) overexpress human APP bearing both the Swedish 

mutation and PSEN1 containing an L166P mutation, both driven by the Thy1 promoter (133). 

ApoE3flox/flox and apoE4flox/flox (FE3 and FE4, respectively), human APOE knock-in mice on a 

C57BL background, were generated by replacing the mouse genomic sequence from the 

translation initiation codon in exon 2 to the termination codon in exon 4 with its human 

counterparts flanked by loxP site, driven by the endogenous APOE promoter (229). Aldh1l1-

Cre/ERT2 mice on a C57BL background were obtained from Jackson Laboratories (Stock No. 

031008). To generate APPPS1-21/ apoE3flox/flox or apoE4flox/flox mice (APPPS1;FE3 or 

APPPS1;FE4, respectively), we crossed APPPS1-21 transgenic mice with FE3 or FE4 for several 

generations. 

To generate Aldh1l1-Cre/ERT2/apoE3flox/flox or apoE4flox/flox mice (AFE3 or AFE4, respectively), 

we crossed Aldh1l1-Cre/ERT2 mice to FE3 or FE4 for several generations. We then crossed 

APPPS1;FE3 or APPPS1;FE4 mice to AFE3 or AFE4 mice to produce APPPS1-21/Aldh1l1-

Cre/apoE3flox/flox or apoE4flox/flox (APPPS1;AFE3 or APPPS1;AFE4, respectively). Finally, we 

crossed APPPS1;AFE3 or APPPS1;AFE4 mice to FE3 or FE4 mice to produce experimental 

mice utilized. All the experimental mice involved in the final analysis were obtained from the 

same generation. The sex of animals in each specific experiment can be found in the 

corresponding figure legends. All animal procedures and experiments were performed under 

guidelines approved by the Institutional Animal Care and Use Committee (IACUC) at 
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Washington University School of Medicine. All of the phenotyping and data analysis was 

performed by researchers who were blind to the genotype of the mice.  

Tamoxifen administration. Tamoxifen was dissolved in corn oil at a concentration of 20 mg/ml 

by shaking overnight at 37℃. After preparation, the tamoxifen solution was wrapped by foil, and 

stored at 4℃ for up to a month. Tamoxifen was given at 100 mg tamoxifen/kg body weight and 

administered via intraperitoneal (IP) injection once every 24 h for 6 consecutive days. 

Brain isolation and preparation. Mice were anesthetized with 200 mg/kg pentobarbital and 

subsequently perfused with cold PBS containing 3 IU/ml heparin. After brain isolation, the left 

hemisphere was fixed in 4% paraformaldehyde for at least 24 h, and then transferred to 30% 

sucrose and stored at 4oC until sectioning. The right hemisphere was dissected into various parts 

(posterior- and anterior-cortex, hippocampus, etc.), all of which were snap-frozen using dry ice 

and stored at – 80oC until further analysis. 

Histology and image acquisition. Hippocampal-containing sections were selected for human 

apoE (Cell Signaling, 13366, 1:500), GFAP (Abcam, ab53554, 1:500; Millipore, MAB3402B, 

1:2000), Iba1 (Abcam, ab5076, 1:500; Wako, 019-19741, 1:5000), Aβ (HJ3.4, in house, mouse 

monoclonal, 2 µg/ml), Clec7a (InviviGen, mabg-mdect, 1:50), and BACE1 (Abcam, ab108394, 

1:100) immunofluorescence staining. Sections were washed in Tris-buffered saline (TBS) buffer 

for 3 times, 5 min each. After washing, sections were incubated in TBS with 0.25% Triton X-100 

(TBSX) for 30 min at room temperature to permeabilize the sections, followed by 1 time TBS 

washing for 5 min. Then sections were incubated with 2 µM X34 in the X-34 staining buffer 

(40% ethanol, 60% TBS, 1:500 vol. 10N NaOH) for 20 min. After X-34 staining, sections were 

washed 3 times for 2 min each in the X-34 washing buffer (40% ethanol and 60% TBS), 
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followed by 3 times washing in TBS for 5 min each. After washing, sections were blocked by 

10% donkey serum in TBSX for 1 h at room temperature to prevent non-specific binding. Then 

sections were incubated with primary antibodies at 4oC, overnight. After overnight incubation, 

sections were washed 3 times in TBS for 5 min each. Then sections were incubated with 

corresponding secondary fluorescence antibodies (Life Technologies) for 2 h at room 

temperature. After 3 times washing by TBS for 10 min each, sections were mounted to glass 

slides. Slides were coverslipped by ProLong Glass Antifade Mountant (Invitrogen, P36980) and 

scanned by Nikon A1Rsi Confocal Microscope, Leica Stellaris 5, or BioTek Cytation5. 

Representative images in Figure 1E were captured by the BioTek Cytation5 using a 10X 

objective. Representative images in Figures 2A, 3A, 4B, 5B (top panel), and 6A, were captured 

by the BioTek Cytation5 using a 4X objective. Representative images in Figure 6C were 

captured by the BioTek Cytation5 using a 20X objective. Representative images in Figures 1G, 

2D, 3F, and 4D were captured by the Leica Stellaris 5 using a 40X objective. Representative 

images in figure 5B (bottom panel) were captured by the Nikon A1Rsi using a 40X objective. 

Image processing and quantification. Acquired images were analyzed by using Image J v1.53c 

(https://imagej.net/Fiji), Imaris 9 (https://imaris.oxinst.com/), and BioTek Gen5 

(https://www.biotek.com/products/software-robotics/) software. ApoE fluorescent staining 

intensity in Figure 1F was determined using images captured by the BioTek Cytation5. The 

average pixel intensity for each image was found by setting a minimal threshold to highlight 

positive staining, running the “Analyze Particle” function to obtain the mean pixel intensity, and 

then subtracting the average background pixel intensity.  The average background pixel intensity 

was determined by calculating the average pixel intensity of APPPS1EKO images. To determine 

the percent of hippocampal area or cortical area covered by X-34, HJ3.4, Iba1, GFAP, or BACE1 
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in Figures 2B, 2C, 3B, 3C, 4C, 5C, and 6B, images were analyzed as previously described 

(216,243).  Briefly, Image J software was used to analyze images captured with the BioTek 

Cytation5. Regions of interest (ROI’s) of images were traced, images were thresholded to 

highlight positive staining, and the “Analyze Particle” function was used to obtain the percent 

area covered. The average intensity of fibrillar plaques in Figure 2E was also found using ImageJ 

software to analyze images of X-34 stained sections captured with the BioTek Cytation5 

software. The cortex was traced, images were thresholded to highlight positive staining, and the 

“Analyze Particle” function was used to obtain the average pixel intensity. To determine the 

percent area of Clec7a staining around X-34 plaques in Figure 4E, ImageJ software was used to 

analyze images captured with the Leica Stellaris 5 confocal microscope. The images of X-34+ 

plaques were thresholded to highlight plaques, “Analyze Particles” was run, and the thresholded 

plaque ROI’s were combined and then enlarged by 15µm. The enlarged ROI’s were then 

transferred to the corresponding Clec7a images, images were thresholded, and “Analyze 

Particles” was run to find the percent area covered.  The GFAP volume to X-34 volume in Figure 

5D was found using Imaris software to analyze images obtained by the Nikon A1Rsi confocal 

microscope, as previously described (241). Briefly, Surfaces were created for X-34 and GFAP 

and the Dilate Xtension was used to dilate the X-34 surfaces by 15 µm. The surface-surface co-

localization Xtension was run using the dilated X-34 surfaces and GFAP surfaces and the 

volume of GFAP within 15 µm of X-34 plaque was determined based on overall X-34 plaque 

volume. The BACE1 area per X-34 plaque was determined using BioTek Gen5 software to 

analyze images obtained by the BioTek Cytation5. The Cellular Analysis function was used with 

the primary mask thresholded and set based on the X-34 staining. The secondary mask was set 
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using a 15 µm expanded distance from the X-34 primary mask, BACE1 staining was 

thresholded, and the average BACE1 area per X-34 plaque was determined. 

Brain tissue sample processing. Mouse posterior cortical tissue samples were sequentially 

homogenized with cold PBS, and then 5M guanidine buffer in the presence of 1X Complete 

Protease Inhibitor (Roche, 11697498001) and 1X phosSTOP phosphatase Inhibitor (Roche, 

04906845001). First, tissues were weighed, a half spoon of beads (Next Advance, ZrOB05) were 

added, and samples were homogenized for 45 sec on setting 3, using a bead homogenizer (Next 

Advance, Bullet Blender Strom 24), in cold PBS buffer at 20 µl buffer/1 mg tissue. 

Homogenates were centrifuged 30min at 15,000 rpm at 4°C. The supernatant was saved as the 

PBS soluble fraction. Then the same amount of 5M guanidine buffer was added to the pellet and 

homogenized on bead homogenizer for 3 min on setting 8, followed by 1h rotation at room 

temperature. Finally, homogenates were centrifuged for 30 min at 15,000 rpm at 4°C. The 

supernatant was saved as the 5M guanidine insoluble fraction. All fractions were stored at -80°C 

until further analyzed. 

Sandwich ELISA. The levels of apoE, Aβ40, and Aβ42 in PBS and 5M guanidine fractions 

were measured by sandwich ELISA and normalized to the tissue weight. The coating antibodies 

for human apoE, Aβ40, and Aβ42 were HJ15.3 (in house, mouse monoclonal, 5 µg/ml), HJ2 (in 

house, mouse monoclonal, 20 µg/ml), and HJ7.4 (in house, mouse monoclonal, 10 µg/ml), 

respectively (229,244). The capture antibodies were HJ15.7-biotinylated (in house, mouse 

monoclonal, 150 ng/ml) for human apoE and HJ5.1-biotinylated (in house, mouse monoclonal, 

90 ng/ml) for both Aβ40 and Aβ42 (229,244).  
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Fluidigm Biomark HD Real-Time PCR. Female mouse arterial cortex tissues were used for the 

gene expression analysis. Samples were selected based on the mean values of the X34 plaque 

load. mRNA was exacted from frozen tissues using RNeasy Micro Kit (Qiagen, 74004) and 

converted to cDNA using the high-capacity RNA-to-cDNA kit (Applied Biosystems, 4387406), 

following the manufacturer’s instructions. Gene expression was conducted using Fluidigm 

Biomark HD Real-Time PCR System in collaboration with Genome Technology Access Core at 

Washington University. Using Taqman primers (Life Technologies). GAPDH mRNA expression 

level was used as a reference. 

 Quantification and Statistical Analysis. All values were reported as mean ± SEM. All 

statistical analyses were conducted in Prism 8 (GraphPad). Two-way or Three-way ANOVA was 

used for assessing significance between more than two groups. P values less than 0.05 (p<0.05) 

were considered significant for all tests. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The 

significant p values and F values for each experiment can be found in Table 4.1. The value of n 

per group and what n represents in each specific experiment can be found in the corresponding 

figure legends and in Table 4.1. 

4.3 Results 

4.3.1 ApoE levels following tamoxifen administration 

In order to assess how the loss of astrocytic apoE impacts Aβ pathology, we used 

Aldh1l1-Cre/ERT2 BAC transgenic mice to selectively remove APOE from astrocytes in a 

tamoxifen dependent manner. APPPS1;AFE3 and APPPS1;AFE4 mice were created to assess 

Aβ plaque pathology compared to APPPS1;FE3 and APPPS1;FE4 mice. Once-daily 

intraperitoneal injections of tamoxifen were administered at 4 weeks of age (2-4 weeks before 
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the initial formation of Aβ plaques in these mice) for 6 consecutive days (Fig. 1A).  A cohort of 

APPPS1;AFE3, APPPS1;AFE4, APPPS1;FE3, and APPPS1;FE4 mice were collected at 6 weeks 

of age, one week after completing tamoxifen administration, and showed no signs of Aβ 

pathology (data not shown). To investigate the efficiency of APOE removal from astrocytes after 

tamoxifen administration, we first assessed apoE mRNA and protein levels in the brain at 18-

weeks of age (Fig. 1A). ApoE mRNA levels were assessed by qPCR and were significantly 

reduced by ~70-90% in both the APPPS1;AFE3 and APPPS1;AFE4 females compared to the 

APPPS1;FE3 and APPPS1;FE4 mice (Fig.1B). To assess apoE protein levels, cortex tissue 

samples were sequentially extracted in PBS and guanidine buffers to measure soluble and 

insoluble apoE, respectively.  Soluble apoE levels were also significantly reduced in female 

APPPS1;AFE3 and male and female APPPS1;AFE3 and APPPS1;AFE4 mice by ~50-60% with 

a trend towards reduction in male APPPS1;AFE3 mice. (Fig.1C). Insoluble apoE levels, which 

mostly reflects apoE co-deposition in Aβ plaques  (113,245), were also significantly reduced in 

male and female APPPS1;AFE3 and APPPS1;AFE4 mice (Fig. 1D).  

Next, we assessed the cell-type-specificity of apoE expression after tamoxifen 

administration by performing immunofluorescent staining of apoE (Fig. 1D). We observed a 

strong overall reduction in the intensity of apoE staining for both the APPPS1;AFE3 and 

APPPS1;AFE4 mice as compared to the APPPS1;FE3 and APPPS1;FE4 mice (Fig.1E and F). 

Qualitative assessment of the staining for apoE also revealed a strong decrease in the presence of 

apoE in GFAP+ astrocytes. In the APPPS1;FE3 and APPPS1;FE4 mice nearly all GFAP+ 

astrocytes were also apoE+ while the APPPS1;AFE3 and APPPS1;AFE4 mice exhibited only 

rare apoE staining in GFAP+ astrocytes (Fig. 1G). The presence of apoE in Iba1+ microglia, did 

not appear to be altered as apoE+ microglia were present in all groups, particularly in the vicinity 
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of Aβ plaques (Fig. 1G). Therefore, the tamoxifen administration was able to effectively reduce 

the overall apoE levels and strongly reduce apoE expression in astrocytes, while appearing to not 

affect microglial apoE expression in the APPPS1;AFE3 and APPPS1;AFE4 mice. Additionally, 

while the immunostaining showed that overall apoE levels were greatly reduced in the 

APPPS1;AFE3 and APPPS1;AFE4 mice, there were still intense foci of apoE staining co-

localized with the X-34+ amyloid plaques, similar to what was observed in the APPPS1;FE3 and 

APPPS1;FE4 mice (Fig.1E and 1G). 

4.3.2 Aβ plaque accumulation in mice lacking astrocytic APOE 

The deposition of Aβ into fibrillar amyloid plaques is influenced by the expression level 

and isoform of apoE. With the targeted removal of astrocytic APOE resulting in a significant 

reduction in overall apoE levels, we investigated what impact this reduction might have on the 

deposition of Aβ into X34+ fibrillar amyloid plaques (Fig. 2A). In the cortex and hippocampus, 

there was a large and significant decrease in fibrillar plaque load in APPPS1;AFE3 females and 

in APPPS1;AFE4 males and females (Fig. 2B and 2C).  Overall, the total amyloid burden with 

the loss of astrocytic apoE was qualitatively similar to that observed in APPPS1;EKO mice 

(Figure 2B and 2C). An analysis of fibrillar plaque intensity revealed APPPS1;AFE3 and 

APPPS1;AFE4 mice have a significantly reduced overall intensity compared to the APPPS1;FE3 

and APPPS1;FE4 mice (Fig. 2D and 2E) and exhibited a smaller, less dense compact core. 

However, a qualitative assessment of the APPPS1;EKO mice showed fibrillar plaques form with 

a core that is even less compact and less intense than the APPPS1;AFE3 and APPPS1;AFE4 

mice (Fig. 2D and 2E). 
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To assess overall Aβ deposition, staining was performed using an anti-Aβ antibody (Fig. 

3A. In the cortex, female APPPS1;AFE3 mice showed a trend towards lower Aβ plaque levels 

compared to female APPPS1;FE3 while both male and female APPPS1;AFE4 had a significant 

decrease in plaque coverage compared to APPPS1;FE4 (Fig. 3B).  In the hippocampus, the 

APPPS1;AFE3 and APPPS1;AFE4 females had significantly lower Aβ plaque coverage 

(Fig.3C). Interestingly, a qualitative analysis of the APPPS1;EKO mice revealed a higher Aβ 

load than the APPPS1;AFE3 and APPPS1;AFE4 mice (Fig. 3B and 3C). 

To further analyze the accumulation of Aβ in the brain, the level of insoluble Aβ was 

assessed in the guanidine soluble (PBS-insoluble) fractions from homogenized cortical tissue 

samples by ELISA for Aβ40 and Aβ42 levels. Aβ that is insoluble in PBS and detected in the 

guanidine fraction serves as a measure of how much Aβ has accumulated in deposits in the brain 

and constitutes the majority of the Aβ pool once Aβ aggregates.  The Aβ40 and Aβ42 in the PBS 

soluble fraction showed no difference between each of the groups (data not shown). The Aβ40 in 

the guanidine soluble fraction was significantly decreased in the APPPS1;AFE4 males and both 

the Aβ40 and Aβ42 levels were significantly decreased in the APPPS1;AFE3 females and 

APPPS1;AFE4 females vs. their astrocyte-apoE expressing counterparts (Figs. 3D and 3E). A 

qualitative assessment of the Aβ staining in the female mice also revealed unique patterns of Aβ 

deposition in APPPS1;AFE3 and APPPS1;AFE4 mice compared to APPPS1;FE3 and 

APPPS1;FE4 mice. In the APPPS1;AFE3 and APPPS1;AFE4 mice, the fibrillar Aβ core was 

smaller with a greater percent of each plaque consisting of non-fibrillar Aβ (Fig. 3F).  However, 

the APPPS1;EKO mice had an even greater and more dispersed accumulation of non-fibrillar Aβ 

than the APPPS1;AFE3 and APPPS1;AFE4 mice (Fig. 3F). Overall, the biochemical results, 

combined with the Aβ staining results, show that the loss of astrocytic human apoE leads to a 
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decrease in overall Aβ pathology compared to mice with no loss of apoE. Additionally, the loss 

of astrocytic apoE leads to more diffuse, less fibrillar plaques though not as diffuse as is seen 

with a complete knockout of apoE. 

4.3.3 Microglial activation after the loss of astrocytic apoE 

The activation state of microglia has been shown to be influenced by apoE isoform and 

the presence of Aβ plaque pathology in the brain. To better understand how the loss of astrocytic 

apoE was influencing microglial gene expression, we performed RT-qPCR on cortical tissue 

samples from female mice. Both APPPS1;FE3 and APPPS1;FE4 mice exhibited an upregulation 

of DAM-associated transcripts compared to FE3 or FE4 mice, respectively, indicative of a 

microglial response to amyloid plaques (Fig. 4A). The APPPS1;AFE3 mice showed no 

significant change in DAM gene expression compared to the APPPS1;FE3 mice. However, the 

APPPS1;AFE4 mice did show a down-regulation of several DAM genes compared to the 

APPPS1;FE4 mice, including Clec7a (Fig. 4A). To assess if the overall levels of microglia were 

changed, we stained brain sections for Iba1 (Fig. 4B). Overall, the % area of the cortex covered 

by Iba1 staining remained unchanged between the APPPS1;AFE3 and APPPS1;FE3 mice and 

between the APPPS1;AFE4 and APPPS1;FE4 mice (Fig. 4C). Interestingly, immunoreactivity of 

Clec7a, a marker of DAM microglia, was significantly reduced around fibrillar plaques in the 

APPPS1;AFE4 and APPPS1;AFE3 mice compared to the APPPS1;FE4 and APPPS1;FE3 mice, 

respectively (Fig. 4D and 4E), suggesting an impaired microglial response to amyloid pathology 

in the absence of astrocytic apoE.  
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4.3.4 Astrocyte activation after the loss of astrocytic apoE 

ApoE has been shown to influence certain functions of astrocytes, including responses to 

pathogenic stimuli (124,246), however it is not fully known if the cell-specific loss of astrocytic 

apoE alters astrocyte reactivity to Aβ plaques. Therefore, we assessed the expression profile of 

genes involved with astrocyte reactivity by RT-qPCR. Overall expression of reactive astrocytic 

genes was increased in APPPS1;FE3 and APPPS1;FE4 mice compared to FE3 and FE4 mice 

(Fig 5A). H2.T23 and Serpina3n were significantly down-regulated in APPPS1;AFE4 mice 

compared to APPPS1;FE4 mice (Fig. 5A).  Interestingly, GFAP trended downward in the 

APPPS1;AFE4 mice but not in the APPPS1;AFE3 mice (Fig. 5A). To visualize and further 

assess astrocyte reactivity, we assessed GFAP levels by immunostaining. Overall GFAP staining 

was not altered in APPPS1;AFE3 compared to APPPS1;FE3 mice. However, there was a 

significant reduction in GFAP staining in the cortex of APPPS1;AFE4 mice compared to 

APPPS1;FE4 mice (Fig. 5B and 5C). The reductions in GFAP gene expression, and in 

immunostaining, in APPPS1;AFE4 mice could result from either altered astrocyte reactivity to 

amyloid plaques or from overall reductions in amyloid burden. Therefore, to see if astrocyte 

reactivity was altered specifically around Aβ plaques, we assessed GFAP staining within 15µm 

of each plaque (Fig 5B.) No differences were found in the levels of GFAP staining around 

plaques between the groups (Fig 5D). Since GFAP staining around plaques was unaltered, it 

suggests the loss of apoE in astrocytes does not alter the ability of astrocytes to respond to Aβ 

plaques, at least morphologically, but that overall changes to astrocyte reactivity may be driven 

by the level of total Aβ plaque pathology. 
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4.3.5 Neuritic dystrophy after the loss of astrocytic apoE 

The deposition of Aβ into fibrillar amyloid plaques results in damage to surrounding 

neuronal processes and leads to the formation of large swollen axons and dendrites around 

plaques (neuritic dystrophy). These damaged and swollen neurites contain accumulations of 

various proteins that can act as markers for the dystrophy, including BACE1 (43,247).  We used 

an anti-BACE1 antibody to stain and assess the total amount of dystrophic neurites present in the 

cortex of mice (Fig. 6A). The BACE1 levels for the APPPS1;AFE3 and APPPS1;AFE4 female 

mice were significantly decreased compared to the APPPS1;FE3 and APPPS1;FE4 mice, 

respectively (Fig. 6B). As the BACE-1 positive dystrophic neurites are only present around 

amyloid plaques, this is consistent with overall reductions in amyloid plaque following removal 

of astrocyte apoE. When we assessed the area of BACE1 within 15µm of each plaque, we found 

a significant increase in neuritic dystrophy in the APPPS1;AFE3 males compared to 

APPPS1;FE3 males, and an increase in both APPPS1;AFE4 males and females compared to 

APPPS1;FE4 males and females (Fig. 6C and 6D). 

4.4 Discussion 

The influence of APOE genotype on the development of various neurodegenerative 

pathologies has been an area of interest for decades. In particular, the strong effect that APOE4 

has on an individual’s risk for developing Alzheimer disease has been the focus of a tremendous 

amount of research. Clinical studies have shown that APOE4 carriers develop an earlier onset 

and faster rate of development of Aβ pathology (15,146). Previous research has revealed several 

ways apoE may influence the buildup of Aβ and the formation of amyloid plaques (248,249). 

One way apoE can influence monomeric Aβ levels and its ultimate aggregation is by competing 
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for clearance via apoE receptors, like the low-density lipoprotein receptor (LDLR) or LDL 

receptor-related protein 1 (LRP1) (234,243,250). The ability of apoE to inhibit Aβ binding and 

clearance via LDLR and LRP1 is likely an important factor regulating the levels of Aβ in the 

brain. In addition, apoE can directly influence Aβ seeding and fibrillogenesis (i.e. the conversion 

of monomeric Aβ into oligomeric and fibrillar structures) (34,93,101,105,251,252). However, it 

is not known if astrocytic apoE or microglial apoE may be having different effects on 

monomeric Aβ clearance and Aβ seeding/fibrillogenesis. While astrocytes are the primary 

producer of apoE in the CNS, microglia increase their production of apoE during the 

development of neurodegenerative pathology (61,62). Microglia produce and secrete species of 

human apoE that have altered glycosylation compared to astrocytes (253). Additionally, the 

recent finding by our lab that microglia secrete human apoE-containing lipoprotein particles that 

are smaller and less lipidated than particles produced by astrocytes (229) points to the potential 

of apoE produced by each cell type having unique effects on the development of Aβ pathology. 

For this study, we aimed to answer the question of how apoE3 and apoE4 specifically 

produced by astrocytes influence the formation of Aβ plaques and the subsequent response of 

cells to the amyloid pathology. In order to see how astrocytic apoE influences the initial stages of 

Aβ plaque development, we aimed to remove APOE prior to plaque onset. To ensure tamoxifen 

administration was occurring prior to the formation of Aβ plaque deposition, a cohort of 

tamoxifen injected mice was collected at 6 weeks of age, and Aβ immunostaining and X-34 

staining showed no signs of any Aβ pathology. The 100mg/kg dose of tamoxifen proved to be 

well tolerated and to efficiently lower APOE mRNA transcripts and to specifically lower most 

detectable protein levels of apoE from astrocytes in the Cre+ mice. However, because insoluble 

apoE in the guanidine fraction is likely apoE bound to amyloid plaques (113,245), the decrease 
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in insoluble apoE in the guanidine fraction of the Cre+ mice is likely due to overall Aβ plaque 

levels being decreased. While the tamoxifen administration did lower apoE levels overall, there 

was some variability seen in the efficiency of the injections. Immunostaining for apoE showed 

an overall lowering of apoE and an absence of apoE in the majority of GFAP+ astrocytes; 

however, some mice had higher levels of apoE still present and some GFAP+ astrocytes also still 

stained positively for apoE. Nevertheless, the tamoxifen injections did prove effective in 

removing most astrocytic APOE, significantly lowering apoE levels, with a resultant strong 

decrease in Aβ pathology. 

The reduction in Aβ plaque load observed by selectively decreasing astrocyte apoE3 and 

apoE4 levels is similar to the results seen in previous studies that had reduced apoE in a non-cell 

specific manner prior to plaque onset (143,171). Additionally, we observed that the complete 

loss of apoE in APPPS1;EKO mice results in large deposits of diffuse non-fibrillar Aβ, similar to 

what we found previously (241), and that the level of diffuse Aβ deposition in the APPPS1;EKO 

compared to the selective removal of astrocyte apoE3 or apoE4 is considerably elevated. The 

increased levels of non-fibrillar Aβ deposition in the APPPS1;EKO mice compared to 

APPPS1;AFE3 and APPPS1;AFE4 mice suggests that the presence of APOE in cells other than 

astrocytes may also be influencing overall Aβ deposition to some extent, though the strong 

decrease in overall Aβ accumulation resulting from the removal of astrocyte apoE3 and apoE4 

suggests astrocytic apoE is a major driver of Aβ accumulation. Furthermore, the shift in fibrillar 

plaque formation towards less intense and less compact plaques with the loss of astrocytic APOE 

indicates astrocytic apoE is influencing the physical structure of the Aβ plaques that form. Since 

the structure of Aβ aggregates is likely driven by direct interactions of apoE and Aβ 

(34,101,105,251,252), this suggests that a direct interaction between astrocyte apoE and some 
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form of Aβ during the process of seeding or fibrillogenesis is involved in this Aβ structural 

change. While a complete loss of APOE has shown similar effects on fibrillar plaque levels and 

structure (138,166,237,241), removing only astrocytic APOE in the APPPS1;AFE3 and 

APPPS1;AFE4 mice produced patterns of Aβ deposition distinct from the APPPS1;EKO. Very 

few β-sheet structured fibrils, as detected by X-34 (170), form in the APPPS1;EKO mice.  

However, those that do form, have a much more dispersed and mesh-like appearance than the 

fibrils that form in the APPPS1;AFE3 and APPPS1;AFE4 mice. This suggests the presence or 

production of APOE in other cell types, such as microglia, may also be influencing the structure 

of Aβ plaque formation to some extent in APPPS1;AFE3 and APPPS1;AFE4 mice. For example, 

fibrillar amyloid plaques formed in APPPS1;AFE3 and APPPS1;AFE4 mice with strongly 

reduced astrocytic apoE still contain apoE, which indicates the apoE present in plaques is likely 

coming from other cellular sources such as microglia. 

 Another factor that could be impacting the fibrillar plaque structure is the ability 

of microglia to interact with the plaque surface.  Previous studies have shown activated microglia 

are capable of ‘capping’ the edge of Aβ plaques to limit the diffusion of Aβ fibrils and aid in the 

formation of compact plaques (155,159). However, the low levels of Clec7a around plaques in 

the APPPS1;AFE3 and APPPS1;AFE4 mice suggests microglia are not activated to the same 

extent as in the APPPS1;FE3 and APPPS1;FE4 mice. The shift in microglia activation to a 

reactive or DAM/MGnD state has been shown to be apoE dependent (61,62,254–256).  

Astrocytic apoE lipoprotein particles can influence microglial activation (128,257), and our 

results support the hypothesis that astrocytic apoE may be involved in signaling pathways 

between astrocytes and microglia that regulate the apoE-dependent DAM activation state of 

microglia. The transition to the DAM activation state has been shown to be TREM2-APOE 
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dependent (61) and apoE is a ligand for TREM2 (175,176,258).  Decreasing astrocytic apoE may 

lower TREM2 activation via decreased apoE binding.  Astrocyte-derived apoE may also be 

involved in microglial activation via another mechanism. Additionally, since activated microglia 

are a source of plaque-associated apoE (118), decreased microglial activation may result in 

decreased microglial apoE production and thus a reduction in the amount of microglial apoE 

binding to Aβ to aid in fibrillar plaque formation and plaque compaction.   

The reduction in either astrocytic apoE3 or apoE4 had similar impacts on lowering Aβ 

plaque levels, as well as on reducing the activation of microglia to Aβ plaques. However, the 

total DAM gene expression in the cortex did show an isoform-dependent difference. While the 

decrease in overall DAM gene expression in the APPPS1;AFE4 mice may be driven by the 

overall Aβ plaque load being lower than the APPPS1;FE4 mice, the APPPS1;AFE3 mice did not 

show a difference in overall DAM gene expression despite having a similar lowering of overall 

Aβ plaque load compared to APPPS1;FE3 mice.  This difference suggests astrocytic apoE4 may 

have a differential effect on overall microglial activation compared to astrocytic apoE3, similar 

to what we have recently reported in a model of tauopathy (259). In fact, some studies have 

shown that apoE3 can decrease microglial activation while apoE4 increases activation (172,260). 

In addition to apoE isoform-dependent differences in global microglial activation in the setting 

of Aβ deposition, we also observed isoform-dependent differences in total astrocyte activation as 

measured by GFAP staining. Again, while the decrease in overall GFAP levels in the 

APPPS1;AFE4 mice may be explained by decreased Aβ plaque load, the lack of a difference in 

overall GFAP levels in APPPS1;AFE3 mice suggests that astrocytic apoE3 may be having a 

differential effect on reactive astrocytes compared to astrocytic apoE4. Indeed, induced 

expression of apoE3 by astrocytes has been shown to lower overall GFAP levels (172). 
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The impact of apoE on microgliosis at sites of Aβ plaque deposition can lead to changes 

in damage to surrounding cells, including the formation of dystrophic neurites (neuritic 

dystrophy) (128). Neuritic dystrophy has been shown to be increased around fibrillar plaques 

with a more dispersed morphology than around dense core plaques with a compact morphology 

(40,159,241,261,262).  The removal of astrocyte apoE strongly reduced the amount of fibrillar 

plaques and plaque-associated neuritic dystrophy.  However, the change in fibrillar plaque 

formation to a more dispersed and less compact structure observed in the APPPS1;AFE3 and 

APPPS1;AFE4 mice may be driving the increased neuritic dystrophy around the remaining 

fibrillar plaques present in these mice (262). Additionally, apoE lipoprotein particles produced 

by astrocytes have been shown to support neuronal function and recovery following neuronal 

damage (263–267).  The loss of astrocytic apoE could reduce astrocytic support to damaged 

neuritic processes that develop at sites of Aβ plaques and contribute to the increase in neuritic 

dystrophy. Further studies are needed to better understand how the loss of astrocytic apoE is 

impacting overall neuronal function. 

4.4.1 Final Conclusions: 

We demonstrate that reducing astrocytic apoE3 and apoE4 results in a strong decrease in 

both fibrillar amyloid plaques and overall Aβ plaque deposition in APPPS1;AFE3 and 

APPPS1;AFE4 mice.  We also found that the loss of astrocytic apoE results in the structure and 

pattern of Aβ deposition being altered in a unique manner compared to the complete loss of apoE 

in APPPS1;EKO mice. Furthermore, the decrease in microglial activation surrounding fibrillar 

plaques following removal of astrocyte apoE demonstrates astrocytic apoE may be playing a 

critical role in regulating microglial responses to Aβ pathology. Isoform-dependent effects on 

glial activation were also seen and suggest astrocytic apoE3 may act to reduce overall glial 
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activation. Finally, while the more dispersed fibrillar plaque structures seen in the 

APPPS1;AFE3 and APPPS1;AFE4 mice were shown to induce an increase in neuritic dystrophy 

at the site of Aβ plaque deposition, the ability of reducing astrocytic apoE to lower Aβ plaque 

levels led to an overall decrease in levels of neuritic dystrophy. These results demonstrate the 

therapeutic potential of using targeted cell-specific reduction of astrocytic apoE to ameliorate Aβ 

pathology that is found in Alzheimer disease. 
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4.5 Figures and Table 
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Figure 4.1: Tamoxifen administration reduces ApoE levels in Aldh1l1-Cre+ APPPS1;FE3 
and APPPS1;FE4 mice 
(A) Timeline of the experimental scheme. Mice were given once-daily IP injections of tamoxifen 
(TAM) (100mg TAM/kg body weight) at 4 weeks of age for 6 consecutive days. Sample 
collection and analysis occurred at 18 weeks of age. (B) APOE mRNA expression levels in 
female Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ APPPS1;FE4 mice. Cortical tissue samples 
were analyzed by qPCR (n = 6). (C) Soluble apoE levels in the cortex of Cre- or Cre+ 
APPPS1;FE3 and Cre- or Cre+ APPPS1;FE4 mice. Cortical tissue samples were homogenized in 
PBS and PBS-soluble apoE protein levels were analyzed by ELISA (n = 9-19).  (D) Insoluble 
apoE levels in the cortex of Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ APPPS1;FE4 mice. 
PBS-insoluble cortex tissue samples from (C) were further homogenized in 5M guanidine HCl to 
determine the amount of PBS-insoluble apoE that was guanidine-soluble. Protein levels were 
analyzed by ELISA (n = 9-19). (E) ApoE immunostaining in the cortex and hippocampus of 
APPPS1;FE3, APPPS1;AFE3, APPPS1;FE4, and APPPS1;AFE4 mice. Representative images 
are of brain sections stained with an anti-apoE antibody. Scale bars = 300µm. (F) Intensity of 
fluorescent apoE staining in Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ APPPS1;FE4 mice. 
The average pixel intensity was analyzed from images of apoE immunostained brain sections 
(n=10-19). (G) Brain sections from APPPS1;FE4 and APPPS1;AFE4 mice co-stained for X-34 
(blue), apoE (green), GFAP (red), and Iba1 (magenta). White arrows indicate co-localization of 
apoE with GFAP and green arrows indicate co-localization of apoE with Iba1. Scale bars = 
50µm. (A-G) * p ≤ 0.05, ** p ≤ 0.01, and **** p ≤ 0.0001; two-way ANOVA and Sidak’s post 
hoc test in (B), three-way ANOVA and Sidak’s post hoc test in (D); three-way ANOVA and 
uncorrected Fisher’s LSD test in (C) and (F). Data are expressed as mean ± SEM. See Table 4.1 
for detailed statistics. 
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Figure 4.2: Reducing astrocytic apoE decreases fibrillar plaque levels and plaque intensity 
(A) Fibrillar amyloid plaque staining in the cortex and hippocampus of APPPS1;FE3, 
APPPS1;AFE3, APPPS1;FE4, APPPS1;AFE4, and APPPS1EKO mice. Representative images 
are of X-34 (blue) stained brain sections. Scale bars = 1000µm (B) Fibrillar plaque load in the 
cortex of Cre- or Cre+ APPPS1;FE3, Cre- or Cre+ APPPS1;FE4, and APPPS1EKO mice. 
Percent of cortex area covered by fibrillar plaque was determined by analyzing X-34 stained 
brain sections (n = 10-18). (C) Fibrillar plaque load in hippocampus of Cre- or Cre+ 
APPPS1;FE3, Cre- or Cre+ APPPS1;FE4, and APPPS1EKO mice. Percent of hippocampus area 
covered by fibrillar plaque was determined by analyzing X-34 stained brain sections (n = 10-18). 
(D) Intensity of fibrillar amyloid plaques in APPPS1;FE3, APPPS1;AFE3, APPPS1;FE4, 
APPPS1;AFE4, and APPPS1EKO mice. Representative images are of X-34 stained amyloid 
plaques. Scale bars = 20µm. (E) Measure of average pixel intensity of X-34 stained fibrillar 
plaques in the cortex of Cre- or Cre+ APPPS1;FE3, Cre- or Cre+ APPPS1;FE4, and 
APPPS1EKO mice (n = 9-16). (A-E) * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001; 
three-way ANOVA and uncorrected Fisher’s LSD test in (B), (C), and (E). Data are expressed as 
mean ± SEM. See Table 4.1 for detailed statistics. 
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Figure 4.3: Reducing astrocytic apoE decreases Aβ plaque levels and alters Aβ deposition 
(A) Aβ plaque staining in the cortex and hippocampus of APPPS1;FE3, APPPS1;AFE3, 
APPPS1;FE4, APPPS1;AFE4, and APPPS1EKO mice. Representative images are of Aβ 
immunostained brain sections using the HJ3.4 anti-Aβ antibody (orange). Scale bars = 1000µm. 
(B) Aβ plaque load in cortex of Cre- or Cre+ APPPS1;FE3, Cre- or Cre+ APPPS1;FE4, and 
APPPS1EKO mice. Percent of cortex area covered by Aβ plaque was determined by analyzing 
HJ3.4 stained brain sections (n = 10-18). (C) Aβ plaque load in the hippocampus of Cre- or Cre+ 
APPPS1;FE3, Cre- or Cre+ APPPS1;FE4, and APPPS1EKO mice. Percent of hippocampus area 
covered by Aβ plaque was determined by analyzing HJ3.4 stained brain sections (n = 10-18). (D) 
Insoluble Aβ40 levels in the cortex of Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ APPPS1;FE4 
mice. PBS-insoluble cortical tissue samples that were further homogenized in 5M guanidine HCl 
were analyzed by ELISA to determine the guanidine-soluble Aβ40 levels (n = 9-19). (E) 
Insoluble Aβ42 levels in the cortex of Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ APPPS1;FE4 
mice. PBS-insoluble cortex tissue samples that were further homogenized in 5M guanidine HCl 
were analyzed by ELISA to determine the guanidine-soluble Aβ42 levels (n = 9-19). (F) 
Deposition pattern of Aβ plaque and fibrillar amyloid plaque staining in APPPS1;FE4, 
APPPS1;AFE4, and APPPS1EKO mice. Representative images are of X-34 (green) and HJ3.4 
(red) co-stained brain sections. Scale bars = 50µm. (A-F) * p ≤ 0.05, ** p ≤ 0.01, and **** 
p ≤ 0.0001; three-way ANOVA and Sidak’s post hoc test in (B) and (C); three-way ANOVA and 
uncorrected Fisher’s LSD test in (D) and (E). Data are expressed as mean ± SEM. See Table 4.1 
for detailed statistics. 
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Figure 4.4: Microglial activation is reduced in mice with a decrease in astrocytic apoE 
(A) Microglial gene expression analysis in female Cre- or Cre+ APPPS1;FE3, Cre- or Cre+ 
APPPS1;FE4, FE3, and FE4 mice. Heatmap is of microglial genes assessed by qPCR from 
cortical tissue samples (n = 6-8). In the parentheses, the first symbol before the slash indicates 
significance between the Cre- and Cre+ APPPS1;FE3 groups and the second symbol after the 
slash indicates significance between the Cre- and Cre+ APPPS1;FE4 groups. - p > 0.05, * 
p ≤ 0.05, ** p ≤ 0.01. (B) Microglia staining in the cortex and hippocampus of female 
APPPS1;FE3, APPPS1;AFE3, APPPS1;FE4, and APPPS1;AFE4 mice. Representative images 
are of brain sections immunostained using an anti-Iba1 antibody (red). Scale bars = 200µm. (C) 
Microglial coverage in the cortex of female Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ 
APPPS1;FE4 mice. Percent of cortex area covered by microglia was determined by analyzing 
Iba1 stained brain sections (n = 10-14). (D) Activated microglia around fibrillar amyloid plaques 
in female APPPS1;FE3, APPPS1;AFE3, APPPS1;FE4, and APPPS1;AFE4 mice. Representative 
images are of Clec7a immunostaining (red), using an anti-Clec7a antibody, around X-34 stained 
(blue) amyloid plaques. Scale bars = 20µm. (E) Coverage of activated microglia around fibrillar 
amyloid plaques in female Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ APPPS1;FE4 mice. 
Percent of area covered by activated microglia around fibrillar amyloid plaques was determined 
by analyzing the level of cleca7a staining within 15µm of X-34 stained plaques (n = 10-14). (A-
E) * p ≤ 0.05, ** p ≤ 0.01; three-way ANOVA and uncorrected Fisher’s LSD test in (A); two-
way ANOVA and Sidak’s post hoc test in (C) and (E). Data are expressed as mean ± SEM. See 
Table 4.1 for detailed statistics. 
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Figure 4.5: Astrocyte activation is reduced in APPPS1;AFE4 mice 
(A) Astrocyte gene expression analysis in female Cre- or Cre + APPPS1;FE3, Cre- or Cre+ 
APPPS1;FE4, FE3, and FE4 mice. Heatmap is of astrocyte genes assessed by qPCR from 
cortical tissue samples (n = 6-8). In the parentheses, the first symbol before the slash indicates 
significance between the Cre- and Cre+ APPPS1;FE3 groups and the second symbol after the 
slash indicates significance between the Cre- and Cre+ APPPS1;FE4 groups. - p > 0.05, * 
p ≤ 0.05. (B) Activated astrocyte staining in female APPPS1;FE3, APPPS1;AFE3, APPPS1;FE4, 
and APPPS1;AFE4 mice. Representative images in the top panel are of the cortex and 
hippocampus from brain sections immunostained using an anti-GFAP antibody (green). Images 
in the bottom panels are of GFAP immunostaining (green), using an anti-GFAP antibody, around 
X-34 stained amyloid plaques (blue). Scale bars = 200µm (top panels), 20um (bottom panels). 
(C) Astrocyte activation in the cortex of female Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ 
APPPS1;FE4 mice. Percent of cortical area covered by activated astrocytes was determined by 
analyzing GFAP stained brain sections (n = 10-14). (D) Astrocyte activation around fibrillar 
amyloid plaques in female Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ APPPS1;FE4 mice. The 
volume of activated astrocyte processes around fibrillar amyloid plaques was determined by 
analyzing the amount of GFAP staining within 15µm of X-34 stained plaques. GFAP volume 
was divided by the X-34 volume to normalize to the amount of plaque and account for 
differences in plaque size (n = 8-19). (A-D) * p ≤ 0.05; three way ANOVA and uncorrected 
Fisher’s LSD test in (A), and (D); two-way ANOVA and Sidak’s post hoc test in (C). Data are 
expressed as mean ± SEM. See Table 4.1 for detailed statistics. 
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Figure 4.6: Neuritic dystrophy is increased around plaques, but decreased overall, with a 
reduction in astrocytic apoE 
(A) Dystrophic neurite staining in the cortex and hippocampus of APPPS1;FE3, APPPS1;AFE3, 
APPPS1;FE4 and APPPS1;AFE4 mice. Representative images are of brain sections 
immunostained using an anti-BACE1 antibody (red). Scale bars = 1000µm. (B) Level of neuritic 
dystrophy in the cortex of Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ APPPS1;FE4 mice. 
Percent of cortical area covered by dystrophic neurites was determined by analyzing BACE1 
stained brain sections (n = 10-19). (C) Dystrophic neurites around fibrillar amyloid plaques in 
APPPS1;FE3, APPPS1;AFE3, APPPS1;FE4, and APPPS1;AFE4 mice. Representative images 
are of BACE1 immunostaining (red), using an anti-BACE1 antibody, around X-34 stained (blue) 
amyloid plaques. Scale bars = 20µm. (D) Level of neuritic dystrophy around fibrillar amyloid 
plaques in Cre- or Cre+ APPPS1;FE3 and Cre- or Cre+ APPPS1;FE4 mice. Percent of area 
covered by dystrophic neurites around fibrillar amyloid plaques was determined by analyzing the 
level of BACE1 staining within 15µm of X-34 stained plaques (n = 6-18). (A-D) * p ≤ 0.05, ** 
p ≤ 0.01, and **** p ≤ 0.0001; three-way ANOVA and Sidak’s post hoc test in (B); three-way 
ANOVA and uncorrected Fisher’s LSD test in (D). Data are expressed as mean ± SEM. See 
Table 4.1 for detailed statistics. 
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Table 4.1: Detailed statistical information. 
Figure Sample size Statistic information table 
Figure 1B N=6 per group Cre F (1,20) = 14.74, p=0.0010; p=0.0068 in APPPS1AFE3 vs. APPPS1FE3; 

p=0.0258 in APPPS1AFE4 vs. APPPS1FE4 
Figure 1C APPPS1FE4-male: n=10; 

APPPS1AFE4-male: n=14; 
APPPS1FE4-female: n=14; 
APPPS1AFE4-female: n=9; 
APPPS1FE3-male: n=19; 
APPPS1AFE3-male: n=10; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=10 

Cre F (1,88) = 35.09, p<0.0001; Cre and APOE interaction F(1,88) = 5.160, 
p=0.0256; Cre, APOE, and Sex interaction F(1,88) = 4.932, p=0.0289; p=0.0285 in 
APPPS1AFE3-female vs. APPPS1FE3-female; p<0.0001 in APPPS1AFE4-male vs. 
APPPS1FE4-male; p=0.0194 in APPPS1AFE4-female vs. APPPS1FE4-female 

Figure 1E Cre F (1,88) = 13.31, p=0.0004; Sex F(1,88) = 4.439, p=0.0380; p=0.0048 in 
APPPS1AFE3-female vs. APPPS1FE3-female; p=0.0197 in APPPS1AFE4-female 
vs. APPPS1FE4-female 

Figure 1F APPPS1FE4-male: n=10; 
APPPS1AFE4-male: n=14; 
APPPS1FE4-female: n=14; 
APPPS1AFE4-female: n=10; 
APPPS1FE3-male: n=19; 
APPPS1AFE3-male: n=10; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=10 

Cre F (1,89) = 77.81, p<0.0001; APOE F(1,89) = 5.272, p=0.0240; Cre and Sex 
interaction F(1,89) = 4.439, p=0.0380; p<0.0001 in APPPS1AFE3-male vs. 
APPPS1FE3-male; p<0.0001 in APPPS1AFE3-female vs. APPPS1FE3-female; 
p<0.0001 in APPPS1AFE4-female vs. APPPS1FE4-female 

Figure 2B APPPS1FE4-male: n=10; 
APPPS1AFE4-male: n=14; 
APPPS1FE4-female: n=11; 
APPPS1AFE4-female: n=10; 
APPPS1FE3-male: n=18; 
APPPS1AFE3-male: n=10; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=10; 
APPPS1EKO: n=10 

Cre F (1,85) = 28.61, p<0.0001; Sex F(1,89) = 7.305, p=0.0083; p=0.0063 in 
APPPS1AFE3-female vs. APPPS1FE3-female; p=0.0012 in APPPS1AFE4-male vs. 
APPPS1FE4-male; p=0.0015 in APPPS1AFE4-female vs. APPPS1FE4-female 

Figure 2C Cre F (1,85) = 20.80, p<0.0001; Sex F(1,89) = 4.152, p=0.0447; p=0.0051 in 
APPPS1AFE3-female vs. APPPS1FE3-female; p=0.0419 in APPPS1AFE4-male vs. 
APPPS1FE4-male; p=0.0014 in APPPS1AFE4-female vs. APPPS1FE4-female 

Figure 2E APPPS1FE4-male: n=10; 
APPPS1AFE4-male: n=14; 
APPPS1FE4-female: n=11; 
APPPS1AFE4-female: n=10; 
APPPS1FE3-male: n=16; 
APPPS1AFE3-male: n=9; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=10; 
APPPS1EKO: n=10 

Cre F (1,82) = 71.6, p<0.0001; Sex F(1,82) = 11.31, p=0.0012; p=0.0032 in 
APPPS1AFE3-male vs. APPPS1FE3-male; p=0.0002 in APPPS1AFE3-female vs. 
APPPS1FE3-female; p<0.0001 in APPPS1AFE4-male vs. APPPS1FE4-male; 
p<0.0001 in APPPS1AFE4-female vs. APPPS1FE4-female 

Figure 3B APPPS1FE4-male: n=10; 
APPPS1AFE4-male: n=14; 
APPPS1FE4-female: n=11; 
APPPS1AFE4-female: n=10; 
APPPS1FE3-male: n=18; 
APPPS1AFE3-male: n=10; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=10; 
APPPS1EKO: n=10 

Cre F (1,85) = 16.23, p=0.0001; APOE F (1,85) = 7.091, p=0.0093; Sex F(1,85) = 
4.396, p=0.0396; p=0.0735 in APPPS1AFE3-female vs. APPPS1FE3-female; 
p=0.0163 in APPPS1AFE4-male vs. APPPS1FE4-male; p=0.0017 in APPPS1AFE4-
female vs. APPPS1FE4-female 

Figure 3C APPPS1FE4-male: n=10; 
APPPS1AFE4-male: n=14; 
APPPS1FE4-female: n=14; 
APPPS1AFE4-female: n=10; 
APPPS1FE3-male: n=18; 
APPPS1AFE3-male: n=10; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=10; 
APPPS1EKO: n=10 

Cre F (1,88) = 23.96, p<0.0001; APOE F (1,88) = 5.427, p=0.0221; Sex F(1,88) = 
8.147, p=0.0; Cre and Sex interaction F(1,88) = 6.426, p=0.0130; p=0.0151 in 
APPPS1AFE3-female vs. APPPS1FE3-female; p=0.0904 in APPPS1AFE4-male vs. 
APPPS1FE4-male; p<0.0001 in APPPS1AFE4-female vs. APPPS1FE4-female 

Figure 3D APPPS1FE4-male: n=10; 
APPPS1AFE4-male: n=14; 
APPPS1FE4-female: n=14; 
APPPS1AFE4-female: n=9; 
APPPS1FE3-male: n=19; 
APPPS1AFE3-male: n=10; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=10 

Cre F (1,88) = 21.33, p<0.0001; APOE F (1,88) = 4.503, p=0.0366; Cre and Sex 
interaction F(1,88) = 4.098, p=0.0460; p=0.0403 in APPPS1AFE3-female vs. 
APPPS1FE3-female; p=0.0353 in APPPS1AFE4-male vs. APPPS1FE4-male; 
p<0.0001 in APPPS1AFE4-female vs. APPPS1FE4-female 

Figure 3E Cre F (1,88) = 13.31, p=0.0004; Sex F (1,88) = 4.439, p=0.0380; p=0.0048 in 
APPPS1AFE3-female vs. APPPS1FE3-female; p=0.0197 in APPPS1AFE4-female 
vs. APPPS1FE4-female 

Figure 4A N=6 in APPPS1 positive 
groups; n=8 in APPPS1 
negative groups 

Ank: p=0.0276 in APPPS1AFE4 vs. APPPS1FE4; 
C1qa: Cre F(1,20) = 6.206, p=0.0216; p=0.0408 in APPPS1AFE4 vs. APPPS1FE4; 
CD63: Cre F(1,20) = 6.937, p=0.0159; p=0.0328 in APPPS1AFE4 vs. APPPS1FE4; 
CD68: Cre F(1,20) = 7.081, p=0.0150; p=0.0383 in APPPS1AFE4 vs. APPPS1FE4; 
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CD9: Cre F(1,20) = 5.233, p=0.0332; p=0.0397 in APPPS1AFE4 vs. APPPS1FE4; 
Clec7a: p=0.0311 in APPPS1AFE4 vs. APPPS1FE4; 
Csf1: Cre F(1,20) = 8.878, p=0.0074; p=0.0063 in APPPS1AFE4 vs. APPPS1FE4; 
Cst7: p=0.0212 in APPPS1AFE4 vs. APPPS1FE4; 
Ctsb: Cre F(1,20) = 6.683, p=0.0177; p=0.0209 in APPPS1AFE4 vs. APPPS1FE4; 
Ctsd: p=0.0294 in APPPS1AFE4 vs. APPPS1FE4; 
Itgax: p=0.0290 in APPPS1AFE4 vs. APPPS1FE4; 
Tyrobp: p=0.0448 in APPPS1AFE4 vs. APPPS1FE4 

Figure 4C APPPS1FE4-female: n=14; 
APPPS1AFE4-female: n=10; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=10 

APOE F(1,40) = 34.91, p<0.0001 
Figure 4E Cre F (1,39) = 15.59, p=0.0003; p=0.0060 in APPPS1AFE3-female vs. APPPS1FE3-

female; p=0.0422 in APPPS1AFE4-female vs. APPPS1FE4-female 

Figure 5A N=6 in APPPS1 positive 
groups; n=8 in APPPS1 
negative groups 

GFAP: Cre F(1,20) = 5.243, p=0.0330; p=0.0920 in APPPS1AFE4 vs. APPPS1FE4; 
H2.T23: p=0.0395 in APPPS1AFE4 vs. APPPS1FE4; 
Ptgs2: Cre and APOE interaction F(1,20) = 6.316, p=0.0206; p=0.0408 in 
APPPS1AFE3 vs. APPPS1FE3; 
S1pr3: p=0.0583 in APPPS1AFE4 vs. APPPS1FE4; 
Serpina3n: Cre F(1,20) = 6.503, p=0.0191; p=0.0108 in APPPS1AFE4 vs. 
APPPS1FE4 

Figure 5C APPPS1FE4-female: n=14; 
APPPS1AFE4-female: n=10; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=10 

APOE F (1,40) = 14.98, p=0.0004; APOE and Cre interaction F(1,40) = 5.863, 
p=0.0201; p=0.0201 in APPPS1AFE4-female vs. APPPS1FE4-female 

Figure 5D APPPS1FE4-male: n=11; 
APPPS1AFE4-male: n=10; 
APPPS1FE4-female: n=14; 
APPPS1AFE4-female: n=10; 
APPPS1FE3-male: n=19; 
APPPS1AFE3-male: n=8; 
APPPS1FE3-female: n=8; 
APPPS1AFE3-female: n=9 

N/A 

Figure 6B APPPS1FE4-male: n=10; 
APPPS1AFE4-male: n=14; 
APPPS1FE4-female: n=14; 
APPPS1AFE4-female: n=10; 
APPPS1FE3-male: n=19; 
APPPS1AFE3-male: n=10; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=10 

Cre F (1,89) = 17.93, p<0.0001; Sex F (1,89) = 8.648, p=0.0042; p=0.0051 in 
APPPS1AFE3-female vs. APPPS1FE3-female; p=0.0121 in APPPS1AFE4-female 
vs. APPPS1FE4-female 

Figure 6D APPPS1FE4-male: n=10; 
APPPS1AFE4-male: n=10; 
APPPS1FE4-female: n=14; 
APPPS1AFE4-female: n=10; 
APPPS1FE3-male: n=18; 
APPPS1AFE3-male: n=6; 
APPPS1FE3-female: n=10; 
APPPS1AFE3-female: n=9 

Cre F (1,79) = 18.20, p<0.0001; p=0.0461 in APPPS1AFE3-male vs. APPPS1FE3-
male; p=0.0316 in APPPS1AFE4-male vs. APPPS1FE4-male; p=0.0003 in 
APPPS1AFE4-female vs. APPPS1FE4-female 
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Chapter 5: Conclusions and future directions 
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Ever since Dr. Alois Alzheimer first characterized senile dementia in Auguste Deter over 

one hundred years ago, researchers have continued to not only ask why AD develops, but also 

how can it be stopped. As mankind continues to live longer with advances in medicine and 

technology, the incidence of diseases of aging, like AD, will only continue to increase. AD not 

only impacts those afflicted with the disease, it also takes a tremendous toll on their loved ones 

and caregivers as well. In addition, the cost of care is poised to increase at an unsustainable rate 

if effective treatments are not developed in the very near future. While advancements in 

therapeutic treatments targeting Aβ have provided hope that the pathobiology of AD can be kept 

at bay by removing Aβ early in the course of the disease, the failure of many of these drugs in 

initial clinical trials has led many to question and wonder if other therapeutic targets might 

provide improvements in clinical outcomes.  

Despite the many setbacks from clinical trials targeting Aβ, a tremendous amount of 

knowledge has been gained about the time course and the pathobiology of the disease. One of the 

most important lessons came from understanding that when trying to modulate Aβ levels to 

improve disease outcomes, timing is everything. In particular, many have realized that 

participants who have clinical symptoms of AD already have high loads of Aβ that have caused 

additional downstream pathologies to develop, like tau pathology. With this in mind, more recent 

trials have focused on providing these treatments earlier in the time course of the disease. 

However, to date only one monoclonal antibody treatment targeting Aβ, aducanumab, has 

received approval through the FDA’s accelerated approval program. While the approach of 

trying to prevent the development of AD early in the disease course by targeting Aβ holds 

promise, continued research into ways to target and alter the course of AD are needed. Given that 

apoE is the strongest genetic risk factor for LOAD, and LOAD accounts for the greatest number 
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of AD cases, identifying ways that apoE can be targeted and manipulated to improve AD 

pathology remains a promising approach.  

5.1 Apolipoprotein E, Alzheimer disease, and β-

amyloidogenesis  

A tremendous amount of research has been performed to elucidate the role apoE plays in 

the development of AD pathology, but several questions still remain as to precisely how apoE 

contributes to the various aspects of the disease. Researchers have known for decades that apoE 

has a dramatic effect on the accumulation of Aβ in the brain and in the ability of Aβ to form 

highly-ordered fibrillar amyloid plaques. Post-mortem samples of human AD brain tissue 

samples have shown that Aβ can form a variety of plaque types in the brain and that apoE can 

deposit in these plaques. Characterization of these plaques has revealed that compact dense core 

plaques tend to be more likely to contain apoE and recent findings have even described a coarse-

grained plaque that is associated with homozygous APOE4 carriers (268). We found that either a 

complete loss of Aβ or just the loss of astrocytic apoE has a tremendous impact on not only the 

level of fibrillar Aβ plaques that deposit, but also on the way that the fibrils form. Indeed, the 

morphology of the fibrillar plaques was altered in a way that made the plaques more dispersed 

and wispy-like in appearance with the global apoE KO resulting in little to no plaques having a 

compact dense core. While previous studies using apoE KO mice had shown similar changes in 

the level of Aβ plaques (139,166), little work had been done to see how the loss of apoE 

impacted cellular responses to the plaques. 

 The impact of a complete loss of apoE on microgliosis that we show here is quite 

striking. The reduction in the ability of microglia to become activated and cluster around the 



113 
 

fibrillar Aβ plaques has provided some of the initial evidence that apoE is playing a critical role 

in the activation of microglia in the setting of AD. Interestingly, in a collaboration with Dr. 

Marco Collona, we have also shown a similar effect on microgliosis with the loss of the 

microglia receptor TREM2 (269). These findings led to a better understanding that TREM2 and 

apoE are linked and necessary for microglial activation under disease conditions (61,123). 

Additionally, recent findings that apoE is a ligand for TREM2 (175,176,258,270) raise the 

possibility that the TREM2-APOE dependent microglial activation could stem from a 

requirement of plaque-bound apoE to bind TREM2. Recent development of our labs anti-apoE 

antibody, HAE-4, which binds to de-lipidated forms of apoE, has shown that Aβ plaques contain 

de-lipidated apoE (116,117). Since plaques that form in apoE KO mice lack any apoE, the 

impaired microgliosis that we observed could be the result of the loss of this de-lipidated apoE 

ligand. Another alternative explanation could be that the impaired microgliosis we observed is 

the result of the loss of endogenous microglial apoE. At the time of the finding that microgliosis 

around Aβ plaques was apoE dependent, apoE was primarily thought of as being an astrocytic 

protein and subsequent research showing that microglial apoE is upregulated in DAM/MGnD 

microglia (61,62) had yet to be described. Additional studies have since shown that microglial 

apoE is necessary for microglial responses to damaged neurons (61) and that a reduced activation 

of microglia, and subsequent prevention of an increase in microglial apoE, causes a significant 

decrease in plaque-associated apoE (118). 
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5.2 Microglial Apolipoprotein E and its potential roles in 

Alzheimer disease  

The increased recognition that microglial apoE is playing an important role in the 

development of Aβ pathology, and may have a potential role in developing tau pathology 

(89,271), provides ample reason for further investigations into whether there are characteristics 

of microglial apoE and microglial produced apoE-containing lipoprotein particles that are unique 

and thus may have distinct roles and impacts in AD. Our results clearly show that microglia 

produce a greater amount of smaller apoE particles compared to astrocytes and that there is 

likely an isoform-dependent difference in apoE particles produced by microglia. The smaller 

8nm sized apoE particles, which appeared to be most prevalent in the APOE4 expressing 

microglia, are likely to be less lipidated and thus could be more prone to shedding what lipids are 

present in the particle to become fully de-lipidated. This may lead microglial apoE, in particular 

APOE4 produced by microglia, to be more susceptible to becoming de-lipidated and then 

subsequently incorporated into fibrillar Aβ plaques. It is therefore critical for future work to look 

more in depth at apoE itself to see whether apoE produced by microglia may be post-

translationally modified in a unique manner compared to astrocytic apoE and to see if any 

modifications are unique to certain apoE isoforms. In fact, recent work has shown that astrocytic 

apoE is glycosylated in a different manner than microglial apoE (253). Furthermore, lipidomic 

analysis of the lipids and cholesterols found in lipoprotein particles containing each isoform of 

apoE that are produced from microglia is warranted. These types of investigations could provide 

additional insight in to whether specific lipid or cholesterol species are contained in these 

particles and if they may be influencing certain cellular functions or signaling pathways. In 
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particular, the possibility exists that apoE particles could be playing a role in signaling between 

different cell types, like from astrocytes to microglia, as Aβ pathology develops. 

 Furthermore, the ability of two key factors involved in macrophage activation and 

polarization, M-CSF and GM-CSF, to have drastically different effects on microglial apoE 

secretion, and for these effects to show differences based on apoE isoform, warrants further 

exploration. The high concentration of 5.0ng/ml GM-CSF is above the typical range seen in 

plasma, which is 20-100pg/ml (272–274). However, in certain circumstances, including with 

inflammatory stimuli, GM-CSF levels have been shown to reach upwards of 8.0ng/ml (275). The 

question still remains as to whether microglia encounter GM-CSF in the ng/ml range in the brain, 

and whether or not Aβ pathology could induce inflammation capable of increasing GM-CSF 

production locally that could be in the ng/ml range. Nevertheless, the ability of GM-CSF to 

significantly lower microglial apoE production compared to M-CSF provides evidence that the 

activation state of microglia plays a key role in regulating microglial apoE. In addition, the 

development of AD pathology goes through many different stages and the state of microglial is 

likely to shift as the disease progresses. The changes in microglial activation during different 

stages of AD might also mean that the level of production of apoE may vary in these different 

stages and the type and size of apoE particles produced may also vary. 

5.3 The impact of Apolipoprotein E on Alzheimer disease 

neuropathology and potential therapeutic interventions  

One of the pathologies that is seen in the early stages of AD as Aβ plaques are 

accumulating is neuritic dystrophy (276,277). Here we have reported that reducing astrocytic 

apoE levels leads to an overall decrease in neuritic dystrophy, which likely can be attributed to 
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the overall reduction in Aβ plaque load. However, the increase in damage to neuronal processes 

locally around plaques does present a potential issue, especially when it comes to thinking about 

possible apoE-targeted therapies. There are a few potential explanations that could underlie why 

the damage to neurons is increased with the loss of apoE either globally or from astrocytes. One 

reason could be simply that the loss of apoE causes unique apoE-deficient fibrillar structures to 

form that are more dispersed, and thus more capable of interacting with and causing damage to 

neurites. Another explanation could be the lack of microglial activation. If astrocytic apoE 

provides a signal that aids in the activation of microglia, the loss of astrocytic apoE could be 

inhibiting this activation. With microglia not being activated at the plaque site, they may not be 

providing adequate phagocytosis and uptake of Aβ and may be deficient in ‘capping’ the edge of 

the plaque. This may explain the change in plaque structure to a more dispersed and widespread 

morphology that is capable of inducing a greater amount of damage to neuronal processes. 

The ability to reduce Aβ plaque levels by specifically reducing astrocytic apoE does 

provide promise for the development of cell-specific targeted therapies. While we clearly 

showed a significant effect on reducing Aβ pathology by reducing astrocytic apoE, one caveat to 

our results was the variability in the amount of apoE reduction in astrocytes. The tamoxifen 

injections were not always consistent and, while astrocytic apoE was significantly reduced, some 

astrocytic apoE still remained and made it hard to tell whether the remaining astrocytic apoE 

influenced any of the results we were seeing. Another issue with a potential treatment targeting 

astrocytic apoE is the dystrophic neurites accruing to a greater extent around plaques when apoE 

has been reduced. One way to address such an issue could come from the use of a combination 

therapy. If neuritic dystrophy is developing because of the lack of microglial activation with the 

loss of astrocytic apoE, other targeted therapies might be able to activate and boost microglial 
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function in a more beneficial manner and could thus be used in conjunction with the apoE-

targeted therapies.  

The complexity of AD and the issues that have arisen from the failed clinical trials 

targeting Aβ have led many researchers to believe that no one therapeutic treatment will be 

capable of addressing all instances of AD pathology that develop. In addition, while one therapy 

might work for one individual at an early stage of the disease, the same therapy may not work for 

someone else who is at a later stage. It is also important to remember that there are various 

underlying factors that cause AD to develop in different populations. While APOE4 is the 

strongest genetic risk factor for LOAD, it does not have as much of an impact on the risk of 

those with ADAD or for individuals with Down syndrome, who have very unique drivers of the 

disease. Additionally, as mentioned earlier, APOE4 status has different influences based on sex 

and ethnic background that need to be considered. It stands to reason that an APOE4-targeted 

therapy may be more effective for some, like those with LOAD, but that other therapies, or a 

combination of therapies, may be needed for those with ADAD, Down syndrome, or other 

unique types of AD. 
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