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Abstract of the Dissertation 

 

Defining the role of plaque-associated microglia in Alzheimer’s disease pathogenesis 

and disease outcomes 

By 

Caden Michael Henningfield 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine 2024 

Professor Kim Green, Chair 

 

 

Genetic data implicate microglia, the immune cells of the brain, in the development of 

Alzheimer’s disease (AD). Within the AD brain, microglia surround extracellular plaques 

and mount a chronic inflammatory response. These plaque-associated microglia (PAMs) 

are characterized by specific disease-associated gene expression signatures, including 

Apoe, Cst7, Trem2, Clec7a, Itgax, and Csf1. Data from animal models of AD have 

identified that microglia play critical roles in plaque formation and plaque compaction as 

well as contributing to synaptic and neuronal dysfunction and loss. However, examination 

of TREM2 knock-out mice, in which microglia fail to react to plaques, have produced data 

suggesting that the reaction of microglia to plaques is protective, counter to conventional 

views that microglia are a major factor in seeding plaques and contributing to neuronal 

cell death and synaptic loss via neuroinflammation, indicating that microglia may have 

both beneficial and dentrimental effects depending on model used or disease stage 

studied. A significant caveat with these experiments is that TREM2 is knocked out of all 

myeloid cells. Moreover, loss of TREM2 function in humans causes a neurodegenerative 

disease called Nasu-Hakola disease suggesting that the global knockout of TREM2 as 

utilized in the above studies induces neurodegeneration that may confound proper 
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interpretations of its effects in AD. Thus, interpretations about the roles of microglia need 

to be reassessed with strategies that specifically delineate the contributions of PAMs from 

the non-plaque-associated microglia (NPAM). We have developed novel strategies to 

target PAMs that can be used specifically during disease pathogenesis. Further, we 

include a genetic approach as well as a pharmacological approach to deliver specific 

therapeutic payloads to this cell population. My thesis further develops these tools and 

utilizes them to understand the roles of PAMs in AD pathogenesis. 

Chapter 1: Microglia-specific ApoE knock-out does not alter Alzheimer’s disease 

plaque pathogenesis or gene expression 

Previous studies suggest that microglial-expressed Apolipoprotein E (ApoE) is necessary 

to shift microglia into a neurodegenerative transcriptional state in Alzheimer's disease 

(AD) mouse models. On the other hand, elimination of microglia shifts amyloid beta (Aβ) 

accumulation from parenchymal plaques to cerebral amyloid angiopathy (CAA), 

mimicking the effects of global APOE*4 knock-in. ApoE is very lowly expressed by 

microglia in the healthy brain, but upon the introduction of Aβ, PAMs in the brain highly 

upregulate expression. Here, we specifically knock-out microglial-expressed ApoE, which 

should be the ApoE produced primarily by PAMs, while keeping astrocytic-expressed 

ApoE intact. When microglial-specific ApoE is knocked-out of a 5xFAD mouse model of 

AD, we found a ~35% increase in average Aβ plaque size, but no changes in plaque load, 

microglial number, microglial clustering around Aβ plaques, nor the formation of CAA. 

Immunostaining revealed ApoE protein present in PAMs in 5xFAD mice with microglial-

specific ApoE knockout, suggesting that microglia can take up ApoE from other cellular 

sources. Mice with Apoe knocked-out of microglia had lower synaptic protein levels than 
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control mice, indicating that microglial-expressed ApoE may have a role in synapse 

maintenance. Surprisingly, microglial-specific ApoE knock-out resulted in few 

differentially expressed genes in both 5xFAD and control mice; however, some rescue of 

5xFAD associated neuronal networks may occur with microglial-specific ApoE knock-out 

as shown by weighted gene co-expression analysis. Altogether, our data indicates that 

microglial-expressed ApoE may not be necessary for plaque formation or for the 

microglial transcriptional shift into a disease associated microglia (DAM) state that is 

associated with reactivity to plaques but may be necessary for plaque homeostasis in 

disease and synaptic maintenance under normal conditions. 

Chapter 2: Generation of a novel, inducible destabilized Cre mouse line to 

specifically target disease associated microglia 

To explore the roles of DAMs in the pathogenesis and progression of AD, we need to 

develop models which specifically target diverse microglia subpopulations. Using gene 

expression datasets from microglia-depleted mice, we determined that Cst7 was not 

expressed in the non-diseased brain but was highly upregulated in microglia upon the 

formation of plaques. Here, we develop a destabilized Cre recombinase (DD-Cre) mouse 

line knocked-in to the Cst7 locus (Cst7DD-Cre) and crossed this line to the 5xFAD mouse 

model of AD and a tdTomato reporter line. We found that at early and aged disease 

timepoints, we can specifically label disease associated microglia (DAMs) that are around 

amyloid-beta (Aβ) plaques. Interestingly, the DAMs appear to be a subset of plaque-

associated microglia (PAMs), and DAM expression appears to increase with age. These 

results were replicated using an inducible, demyelinating cuprizone model which is known 

to induce a DAM phenotype. Utilizing spatial transcriptomics approaches to identify 
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tdTomato+ cells, we found that DAMs specifically labelled by our model have increased 

disease and inflammatory gene expression compared to other microglial populations, 

including when compared to other PAMs that are not labelled. This model can specifically 

target and manipulate DAMs and underlines the importance of targeted approaches when 

studying microglia in AD. 

Chapter 3: Selective targeting and modulation of plaque associated microglia via 

systemic dendrimer administration in an Alzheimer’s disease mouse model 

Identifying approaches to specifically target PAMs without interfering in the homeostatic 

functions of non-plaque associated microglia would afford a powerful tool and potential 

therapeutic avenue. While Chapter 2 developed a model to understand the relative 

contributions of DAMs/PAMs in AD, we need to develop ways to potentially target this 

population therapeutically. Here, we identified that peripherally administered drug 

delivering nanomolecules called polyamidoamine (PAMAM) hydroxyl dendrimers can 

cross the blood brain barrier and are preferentially taken up by PAMs in a mouse model 

of AD. As proof of principle for biologically active payload delivery, we conjugated the 

tyrosine kinase inhibitor, Dasatinib, to these dendrimers (D-45113) and treated the 5xFAD 

mouse model of amyloidosis for 4 weeks via peripheral administration. Treatment resulted 

in significant reductions in amyloid-beta (Aβ) and a stark reduction in the number of 

microglia in the subiculum and somatosensory cortex, as well as a downregulation in 

microglial, inflammatory, and synaptic gene expression compared to vehicle treated 

5xFAD mice. This Chapter demonstrates that systemic administration of hydroxyl 

dendrimers may be utilized as a payload delivery tool to target and modulate PAMs and 

provides proof of principle that these dendrimers have therapeutic capability in the brain.  
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Introduction 

Alzheimer’s disease pathology 

Alzheimer’s disease (AD) is the most prevalent age-related neurodegenerative disease, 

impacting more than 10% of the population aged 65, and 50% aged 85 and older [62]. 

Additionally, AD cases are expected to triple by 2050 [63]. Thus, it is essential to 

understand the mechanisms underlying the disease so we can develop effective 

therapies against it. AD is classically characterized by the presence of extracellular 

plaques comprised of amyloid-beta (Aβ) and intracellular neurofibrillary tangles 

comprised of tau. A central theory in the field revolves around Aβ and is known as the 

amyloid cascade hypothesis. Here, it is hypothesized that the presence of aggregated Aβ 

initiates common effects associated with AD, such as, neuroinflammation, tau 

hyperphosphorylation, and synaptic and neuronal loss [60]. In line with this theory, 

amyloid deposits have been shown to present decades before the cognitive deficits 

associated with AD [132]. Recently, several landmark immunotherapy clinical trials have 

shown that clearance of Aβ from the human brain leads to very little to modest, yet 

impactful, rescue in the cognitive decline of AD patients, indicating that while Aβ is an 

important hallmark in AD, it may not be the only key factor in disease outcomes [21, 181, 

195]. Of note, tau pathology is observed following Aβ deposition and is more closely 

correlated with neurodegeneration than amyloid pathology [140]. In preclinical models, 

tau immunotherapy has shown promise in clearing tau and preventing tau seeding in the 

murine brain while rescuing cognitive impairment in multiple tauopathy mouse models [2, 

19, 89, 175] and several clinical trials are underway targeting tau in human AD patients. 
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Along with Aβ plaques and tau tangles, another critical component of AD, which has 

recently garnered more attention, is the chronic neuroinflammatory response by microglia 

and astrocytes [1]. All these key pathological hallmarks collectively lead to brain 

degeneration which manifests as memory impairments and behavioral changes in 

affected patients. The importance of treating this disease at its earliest stages cannot be 

understated, as patients with mild cognitive impairment (MCI) present substantial Aβ and 

tau accumulation, inflammation, and neuronal loss [136]. 

Microglial homeostasis  

Microglia, the brain’s resident immune cells, comprise approximately 5-12% of all brain 

cells. In the healthy adult brain, microglia are highly dynamic and constantly survey the 

entirety of the brain [142]. As surveyors, microglia exhibit a ramified morphology, 

supporting neuronal function by secreting factors which promote tissue homeostasis. 

However, once microglia detect insult or injury in the brain parenchyma, they transform 

from a ramified morphology into an amoeboid morphology. These “activated” microglia 

secrete proinflammatory cytokines, including, tumor necrosis factor-⍺ (TNF⍺), interleukin 

(IL)-6, and nitric oxide (NO) [1]. In acute neuroinflammatory events, the proinflammatory 

microglial response resolves, microglial morphology is reverted back to a ramified state, 

and neuroimmune regulatory proteins (NiReg) such as insulin-like growth factor 1 (IGF-

1), brain-derived neurotrophic factor (BDNF), transforming-growth factor-β (TGF-β), and 

nerve growth factor (NGF) resolve the inflammatory process [157]. However, 

neurodegenerative diseases such as AD induce chronic changes in microglia, creating 

an inflammatory feed-forward mechanism which promotes tissue atrophy.  

Microglia in Alzheimer’s disease 
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Over one-hundred years ago, Alois Alzheimer identified plaque-associated microglia 

(PAMs) in post-mortem brains [3]. Studies have shown microglial number increases 

proportionally to plaque size [203] and microglia proliferate at amyloid deposits[18, 42]. 

Additionally, PAMs encircle plaques and regulate plaque dynamics in AD mice [17, 27, 

184]. Importantly, evidence from positron emission tomography (PET) imaging suggests 

microglial activation occurs well before clinical symptoms of cognitive decline in patients 

[56, 207]. Altogether, these data implicate microglia as key participants in AD, particularly 

in pathology focused around Aβ plaques. This idea is bolstered by genome wide 

association studies which show that single nucleotide polymorphisms of genes highly 

enriched or exclusively expressed in myeloid cells confer heightened risk of developing 

AD, including TREM2, CD33, CR1, CLU, EPHA1, CST7, and ABCA7 [58, 81, 101, 103, 

188].  

The role of microglial inflammation in AD progression is well documented. When microglia 

are exposed to Aβ, proinflammatory cytokines including IL-1β, IL-6, TNFα, TGF-β, and 

chemokines such as macrophage inflammatory proteins (MIP)-1a, 1b, -2, and chemokine 

(C-C Motif) ligand 2 (CCL2) are released in an attempt to facilitate Aβ clearance [1]. 

However, attempts by microglia to degrade and clear amyloid plaques from the AD brain 

is futile, as plaques endure in the brain even with microglia constantly surrounding them. 

As a consequence of this inability to clear amyloid plaques, surrounding cells endure 

chronic neuroinflammation for the duration of the disease. This neuroinflammatory 

environment is, in part, built upon microglia-derived neurotoxic factors including TNF-α, 

NO, IL-1β, and ROS [118]. Knockout of NLRP3 – a major contributor to 

neuroinflammatory insult in the CNS produced by microglia [53]– mitigates inflammatory 
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signaling, decreases deposition of Aβ, restores synaptic plasticity, and improves cognitive 

function in APP/PS1 mice [66]. Moreover, the secretion of IL-1, TNF-, and C1q by 

microglia induces astrocyte reactivity, which further promotes neuronal and 

oligodendrocytic cell death [113]. Altogether, these data indicate that the chronic 

microglial inflammatory response drives neurodegeneration in AD while doing relatively 

little to clear Aβ plaques from the brain. 

Microglial regulation of Aβ plaques 

Traditionally, microglia were believed to clear Aβ deposits from the brain via phagocytosis 

of Aβ-fibrils [149], however elimination of microglia from plaque bearing mice does not 

result in increased A or plaque levels [185], and switching off APP expression in mice 

after the formation of plaques does not result in their degradation by surrounding microglia 

[80]. In vitro and in vivo studies have shown that microglia do, in fact, maintain the 

capacity to internalize Aβ [65, 96, 97, 112, 151, 152, 184, 202]. However, microglia may 

retain fibrillar Aβ for weeks without degrading the Aβ peptides [151] and primary mouse 

microglia have been shown to release fibrillar Aβ after they have internalized it [26]. 

Interestingly, microglia stimulated with macrophage colony-stimulating factor (M-CSF), 

gamma oscillations, ultrasound, and IL-33, enable them to efficiently degrade fibrillar Aβ 

[44, 76, 107, 121]. Taken together, these studies suggest that Aβ plaque formation may 

be a consequence of microglia’s inability to efficiently degrade Aβ. 

Recently, the relationship between Aβ and microglia has been further explored. Our lab 

has shown that the sustained elimination of microglia through Colony stimulating factor 1 

receptor (CSF1R) inhibition prior to plaque onset leads to a significant reduction in total 

plaque development. Instead Aβ is found to accumulate within the blood vessels as CAA 
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at early stages of disease in 5xFAD mice, an aggressive model of AD [184]. Additionally, 

we only observe plaques in regions where surviving microglia persist. At more advanced 

stages of AD pathology and plaque deposition, the elimination of microglia still prevents 

both synaptic and neuronal loss despite there being no change in plaque number or 

volume, suggesting that these cells are key mediators of the detrimental effects of plaque 

pathology in disease once they form [185]. Furthermore, our lab and others have shown 

that low-dose CSF1R inhibition in AD (at doses that do not kill microglia) can inhibit 

microglial association with plaques. In doing so, mice exhibit improved cognition, synaptic 

integrity, and the resolution of inflammation in several mouse AD models [31, 146] 

suggesting that microglia have a role in driving plaque pathogenesis and worsening 

synaptic function in AD mouse models. 

Plaque-associated microglia in Alzheimer’s Disease 

Following our observation that microglia are necessary for plaque formation, we 

hypothesized that microglia would phagocytose Aβ produced by neurons, and then 

shuttle it into their lysosomes where it could concentrate and aggregate, given the inability 

for microglia to effectively degrade Aβ.  We postulated that this material could be the initial 

seed for extracellular plaques, after being released from the microglia.  In support of our 

hypothesis, knock-out of microglial phagocytic mediators AXL and MERTK, which are 

upregulated by PAMs in the AD brain [94], reduces parenchymal plaque deposition and 

increases CAA, further suggesting that microglial phagocytosis of Aβ may serve as a 

potential mechanism for plaque deposition in the brain [73]. If PAMs are the main 

phagocytic cell in the brain interacting with Aβ, then targeting these specific cells is crucial 
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to determine the mechanism of plaque deposition and homeostasis. Thus, it is necessary 

to target microglial genes associated with microglial-plaque interaction. 

One such gene which is responsible for the PAM response is Apolipoprotein E (ApoE), 

which encodes a glycoprotein normally involved in lipid transport. In humans, APOE is 

expressed as three different isoforms, APOE*ε2, APOE*ε3, and APOE*ε4, with 

APOE*ε3/APOE*ε3 being the most common variant. Importantly APOE is one of the 

earliest and most impactful genetic risk determinants in late-onset AD [29, 48, 103] with 

APOE*ε4 associated with an increase in AD risk [29, 171], with individuals carrying two 

copies of the APOE*ε4 allele being even higher at risk, and APOE*ε2 associated with a 

decreased risk in AD [28, 37, 161], but an increased risk in CAA, kidney disease, 

hypercholesterolemia, and cancer [93, 141, 147, 167, 211].  In mice, there are no 

separate isoforms of ApoE, but similar to in humans, ApoE can directly interact with Aβ 

peptides and form an Aβ/ApoE complex [102]. These complexes are subsequently 

phagocytosed by microglia through interactions with Low density lipoprotein receptor-

related protein 1 (LRP1) or Triggering receptor expressed on myeloid cells 2 (TREM2) [8, 

10, 91, 208]. When ApoE is knocked out of the mouse brain, plaque deposition is 

lessened, implicating ApoE, and the receptors it binds to, in plaque formation, possibly 

due to lessened uptake of Aβ through LRP1 and TREM2 in microglia [11, 70, 194]. While 

these studies have helped uncover the importance of ApoE in AD, the importance of 

microglial-expressed ApoE in AD has yet to be determined. Under normal conditions in 

the mouse brain, ApoE Is primarily produced by astrocytes [20, 156]. However, in AD, 

microglial Apoe mRNA and snRNA are highly enriched [94, 126, 155, 160] while snRNA 

levels of astrocytic Apoe are downregulated [126]. In this proposal, we examine the 
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effects of constitutive microglial-specific ApoE knock-out on AD pathogenesis and 

homeostasis in 5xFAD mice. Our results will lend insight to the mechanisms behind 

microglia’s involvement in plaque pathogenesis and homeostasis.  

Another gene which is crucial to the microglial response to Aβ is Trem2 and its direct 

downstream effector, Tyrobp. Single cell RNA sequencing studies have found 

heterogenous subsets of microglia in AD, demarcated by the expression of genes such 

as Trem2 and Tyrobp that conventionally differentiate between disease- vs non-disease-

associated microglia (DAM), which in AD roughly correspond to plaque- and non-plaque-

associated microglia (PAM and NPAM) respectively [94]. When the TREM2 receptor at 

the microglial cell membrane is contacted by ApoE or Aβ, subsequent phosphorylation of 

TYROBP occurs, leading to modulation of downstream inflammatory signaling and 

phagocytic pathways [52]. However, it is unknown whether induction of this pathway in 

microglia in response to Aβ is overall beneficial or harmful to disease outcome, with many 

studies yielding contradicting results, indicating there may be both harmful and beneficial 

roles [51, 52, 85, 86, 105, 106, 153, 200]. For example, when Trem2 is knocked out in a 

mouse model of AD, microglia fail to mount an inflammatory response to Aβ plaques, and 

yet there is an increase in amyloid seeding in the brain, worsened neuritic damage, and 

greater cognitive impairments [153, 201]. Additionally, TREM2 overexpression rescues 

spatial cognitive impairments and lowers neuronal and synaptic loss in a mouse model of 

tauopathy [87]. On the other hand, a TREM2 knockout in a different tauopathy model 

instead ameliorates disease-related neurodegeneration and pro-inflammatory cytokine 

induction [110] and deletion of the downstream Tyrobp gene, which prevents microglia 

from mounting a response to plaques, leads to decreased brain Aβ levels and improved 
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spatial memory in the APP/PSEN1 mouse model of AD [61]. Outside of AD, TREM2 is 

necessary under homeostatic conditions to phagocytose apoptotic neurons, cellular 

debris, and bacterial products [47, 71, 137, 189]. Additionally, inhibitory variants in the 

Trem2 gene in humans have been linked with Nasu-Hakola disease, presenting with early 

dementia and bone cysts with fractures [206], thereby suggesting that the global knockout 

of TREM2 as utilized in the above studies induces neurodegeneration that may confound 

proper interpretations of its effects in AD. 

The studies mentioned above have contributed to our understanding of PAMs in AD. 

However, the question is still outstanding: Are PAMs beneficial or harmful in AD, and is it 

disease stage dependent? One reason this question has eluded us is due to our inability 

to specifically target these cells in AD. To tease apart these effects, we propose to create 

and use selective genetic and pharmacological models to specifically target, identify, and 

manipulate subsets of disease microglia and determine the direct link between microglia 

(or microglial subsets) and Aβ plaques as it relates to disease progression. 
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Chapter One: 
 

Determine the role of microglial-specific ApoE in AD pathogenesis and 

homeostasis 

 

 

Introduction 

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease and clinically 

manifests as memory and cognitive deficits in affected patients. A key hallmark of the 

disease is the progressive accumulation of amyloid-β (Aβ) plaques throughout the brain, 

culminating in synaptic and neuronal loss [59, 79]. Although the mechanisms behind the 

emergence of AD are currently unknown, microglia have consistently been shown to play 

a key role in the disease as suggested by Genome Wide Association Studies which show 

that single nucleotide polymorphisms of genes highly enriched or exclusively associated 

with myeloid cells confer heightened risk of developing AD [58, 81, 101, 103, 188].  

Normally involved in immune surveillance and debris clearance, microglia actively 

regulate plaque morphology (e.g. compaction) by clustering around Aβ plaques in 

multiple mouse models of AD [17, 27]. A possible avenue by which microglia interact with 

A plaques involves Apolipoprotein E (ApoE) - a glycoprotein normally involved in lipid 

transport. APOE is considered a major genetic risk determinant in late-onset AD [29, 48, 

103] with three isoforms of APOE (APOE*ε2, APOE*ε3, and APOE*ε4) being expressed 

in the human brain. APOE*ε4 carriers have an increased risk to develop AD [29, 171] 

while APOE*ε2 carriers have a decreased risk [28, 37, 161]. Studies looking into 

APOE*ε4 effects on AD pathology revealed exacerbated plaque deposition [22, 115, 158, 

173, 191] and synaptic degeneration and synaptic protein loss in postmortem AD patients 

[5, 117] and mice [114, 210], along with increased microglial reactivity to A plaques [164], 
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and increased proinflammatory RNA signature [180]. APOE*ε2 on the other hand is 

associated with reduced numbers of neuritic plaques [176].  

With regards to the proposed mode of action by which ApoE may be affecting Aβ 

deposition, ApoE can directly interact with Aβ peptides and form an Aβ/ApoE complex 

[102]. These complexes are subsequently phagocytosed by microglia through 

interactions with Low density lipoprotein receptor-related protein 1 (LRP1) or Triggering 

receptor expressed on myeloid cells 2 (TREM2) [8, 10, 91, 208]. Our lab and others have 

shown ApoE immunoreactivity in dense core plaques as well as in microglial processes 

around the plaque cores [184, 193], perhaps indicative of the interactions described in 

the studies above.  Additionally, microglial depletion in the plaque-laden 5xFAD mouse 

model of AD reduces plaque load [184], suggesting that ApoE-microglia interaction may 

influence microglia-plaque interaction and plaque formation. This finding has been 

recently replicated with knock-out of the phagocytic mediators Axl and Mertk, resulting in 

reduced parenchymal plaque deposition and increased cerebral amyloid angiopathy 

(CAA), collectively suggesting that microglia play a critical role in plaque formation [73]. 

Similarly, previous ApoE knock-out studies demonstrated a reduction in Aβ plaque load 

and synaptic proteins [11, 70, 114, 194, 210], as well as a rescue in the microglial 

homeostatic signature [99], suggesting a critical link between microglia and ApoE in 

disease pathogenesis.  

Although ApoE has been extensively studied in AD, the importance of microglial-

expressed ApoE in AD has yet to be determined. Under normal conditions in the mouse 

brain, ApoE is primarily produced by astrocytes, with very little expression seen in 

microglia [20, 156, 215, 216]. However, in AD, microglial Apoe mRNA and single nuclei 
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RNA are highly enriched [94, 126, 155, 160] while single nuclei RNA levels of astrocytic 

Apoe are downregulated [126]. Hence, the ApoE that is expressed by microglia should 

be coming from the disease/ plaque associated microglial (PAM) population. Here, we 

examine the effects of constitutive PAM specific ApoE knock-out, which we will call 

microglial expressed ApoE knock-out, on AD pathogenesis and homeostasis in 5xFAD 

mice. In 4-month-old mice, microglial-specific ApoE knock-out has no effect on plaque 

formation, Aβ production, or microglial and astrocytic number. At 12 months of age, the 

average plaque size in the hippocampus is ~35% larger than in 5xFAD controls, but found 

no differences in microglial interaction with plaques, nor microglial and astrocytic 

numbers. However, there was a reduction in microglial homeostatic marker P2ry12 

intensity in microglial-expressed ApoE knock-out, 5xFAD, and 5xFAD microglial-

expressed ApoE knock-out groups when compared to controls. Interestingly, ApoE-intact 

mice have significantly higher levels of pre- and post-synaptic markers when compared 

to mice with microglial-expressed ApoE depleted, 5xFAD mice, and 5xFAD mice with 

microglial-expressed ApoE depleted. Although modest changes in plaque size and 

synaptic proteins are observed, few RNA expression changes are observed; however, 

weighted gene co-expression analysis (WGCNA) indicates that neuronal networks 

downregulated in 5xFAD mice may be preserved with microglial-specific ApoE knock-out. 

While we show microglial-expressed ApoE is absent from our mouse model, ApoE protein 

still colocalizes with microglia and the surrounding plaques. Our findings indicate that 

microglial-expressed ApoE may not be necessary for the microglial response to Aβ 

plaques and that other sources of ApoE may be sufficient to induce microglial 

transcriptional changes in AD.  
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Methods 

Animals 

All animal experiments performed in this study were approved by the UC Irvine 

Institutional Animal Care and Use Committee (IACUC) and were compliant with ethical 

regulations for animal research and testing. The 5xFAD mouse expresses 5 familial AD 

genes (APP Swedish, Florida, and London; PSEN1 M146L +L286V) [144] and is 

characterized by aggressive amyloid pathology throughout the brain and synaptic and 

neuronal loss in the subiculum. The following primers were used to genotype these 

animals: PS1 Forward 5′ - AAT AGA GAA CGG CAG GAG CA – 3′ and PS1 Reverse 5′ 

- GCC ATG AGG GCA CTA ATC AT – 3′. To generate Apoe knock-out specifically in 

myeloid cells, the following mice were obtained from Jackson Laboratory: Csf1r-cre 

(C57BL/6Tg(Csf1r-cre)1Mnz/J; Stock No: 029206) and Apoefl/fl (B6.129S6-

Apoetm1.1Mae/MazzJ; Stock No: 028530). Progeny from Apoefl/fl, Csf1r-cre, and 5xFAD 

mice were used to produce four groups of interest. Each group of interest consisted of 

nearly equal numbers of male and female mice. For genotyping Csf1r-cre, the following 

primers were used: Forward 5′ - AGA TGC CAG GAC ATC AGG AAC CTG – 3′ and 

Reverse 5′ - ATC AGC CAC ACC AGA CAC AGA GAT – 3′. For genotyping Apoefl/fl, the 

following primers were used:   Forward 5′ - GGC TTA GTG GGT AAA GGT GCT – 3′ and 

Reverse 5′ - GAC TAG GCA GGT GTG GAA TTA GA – 3′. All mice were sacrificed and 

perfused at either 4 or 12 months of age for this study. Half-brains were subsequently 

flash frozen for biochemical analyses or drop-fixed in 4% paraformaldehyde for 

immunohistochemical analyses. 4-month-old drop-fixed brains were sliced on a 

microtome and stored in a 1xPBS and .01% NaAzide solution at 4ºC. 12 month drop-fixed 



 
 

13 
 

brains were sliced using a microtome; however, they were then stored in a 1xPBS, 30% 

glycerol, and 30% ethylene glycol solution at -20ºC. This allowed for the preservation of 

RNA in our 12-month tissue which we used for RNA in situ hybridization.  

Immunohistochemistry 

Primary antibodies and dilutions are used as follows: anti-ionized calcium-binding adapter 

molecule 1 (IBA1; 1:1000; 019–19741; Wako, Osaka, Japan), anti-Aβ1–16 (6E10; 

1:1000; 803001; BioLegend), PU.1 (1:500; 2266S, Cell Signaling), CD68 (1:200; 

MCA1957T; BioRad), anti-lysosomal associated membrane protein 1 (LAMP1; 1:200; sc-

20011), anti-S100β (1:200; ab52642; Abcam), anti-glial fibrillary protein (GFAP; 1:1000; 

ab4674; Abcam), anti-P2ry12 (1:200; HPA014518; Sigma), anti-Apolipoprotein E (ApoE; 

1:200; ab19606; Abcam) Synaptophysin (1:1000; S5768; Millipore), PSD95 (1:500; 

ab18258; Abcam). Amylo-Glo (TR-300-AG; Biosensis, Thebarton, South Australia, AU) 

was used according to manufacturer’s instructions to visualize fibrillar Aβ plaques. For 

Amylo-Glo staining, tissue sections were washed in 70% ethanol 1X5 minutes, followed 

by a 1X2 minute wash in distilled water. Sections were then 1% Amylo-Glo solution for 

1X10 minutes then washed with .9% saline for 1x5 minutes and distilled water for 1X15 

seconds. Sections were then briefly rinsed in 1XPBS and immersed in normal serum 

blocking solution (5% normal serum with 0.2% Triton-X100 in 1XPBS) for 60 minutes. 

Tissue was then incubated overnight in primary antibody at the dilutions described above 

in normal serum blocking solution at 4 degrees Celsius. The next day tissue sections were 

washed in 1XPBS 3X10 minutes before being placed in appropriate secondary antibody 

in normal serum blocking solution (1:200 for all species and wavelengths; Invitrogen) for 

60 minutes. Tissue sections were then washed for 3X10 minutes in 1XPBS before tissue 
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was mounted and coverslipped. High resolution fluorescent images were obtained using 

a Leica TCS SPE-II confocal microscope and LAS-X software. To capture whole brain 

stitches, automated slide scanning was performed using a Zeiss AxioScan.Z1 equipped 

with a Colibri camera and Zen AxioScan 2.3 software.  

In Situ Hybridization 

RNAscope In Situ Hybridization was performed following manufacturer’s instructions. 

Mounted tissue sections were warmed on a 40ºC hot plate for 15 minutes and then 

dehydrated with 50%, 70%, and 100% ethyl alcohol for 5 minutes at each gradient, 

followed by hydrogen peroxide (Cat No.322335 ACDBio) treatment for 10 minutes. After 

washing the tissue with Deionized (DI) water, tissue sections were placed in boiling Target 

Retrieval Reagent (Cat No.322380 ACDBio) for 15 minutes and then immediately 

transferred to DI water. Slides were then blocked in Protease III (Cat No.322337 ACDBio) 

for 30 minutes at 40 ̊C. Apoe probe (Cat No. 313271-C2) was then added for 2 hours at 

40 ̊C within a humidity control chamber. Signal amplification and detection reagents (Cat 

No.322310 ACDBio) were applied sequentially and incubated in AMP 1, AMP 2, and AMP 

3 for 30 minutes each. Before adding each AMP reagent, samples were washed twice 

with washing buffer (Cat NO.310091 ACDBio). Respective HRPs were placed on slides 

for 15 minutes at 40 C̊ followed by 30 minutes of respective Opal dye (FP1487001KT 

Akoya Biosciences) for 30 minutes at 40 ̊C and HRP blocker for 15 minutes at 40 ̊C. 

Aβ Elisa 

To isolate protein for the Elisa, flash-frozen brain hemispheres were microdissected into 

cortical, hippocampal, and thalamic regions and grounded to a powder. Tissue was then 

homogenized in Tissue Protein Extraction Reagent (TPER (Life Technologies, Grand 
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Island, NY)) with protease and phosphatase inhibitors present. Samples were then 

centrifuged at 100,000 g for 1 hour at 4 °C to generate TPER-soluble fractions. To 

generate formic acid fractions, protein pellets from the TPER-soluble fraction were then 

homogenized in 70% formic acid and centrifuged at 100,000 g for 1 hour at 4 °C, the 

formic acid fraction is then neutralized. Isolated protein samples were transferred to a 

blocked MSD Mouse (4G8) Aβ triplex ELISA plate (Aβ1–38, Aβ1–40, Aβ1–42) and 

incubated for two hours at room temperature with an orbital shaker. The plate was then 

washed, and measurements were obtained using a SECTOR Imager 2400, per the 

manufacturer’s instructions (Meso Scale Discovery, Gaithersburg, MD).  

RNA Sequencing 

Whole transcriptome RNA sequencing (RNA-Seq) libraries were produced from 

hippocampal tissue of Control, Csf1r-Apoe-KO, 5xFAD, and 5xFAD/Csf1r-Apoe-KO mice 

sacrificed at 4 and 12 months of age. RNA was isolated with an RNA Plus Universal Mini 

Kit (Qiagen, Valencia, USA) according to the manufacturer’s instructions. Library 

preparation, RNA-seq, and read mapping analysis were performed by Novagene Co. 

Gene expression was analyzed using Limma, edgeR, and org.Mm.eg.db packages [163] 

with expression values normalized into FPKM (fragments per kilobase of transcript per 

million mapped reads). Differentially-expressed genes were selected by using false 

discovery rate (FDR) <0.05. Heatmaps were created using Morpheus (Morpheus, 

https://software.broadinstitute.org/morpheus) and volcano plots were created using 

VolcaNoseR [49].  

Weighted correlation network analysis: Network analysis was performed using weighted 

gene co-expression analysis (WGCNA) package in R [213]. First, bi-weighted mid-
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correlations were calculated for all gene pairs, and then used to generate an eigengene 

network matrix, which reflects the similarity between genes according to their expression 

profiles. This matrix was then raised to power β (β=16). Modules were defined using 

specific module cutting parameters (minimum module size = 100 genes, deepSplit = 4 

and threshold of correlation = 0.2). Modules with a correlation greater than 0.8 were 

merged. We used first principal component of the module, called signed bicor network, to 

correlate AD genotype, sex, and Apoe genotype. Hub genes were defined using intra-

modular connectivity (kME) parameter of the WGCNA package. Gene enrichment 

analysis: Gene-set enrichment analysis was done using enrichR [100]. 

Data Analysis and Statistics 

Both male and female mice were used in all statistical analyses. Plaque, microglial, S100β 

astrocyte, PSD95, and Synaptophysin counts were measured via the spots function and 

plaque volume, Lamp1 area, and 6E10 volume and P2ry12 intensity were measured via 

the surfaces function on Imaris version 9.6. GFAP and Cd68 % area were measured via 

Image J. 1 FOV was used per animal per brain region for each analysis listed above. 

Microglial and astrocytic colocalization to Apoe RNA, and microglial and plaque 

colocalization to ApoE protein was measured using the colocalization function followed 

by the surfaces function in Bitplane Imaris 9.6. The colocalization function created a new 

channel which showed colocalized signal and the subsequent surface function then 

measured the volume of the total signal in the channel. The total volume was then 

normalized to the total volume of IBA1, GFAP or Amylo-Glo for microglia, astrocytes, and 

plaques, accordingly. Statistical analysis was accomplished using Prism GraphPad 

(v9.0.0). To compare two groups, the unpaired Student’s t-test was used. To compare all 
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four groups at a single timepoint or in a single brain region, one-way ANOVA with Tukey’s 

multiple comparison correction was performed. To compare all four groups at either 

different timepoints or brain regions, two-way ANOVA with Tukey’s multiple comparison 

correction was used. For all analyses, statistical significance was accepted at p < 0.05. 

and significance expressed as follows: *p < 0.05, **p< 0.01, ***p < 0.001.   

 

Results 

Microglial-specific ApoE knock-out does not significantly alter gene expression in 

mice 

To determine the role of microglial-expressed ApoE in AD pathogenesis we undertook a 

strategy to specifically knock-out Apoe from microglia in 5xFAD mice. To that end, we 

utilized a Cre mouse driver line targeting colony stimulating factor 1 receptor (Csf1r) 

expressing cells (Csf1r-cre); Csf1r is exclusively expressed by microglia in the adult brain, 

and produces >95% recombination when combined with reporter lines [185]. Csf1r-cre 

mice were bred with the 5xFAD mouse model of AD and Apoefl/fl mice (Fig. 1.1a, a’). Four 

groups were created for all subsequent analyses:  Apoefl/fl (Control), Csf1r-cre/Apoefl/fl 

(Csf1r-Apoe-KO), 5xFAD+/-/Apoefl/fl (5xFAD), and 5xFAD+/-/Csf1r-cre/Apoefl/fl 

(5xFAD/Csf1r-Apoe-KO). Mice were sacrificed at 4 and 12 months of age to observe 

changes in early and late stage 5xFAD pathology. To confirm successful knock-out of 

microglial-expressed ApoE, we performed in situ hybridization via RNAscope for Apoe 

mRNA on 12-month-old mice (Fig. 1.1b). Notably, microglial-expressed ApoE was highly 

upregulated in 5xFAD mice but was nearly absent in 5xFAD/Csf1r-Apoe-KO mice (Fig. 

1.1C). Apoe colocalized with GFAP+ astrocytes in the hippocampus, however; Control 
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and Csf1r-Apoe-KO mice had significantly higher levels of GFAP-Apoe colocalization 

than 5xFAD and 5xFAD/Csf1r-Apoe-KO mice (Fig. 1.1d). These results confirm that 

microglia express ApoE in 5xFAD mice, and that ApoE expression in microglia is 

successfully knocked-out with the addition of the Csf1r-cre driver. We performed bulk-

tissue RNA sequencing of microdissected hippocampi from Control and Csf1r-Apoe-KO 

mice to determine if deletion of Apoe from microglia would result in unexpected broad 

effects on hippocampal gene expression at 4 and 12 months of age (Fig. 1.1e, f). We 

found only 7 differentially expressed genes (Gm9825, Hmga1b, Atp6v0c-ps2, Rps2-ps10, 

Gm14292, Gm11361) between Control and Csf1r-Apoe-KO mice at 12 months of age, 

indicating the loss of microglial-expressed ApoE does not broadly alter gene expression 

in the brain. Of these genes, there are 5 pseudogenes, 1 predicted gene (Gm11361), and 

1 gene, Hmga1b, that encodes a non-histone chromatin protein involved in gene 

transcription and can interact with p53 to inhibit apoptotic activity [154].  
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Figure 1.1: Csf1r-cre Apoefl/fl mouse model specifically knocks-out microglial-expressed ApoE with 

few changes in hippocampal gene expression. Schematic of experimental design (a). Mice homozygous 

for Apoefl/fl are crossed with mice that are heterozygous for 5xFAD and Csf1r-cre, and homozygous for 

Apoefl/fl to create four groups of interest (all groups are Apoefl/fl): Control, Csf1r-Apoe-KO, 5xFAD, and 

5xFAD/Csf1r-Apoe-KO. Mice were sacrificed at 4 and 12 months of age for subsequent analysis. 
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Representative 63x images of IBA1 and GFAP immunofluorescence with Apoe in situ hybridization (b). 

Microglial Apoe is significantly upregulated in 12-month-old 5xFAD (n=11) mice but is depleted in 

5xFAD/Csf1r-Apoe-KO (n=6) mice in the hippocampus (c). GFAP+ astrocytic Apoe is present at high levels 

in 12-month-old Control (n=7) and Csf1r-Apoe-KO (n=7) mice, but significantly reduced in 5xFAD (n=11) 

and 5xFAD/Csf1r-Apoe-KO (n=6) mice in the hippocampus (d). Volcano plot comparing differentially 

expressed genes in the hippocampus between Control (4 months n=8; 12 months n=3) and Csf1r-Apoe-

KO (4 months n=5; 12 months n=7) groups shows few genes are differentially expressed with microglial-

expressed ApoE knock-out in 4- and 12-month-old mice (e, f). Statistical analysis for c, d used a one-way 

ANOVA with Tukey’s multiple comparisons correction. Significance indicated as * p< 0.05; ** p < 0.01; *** 

p < 0.001; **** p < 0.0001; # 0.05 < p < 0.1. 

 

Microglial-specific ApoE knock-out significantly increases plaque volume in aged 

5xFAD mice 

We next investigated the role of microglial-expressed ApoE in plaque formation and 

homeostasis by performing immunohistochemistry (IHC) using Amylo-Glo (amyloid-

specific dye for dense core plaques), and 6E10 (APP/A; Fig. 1.2a, b). At 4- and 12-

months of age, we found no differences in dense core plaque counts between 5xFAD and 

5xFAD/Csf1r-Apoe-KO mice in the hippocampus or somatosensory cortex (Fig. 1.2c, d). 

However, 12-month-old mice lacking microglial-expressed ApoE had larger dense core 

plaques in the hippocampus compared to 5xFAD mice with intact microglial-expressed 

ApoE (P < .01) (Fig. 1.2e, f). No differences were seen in 6E10+ diffuse plaques between 

5xFAD and 5xFAD/Csf1r-Apoe-KO mice (Fig. 1.2g).  Notably, no CAA was observed in 

5xFAD mice, nor was CAA induced in 5xFAD/Csf1r-Apoe-KO mice (Supp. Fig. 1.1a). No 

differences in insoluble or soluble Aβ1-40 and Aβ1-42 were seen between 5xFAD and 

5xFAD/Csf1r-Apoe-KO mice at both 4 and 12 months of age, indicating that microglial-

expressed ApoE may not contribute to overall Aβ levels in the mouse brain (Fig. 1.2h-k). 

Importantly, for all analyses above there were no significant sex differences. Altogether, 

microglial-specific ApoE knock-out modestly affects plaque size, but not number of Aβ 

plaques or overall Aβ load. 
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Figure 1.2: Microglial-specific ApoE knock-out increases average plaque size while plaque number 

and Aβ levels are unchanged in a 5xFAD mouse model. Representative 20x images of Amylo-Glo 

(dense-plaque core) dye staining and 6E10 (diffuse amyloid plaques) immunofluorescence in 12-month-

old 5xFAD and 5xFAD/Csf1r-Apoe-KO mice in the hippocampus (a) and somatosensory cortex (b). No 

difference in plaque number was seen in the hippocampus between 5xFAD (4months n=9; 12 months n=9) 

and 5xFAD/Csf1r-Apoe-KO (4 months n=7; 12 months n=6) mice (c) or somatosensory cortex (d). At 12 

months of age, plaque volume was significantly increased in 5xFAD/Csf1r-Apoe-KO mice in the 

hippocampus (e) but not in the somatosensory cortex (f). (g) No changes in diffuse Aβ volume (6E10) 

associated with microglial-expressed Apoe knock-out were observed in the hippocampus or somatosensory 

cortex. No differences in insoluble Aβ40 or Aβ42 were present between 5xFAD (4 and 12 months: n= 5-

6/brain region) and 5xFAD/Csf1r-Apoe-KO (4 and 12 months: n= 5-6/brain region) mice in the cortex, 

thalamus, or hippocampus at 4- (h) or 12-months (i) of age. Additionally, no difference in soluble Aβ40 or 

Aβ42 were observed between 5xFAD 5xFAD (4 and 12 months: n= 5-6/brain region) and 5xFAD/Csf1r-

Apoe-KO 5xFAD (4 and 12 months: n= 3-6/brain region) in all regions at 4- (j) and 12-months (k) of age. 

Statistical analysis used a two-way ANOVA with Tukey’s multiple comparisons correction. Significance 

indicated as * p< 0.05; ** p < 0.01; *** p < 0.001; # 0.05 < p < 0.1. 
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Supp. Figure 1.1: Microglial-specific ApoE knock-out results in no changes in cerebral amyloid 

angiopathy (CAA). Slide-scanned images of sliced half-brains show no traces of CAA in 5xFAD and 

5xFAD/Csf1r-Apoe-KO at both 4 and 12 months of age (a).  

 

Microglial number and plaque association are unaltered with microglial-specific 

ApoE knock-out 

Having demonstrated that microglial-specific ApoE knock-out has modest effects on 

plaque size, but not plaque number, we sought to determine the effect of Apoe knock-out 

on microglial and astrocytic number, as well as microglial association with Aβ plaques. 
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To assess microglial changes, we stained tissue from 4-month and 12-month-old mice 

with microglial markers IBA1 (Fig. 1.3a, b) and Pu.1 (Fig. 1.3a’, b’). As expected, 

microglial numbers increased in 5xFAD and 5xFAD/Csf1r-Apoe-KO mice compared to 

Control and Csf1r-Apoe-KO mice at both 4- and 12-months of age in the hippocampus 

(Fig. 1.3e). In the somatosensory cortex, we also observed an increase in microglial 

number in the 5xFAD groups compared to the WT groups at 12 months of age, but not at 

4 months of age (Fig. 1.3f). In both regions and at both timepoints, there were no 

differences in microglial number when comparing the 5xFAD with 5xFAD/Csf1r-Apoe-KO 

mice and Control with Csf1r-Apoe-KO mice, indicating that microglial-specific ApoE 

knock-out does not alter microglia number (Fig. 1.3e, f). Previously, microglia have been 

shown to actively regulate plaque compaction [17, 27, 184]. Having demonstrated that 

microglial-specific ApoE knock-out in 5xFAD mice resulted in significantly larger plaques, 

we sought to determine if Apoe deficient microglia were reacting differently to plaques. 

However, we found no difference in the number of plaque-associated microglia per µm of 

plaque diameter between our 5xFAD and 5xFAD/Csf1r-Apoe-KO mice in the 

hippocampus or somatosensory cortex, indicating microglial-expressed ApoE does not 

impact microglial presence around Aβ plaques (Fig. 1.3c, d). Overall, while we do see 

changes in plaque size in microglial-expressed ApoE deficient mice, no changes in 

microglia number or plaque association were observed.  
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Figure 1.3: No microglial or astrocytic changes associated with microglial-specific ApoE knock-out. 

Representative 20x images of Amylo-Glo dye staining and IBA1 (microglia) immunofluorescence in Control, 

Csf1r-Apoe-KO, 5xFAD, and 5xFAD/Csf1r-Apoe-KO mice at 4- (a) and 12-months (b) of age in the 

hippocampus. Additional Amylo-Glo staining and Pu.1 (microglia) immunofluorescence images of all groups 

at 4- (a’) and 12-months (b’) of age in the hippocampus. No difference in the number of microglia/plaque 

diameter (µm) was observed between 5xFAD (n=9) and 5xFAD/Csf1r-Apoe-KO (n=7) mice in the 

hippocampus (c) nor somatosensory cortex (d). Microglial number between Control and 5xFAD mice is 

increased at 12-months of age in but no differences in microglial number were seen between Control (4 

months n=5; 12 months n=4) and Csf1r-Apoe-KO (4 months n=5; 12 months n=3) or 5xFAD (4 months n=8 

; 12 months n=5) and 5xFAD/Csf1r-Apoe-KO (4 months n=4; 12 months n=4) mice in the hippocampus (e) 



 
 

26 
 

nor somatosensory cortex (f). Representative 20x images of Amylo-Glo dye staining and GFAP (reactive 

astrocytes) immunofluorescence in all four groups at 4- (g) and 12-months (h) of age in the hippocampus. 

Additional Amylo-Glo staining and S100β (astrocyte cell bodies) immunofluorescence images of all groups 

at 4- (g’) and 12-months (h’) of age in the hippocampus. We observed significant increases in GFAP 

percent area quantifications in 5xFAD (4 months n=8; 12 months n=10) and 5xFAD/Csf1r-Apoe-KO (4 

months n=7; 12 months n=6) groups compared to the Control (4 months n=7; 12 months n=8) and Csf1r-

Apoe-KO (4 months n=7; 12 months n=7) in the hippocampus (i) at 4 and 12 months of age, and in the 

somatosensory cortex (j) at 12 months of age. In both the hippocampus and somatosensory cortex, no 

differences in astrocyte percent area were seen between Control and Csf1r-Apoe-KO groups or 5xFAD and 

5xFAD/Csf1r-Apoe-KO groups. S100β astrocyte counts show no differences between Control and Csf1r-

Apoe-KO groups or 5xFAD and 5xFAD/Csf1r-Apoe-KO groups in the hippocampus (k) or somatosensory 

cortex (l). Statistical analysis used a two-way ANOVA with Tukey’s multiple comparisons correction and a 

two-tailed t-test for the microglia/plaque diameter (µm) quantification. Significance indicated as * p< 0.05; 

** p < 0.01; *** p < 0.001; # 0.05 < p < 0.1. 

 

To gauge if there were changes in microglial activation associated with microglial-specific 

ApoE knock-out, we stained tissue from 4-month and 12-month-old mice with Cd68, a 

marker for microglial lysosomes (Supp. Fig. 1.2a, b). At 4- and 12-months of age in the 

hippocampus (Supp. Fig. 1.2a, c) and somatosensory cortex (Supp. Fig. 1.2b, d) we 

found no significant changes in Cd68 percent area between 5xFAD and 5xFAD/Csf1r-

Apoe-KO mice. We next looked at homeostatic microglial marker P2ry12 and found a 

small but significant reduction in intensity when comparing the Control group with all other 

groups indicative of a loss of homeostatic function with disease, as expected, as well as 

with microglial-expressed ApoE knockout (Supp. Fig. 1.2e, f). Notably, this reduction was 

not further exacerbated with microglial-specific ApoE knock-out in tandem with AD 

pathology.  Given the absence of Apoe mRNA from 5xFAD/Csf1r-Apoe-KO mice, we 

stained for ApoE protein to investigate if plaque associated microglia were taking up ApoE 

from other cellular sources.  Colocalization of ApoE signal with either microglia or Amylo-

Glo (representing dense core plaques) revealed that both contained ApoE protein in 

5xFAD and 5xFAD/Csf1r-Apoe-KO mice (Supp. Fig. 1.2g-i). 
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Supp. Figure 1.2: P2ry12 intensity is reduced with microglial-specific ApoE knock-out. 

Representative 20x images of Amylo-Glo dye staining and IBA1 and Cd68 immunofluorescence in 12-

month-old 5xFAD and 5xFAD/Csf1r-Apoe-KO mice (a, b). No significant change in Cd68 percent coverage 

was observed between 5xFAD (4 months n=9; 12 months n=9) and 5xFAD/Csf1r-Apoe-KO (4 months n=7; 

12 months n=6) mice in the hippocampus (c) nor the somatosensory cortex (d). Representative 20x images 

of Amylo-Glo dye staining and P2ry12 immunofluorescence in the hippocampus in Control, Csf1r-Apoe-

KO, 5xFAD, and 5xFAD/Csf1r-Apoe-KO mice at 12 months of age (e). A significant reduction in P2ry12 

staining was observed in Csf1r-Apoe-KO (n=6), 5xFAD (n=10), and 5xFAD/Csf1r-Apoe-KO (n=5) mice 

compared to Control (n=6) mice (f). Representative 20x images of Amylo-Glo dye staining and IBA1 and 

ApoE immunofluorescence in 5xFAD and 5xFAD/Csf1r-Apoe-KO mice. IBA1+ApoE+ colocalized volume is 

unchanged between 5xFAD (n=4) and 5xFAD/Csf1r-Apoe-KO (n=3) mice (h) as is Amylo-Glo+ApoE+ 

colocalized volume (i). Statistical analysis used a two-way ANOVA with Tukey’s multiple comparisons 

correction for Cd68 % Area, a one-way ANOVA with Tukey’s multiple comparisons correction for P2ry12 

intensity, and a two-tailed t-test for the ApoE quantifications. Significance indicated as * p< 0.05; ** p < 

0.01; *** p < 0.001; # 0.05 < p < 0.1. 
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Under homeostatic conditions, astrocytes are the primary producer of ApoE in the mouse 

brain [20, 156, 215, 216]. We quantified astrocyte percent coverage and counts with 

GFAP and S100β, respectively (Fig. 1.3g, h). In the hippocampus, GFAP-positive 

astrocyte coverage was higher in 5xFAD and 5xFAD/Csf1r-Apoe-KO compared to Control 

and Csf1r-Apoe-KO mice at 4 and 12 months of age, as expected (Fig. 1.3i). The 

somatosensory cortex contained far less GFAP-positive astrocytes than in the 

hippocampus, however; GFAP-positive astrocyte coverage in 5xFAD/Csf1r-Apoe-KO 

mice was still significantly higher than in Csf1r-Apoe-KO mice at 12 months of age (Fig. 

1.3j). In both regions and timepoints, there were no differences in GFAP positive astrocyte 

coverage when comparing the 5xFAD with 5xFAD/Csf1r-Apoe-KO mice and Control with 

Csf1r-Apoe-KO mice (Fig. 1.3i, j). S100β astrocyte counts in the hippocampus were 

elevated in 5xFAD and 5xFAD/Csf1r-Apoe-KO compared to Control and Csf1r-Apoe-KO 

in 12-month-old mice (Fig. 1.3k), but no differences in S100β counts were found in the 

somatosensory cortex (Fig. 1.3l). Additionally, no differences were seen between 5xFAD 

and 5xFAD/Csf1r-Apoe-KO mice, and Control and Csf1r-Apoe-KO mice in either brain 

region (Fig. 1.3k, l). Importantly, for all analyses above there were no significant sex 

differences. Altogether, no changes in astrocyte number or coverage were observed with 

microglial-specific ApoE knock-out. 

Microglial-specific ApoE knock-out is associated with reductions in pre- and post-

synaptic markers 

Recent studies indicate that Trem2-dependent microglial plaque compaction attenuates 

neuritic dystrophy and that knock-out of Trem2 reduces the amount of plaque-associated 

ApoE [109, 153]. We sought to determine if the lack of microglial-expressed ApoE and 
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resultant increase in average plaque size in our 5xFAD/Csf1r-Apoe-KO would result in a 

change in dystrophic neurites. To that end, we observed a downward trend in Lamp1 

dystrophic neurites in the hippocampus between 5xFAD and 5xFAD/Csf1r-Apoe-KO 

groups (Fig. 1.4a-c; p=.076). To assess whether synaptic changes occurred with 

microglial-specific ApoE knock-out, we stained all groups with the post-synaptic marker, 

PSD95 (Fig. 1.4d, e), and presynaptic marker, Synaptophysin (Fig. 1.4h, i). Surprisingly, 

12-month-old mice had significant reductions in both PSD95 and Synaptophysin in Csf1r-

Apoe-KO, 5xFAD, and 5xFAD/Csf1r-Apoe-KO mice when compared to Control mice in 

both the hippocampus and visual cortex (Fig. 1.4f, g, j, k). No differences in synaptic 

markers were seen between 5xFAD and 5xFAD/Csf1r-Apoe-KO mice. These results 

suggest that microglial knock-out of ApoE drives reductions in synaptic puncta, however, 

synaptic puncta are not further reduced with microglial-specific ApoE knock-out in 

conjunction with AD pathology. 
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Figure 1.4: Microglial-specific ApoE knock-out induces pre- and post-synaptic reduction. 

Representative 20x images of Amylo-Glo dye staining and Lamp1 (dystrophic neurites) 

immunofluorescence in 12-month-old 5xFAD (n=8) and 5xFAD/Csf1r-Apoe-KO (n=6) mice in the 

hippocampus (a) and somatosensory cortex (b). No significant change in Lamp1 area/area of plaques (µm2) 

was observed in the hippocampus between both groups (c). Representative 63x images of post-synaptic 

marker, PSD95, immunofluorescence in Control, Csf1r-Apoe-KO, 5xFAD, and 5xFAD/Csf1r-Apoe-KO mice 

at 12 months of age in the hippocampus (d) and visual cortex (e). Inset image (d’) shows individual post-

synaptic puncta with each white dot representing one punctate. The number of PSD95 puncta was 
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significantly reduced in the Csf1r-Apoe-KO (HC n=6; vsCtx n=5), 5xFAD (HC n=8; vsCtx n=7), and 

5xFAD/Csf1r-Apoe-KO (HC n=5; vsCtx n=4) groups compared to the Control (HC n=6; vsCtx n=5) group 

in the hippocampus (f) and the visual cortex (g). Representative 63x images of pre-synaptic marker, 

Synaptophysin, immunofluorescence in all four groups in the hippocampus (h) and visual cortex (i). Like 

PSD95, the number of Synaptophysin puncta was significantly reduced in the Csf1r-Apoe-KO (HC n=6; 

vsCtx n=5), 5xFAD (HC n=7; vsCtx n=7), and 5xFAD/Csf1r-Apoe-KO (HC n=4; vsCtx n=4) groups 

compared to the Control (HC n=5; vsCtx n=6) group in the hippocampus (j) and the visual cortex (k). 

Statistical analysis used a one-way ANOVA with Tukey’s multiple comparisons correction and a two-tailed 

t-test for the Lamp1 quantification. Significance indicated as * p< 0.05; ** p < 0.01; *** p < 0.001; # 0.05 < 

p < 0.1. 

 

Few RNA changes associated with microglial-specific ApoE knock-out in an 5xFAD 

mice 

To determine whether microglial-specific ApoE knock-out affects overall gene expression 

in 5xFAD mice, bulk-tissue RNA sequencing of the mouse hippocampus was performed. 

As expected, expression of inflammatory genes was higher in 5xFAD mice compared to 

Control mice at both 4 and 12 months of age (Fig. 1.5a, Supp. Fig. 1.3a). This includes 

genes known as disease associated microglia (DAM) genes [94], such as Cst7, Clec7a, 

and Itgax, to name a few. When microglial-specific ApoE is knocked-out of 5xFAD mice, 

we found there is remarkably little change in gene expression at 4 and 12 months of age 

(Fig. 1.5b, Supp. Fig. 1.3b), indicating that microglial-specific ApoE knock-out in 5xFAD 

mice does not induce significant hippocampal gene expression changes at the bulk-tissue 

level. To explore changes in network gene expression, we utilized weighted gene co-

expression network analysis (WGCNA) and identified 15 independent modules (Supp. 

Fig. 1.3c). Correlation of each module to either AD genotype (Fig. 1.5c) or Apoe KO 

genotype (Fig. 1.5d) revealed several modules of interest. Particularly, the turquoise 

module is highly correlated to AD genotype (5xFAD vs. non-5xFAD) and consists of 1398 

genes, while the green module is highly correlated to both AD genotype and Apoe KO 

genotype (microglial-ApoE intact vs microglial-ApoE KO; correlation scores >.4) and 
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consists of 392 genes, with the turquoise module displaying gene network changes 

associated with microglia (Fig. 1.5e). For the green and turquoise modules, eigengenes 

were counted and plotted (Fig. 1.5f, g). While the turquoise module is strongly associated 

with AD genotype, it is not associated with Apoe KO genotype, and is upregulated in both 

5xFAD and 5xFAD/Csf1r-Apoe-KO mice. It consists of microglial genes such as Clec7a, 

Ctsl, and Ctsh while pathway analyses identified GO terms such as viral gene expression 

and viral transcription (Fig 1.5h).  Notably, the green module is associated with both AD 

and Apoe KO genotypes, and is only downregulated in 5xFAD mice, not 5xFAD/Csf1r-

Apoe-KO mice, suggesting that microglial-specific knockout of ApoE prevents this 

network of genes from being downregulated. This green module is strongly enriched for 

genes associated with axonogenesis, microtubule bundle formation, and chromatin 

remodeling, with hub genes such as Eif4g3, Ncoa1, and Huwe1 (Fig. 1.5i).    
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Figure 1.5: Few RNA changes associated with microglial-specific ApoE knock-out. Volcano plot 

showing higher expression of inflammatory and other AD associated genes in the hippocampus of 5xFAD 

mice (n=7) compared to Control mice (n=3) at 12 months of age (a). Volcano plot showing very few changes 

in gene expression between 5xFAD (n=7) and 5xFAD/Csf1r-Apoe-KO (n=5) mice at 12 months of age (b). 

Correlation of modules generated by weighted gene correlation network analysis (WGCNA) to the AD 

genotype (Z-score cut-off: +/-0.4; * = green module; # = turquoise module) (c). Correlation of modules 
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generated by WGCNA to Apoe genotype (Z-score cut-off: +/-0.4) (d). Cell-type enrichment heatmap 

displays genes associated with specific cell types within a given color module (e). Values provided indicate 

the number of genes within the network associated with that of a specific cell type. *** = 6+ genes. ** = 3+ 

genes. Module eigengene trajectory of gene expression value in turquoise (f) and green (g) modules. 

Interactive plot between hub genes extracted from the turquoise module showing a distinct AD signature 

(h). Interactive plot between hub genes extracted from the green module showing a distinct signature 

associated with Apoe knock-out (i). 

 

 

Supp. Figure 1.3: Few changes in gene expression associated with microglial-specific ApoE knock-

out in 5xFAD mice at 4 months of age. Volcano plot showing higher expression of inflammatory and other 
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AD associated genes in the hippocampus of 5xFAD (n=5) mice compared to Control (n=8) mice at 4 months 

of age (a). Volcano plot showing very few changes in gene expression between 5xFAD (n=5) and 

5xFAD/Csf1r-Apoe-KO (n=4) mice at 4 months of age (b). WGCNA Dendrogram highlighting 15 

independent modules (c). 

 

Discussion: 

In this study, we sought to determine the role of microglial-expressed ApoE in AD 

pathogenesis and homeostasis. Previous studies have utilized global ApoE knock-out 

mouse models to elucidate the role of ApoE in AD [11, 70, 99, 194]; however, these 

studies do not delineate the role of microglial-expressed ApoE from astrocytic-expressed 

ApoE. Astrocytes have the capacity to associate with Aβ plaques in an ApoE-dependent 

fashion [98] and internalize Aβ peptides [46, 127]. Therefore, there is a need to 

differentiate the roles of microglial- and astrocytic-Apoe in AD pathogenesis and 

homeostasis. To that end, we developed a mouse model that specifically eliminates 

microglial-Apoe expression. To accomplish this, we crossed Csf1r-cre mice with a 5xFAD 

mouse model and Apoefl/fl mice. The resultant progeny had Apoe expression constitutively 

knocked-out of microglia. 

A well-studied aspect of the role of ApoE in AD is its association with Aβ. As previously 

noted, global ApoE knock-out has been shown to reduce the number Aβ plaques [11, 70, 

194], a finding that we found is recapitulated by elimination of microglia [184]. Importantly, 

our data indicate that plaque load is not diminished, and CAA load does not change with 

microglial-specific loss of ApoE. Total soluble and insoluble Aβ1-40 and Aβ1-42 also 

remained unchanged with microglial-specific ApoE knock-out. However, we do see a 

significant increase in average plaque size in the hippocampus. The increase in plaque 

size aligns with a previous study utilizing the APP/PS1 mouse model of AD, which found 

that global ApoE deficiency increased Aβ plaque size, while decreasing amyloid burden 
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[194]. An increase in plaque size may indicate that microglial-expressed ApoE is 

necessary for microglial interaction with Aβ plaques, in line with data indicating that 

microglia are necessary for plaque compaction [17, 27, 201]. Interestingly, reductions in 

ApoE signaling prior to plaque deposition was shown to prevent Aβ accumulation in 

APOE*ε4 knock in mice, whereas its reduction after the emergence of plaques had no 

impact on plaque load, but showed an increase in average plaque size [75], aligning 

directly with what we show following microglia-specific ApoE knock-out.  

With microglial-specific knock-out of ApoE we found no differences in microglial number 

nor in the number of microglia per µm of plaque diameter, indicating that microglial 

clustering around plaques is unaltered in this model. Additionally, we found that astrocytic 

number was unchanged with microglial-specific ApoE knock-out in 5xFAD mice. Previous 

studies have shown that global Trem2 or Apoe knock-out decreases plaque-associated 

microgliosis in multiple mouse models of AD [11, 85, 99, 130, 201] which is not seen with 

the model used in this study. Additionally, the interaction between TREM2 and ApoE has 

been shown to drive the dysfunctional transcriptional phenotype of microglia in AD [99]. 

To explore whether this is recapitulated in our knockout model, we performed bulk-RNA 

sequencing on hippocampal tissue and observed very few changes in gene expression 

between 5xFAD mice and 5xFAD mice with microglial-specific ApoE intact. This included 

no changes in genes considered to be DAM associated (Cst7, Trem2, Ctss, Itgax, etc.). 

Additionally, there was no reduction in Apoe mRNA with microglial-specific ApoE knock-

out in 5xFAD mice. Altogether, these data suggest microglial-expressed ApoE may not 

be necessary for the microglial transcriptional shift into a DAM state. It is important to 

clarify the limitations of bulk-tissue RNA sequencing as it reflects the averaged gene 
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expression across many different cell types in the hippocampus. Worth noting, we find 

that microglia may utilize ApoE produced by other cells in the brain, such as astrocytes, 

as we find evidence for ApoE protein within plaque associated microglia in 5xFAD/Csf1r-

Apoe-KO mice. 

In mouse models of AD, the absence of ApoE increases neuritic dystrophy [194] and 

synaptic loss [104, 123]. However, reductions in APOE signaling after initial plaque 

deposition in APOE*ε4 APP/PS1-21 mice attenuate neuritic dystrophy, suggesting a time-

specific role of ApoE in AD [75]. With microglial-specific knock-out of ApoE in 5xFAD 

mice, we found the ratio of dystrophic neurites to plaque volume trended downward 

(p=.076), suggesting microglial-expressed ApoE may contribute to neuronal damage in 

AD.  

To determine why there may be alterations in plaque size and neuritic dystrophy, we 

explored genetic network analysis, utilizing weighted gene co-expression analysis 

(WGCNA). We found 15 independent modules of which turquoise and green stood out. 

The turquoise module was highly correlated to AD genotype (5xFAD vs. non-5xFAD) 

while the green module was highly correlated to both AD and Apoe KO genotypes 

(microglial-ApoE intact vs microglial ApoE KO). Interestingly in the green module, 

eigengene expression for genes associated with this network were downregulated in 

5xFAD mice but upregulated with microglial-specific ApoE knock-out. Go-term analysis 

revealed that these genes are involved in neuronal processes such as axonogenesis, 

microtubule bundle formation, and chromatin remodeling. This may indicate that 

microglial-specific ApoE possibly promotes these neuronal functions and could serve as 
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a reason why we see a downward trend in neuritic dystrophy in these mice compared to 

5xFAD controls. 

Reductions in synaptic proteins such as PSD95 have been observed in APOE*ε4 knock-

in mice and APOE*ε4 postmortem human brain tissue [114, 117, 210]. We found both 

pre- and post- synaptic protein levels were reduced in microglial-specific ApoE knock-out 

mice and 5xFAD microglial-specific ApoE knock-out mice compared to ApoE intact 

controls at 12 months of age. Importantly, microglial-specific ApoE knock-out in 5xFAD 

mice did not further exacerbate synaptic marker loss seen in 5xFAD mice. To investigate 

further, we stained tissue with homeostatic microglial marker P2ry12 and found a loss in 

intensity associated with microglial-expressed ApoE knock-out, mirroring our synaptic 

protein findings (Fig. 5d-k). Recently, we have shown that dysregulation of homeostatic 

microglia through partial inhibition of Csf1r results in reduced P2ry12 expression and 

reduction in synaptic proteins [6]. In a similar manner, microglial-expressed ApoE knock-

out may dysregulate microglial homeostasis potentially leading to changes in synapse 

maintenance and development outside of AD.  

Collectively, our results indicate that microglial-expressed ApoE does not profoundly alter 

the course of AD pathogenesis, at least with regard to the microglial reaction to plaques 

and adoption of a disease-associated gene expression phenotype. However, while we 

explored the role of microglial-specific ApoE in AD in this study, it is worth mentioning that 

targeting ApoE in the mouse may have differential effects compared to studies targeting 

human APOE variants.  Additionally, the involvement of microglial-expressed ApoE in the 

pathogenesis of tau pathology needs to be considered – Trem2 knock-out studies have 

shown differential effects on inflammation in plaque vs. tau pathology developing mouse 
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models [87, 110, 201], while recent studies have highlighted the protective effects of both 

global ApoE knock-out and microglial depletion on brain atrophy induced by tau [179, 

180]. Additionally, it was shown that the removal of APOE*ε4 from astrocytes stemmed 

neurodegeneration and lessened tau pathology and neurodegeneration in a P301S 

tauopathy mouse model [197]. These studies highlight the need to determine the role of 

microglial-specific knock-out of ApoE in tauopathy models.  
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Chapter Two: 
 

Generation of a novel, inducible destabilized Cre mouse line to specifically target 

disease associated microglia 

Highlights 

• We have developed a novel mouse model which specifically targets disease 

associated microglia (DAMs) and can be used to manipulate DAM gene 

expression 

• DAMs represent a subset of plaque associated microglia (PAMs), and DAM 

expression increases with disease progression 

• Through spatial transcriptomic analyses, we find that DAMs have higher 

expression of disease and inflammatory genes compared to other PAMs 

 

Summary 

To explore the roles of microglia in the progression of Alzheimer’s disease (AD), we need 

to develop models which specifically target diverse microglia subpopulations. Here, we 

develop a destabilized Cre recombinase (DD-Cre) mouse line knocked-in to the Cst7 

locus (Cst7DD-Cre) and crossed this line to the 5xFAD mouse model of AD and a tdTomato 

reporter line. We found that at early and aged disease timepoints, we can specifically 

label disease associated microglia (DAMs) that are around amyloid-beta (Aβ) plaques. 

Interestingly, the DAMs appear to be a subset of plaque-associated microglia (PAMs), 

and DAM expression appears to increase with age. Utilizing spatial transcriptomics 

approaches to identify tdTomato+ cells, we found that DAMs specifically labelled by our 

model have increased disease and inflammatory gene expression compared to other 

microglial populations, including when compared to other PAMs that are not labelled. This 
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model can specifically target and manipulate DAMs and underlines the importance of 

targeted approaches when studying microglia in AD. 

 

Introduction 

Alzheimer’s disease (AD) is the most common neurodegenerative disease characterized 

by the appearance of amyloid-beta (Aβ) plaques and neurofibrillary Tau tangles (NFT). 

Microglia, the resident immune cells of the brain, cluster around Aβ plaques in the brain 

parenchyma in what is theorized as an attempt to control and restrict plaques [17, 27]. 

Recently, targeting microglia in AD has become an emerging therapeutic avenue due to 

the identification via genome wide association studies (GWAS) of single nucleotide 

polymorphisms (SNPs) in genes highly enriched in microglia that confer a heightened risk 

of developing AD [72, 81, 101, 103, 188]. Our lab and others have shown that microglia 

are integral for plaque formation as well as responsible for downstream pathologies 

including synaptic, neuronal, and perineuronal net loss [30, 58, 184, 185], yet others have 

shown that the microglial response to plaques directly protects against disease 

progression.  While we know microglia are key to disease pathologies and outcomes, the 

precise role of microglia in AD and neurodegeneration largely remains unknown, and 

there is considerable disagreement and contradiction in the literature that needs to be 

resolved (Table 1, 2, and 3).  

For example, in exploring the role of microglia in AD, significant focus has been placed 

on triggering receptor expressed on myeloid cells 2 (TREM2), a transmembrane receptor 

known to be vital for the microglial transcriptional shift into a disease-associated microglia 

(DAM) state [94, 99, 126]. TREM2 is necessary for microglia to respond to and surround 
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plaques [86, 200]; studies targeting TREM2 have shown conflicting results as to whether 

the microglial response to Aβ plaques, as well as tau pathology, is beneficial or harmful 

to various disease outcomes. Studies claiming that the microglia-Aβ interaction is 

beneficial to AD outcomes have shown Trem2 loss of function in AD mouse models is 

associated with a reduction in microglia clustering around Aβ plaques which leads to 

worsening of neuritic dystrophy [200, 201, 212] and an increase in complement mediated 

synaptic loss [217]. Additionally, attempts to boost TREM2 signaling via 

overexpression/introduction of hTREM2 [105, 183], soluble TREM2 (sTREM2) [214, 218], 

or TREM2-promoting antibodies [196, 198] leads to increased microglial proliferation and 

metabolism, and improved disease outcomes in amyloid mouse models. To complement 

these studies in amyloidosis models, studies examining Trem2 deficiency in tauopathy 

models observe exacerbation in tau pathology and spreading [14, 109]. While these 

studies indicate that the microglial response to plaques is beneficial, potential confounds 

and conflicting studies must be adequately considered. Firstly, loss of function mutations 

in genes expressed primarily in microglia such as Trem2, Tyrobp, and Csf1r are 

associated with distinct neurodegenerative diseases in humans, implicating microglial 

dysfunction in neurodegeneration [15, 182]. In the case of Trem2, the interpretation that 

Trem2 knock-out worsens outcomes in AD models is clouded by its neurodegenerative 

disease-causing phenotype in humans [15]. Additionally, in contrast with the previously 

mentioned Trem2 deficiency studies, other Trem2 knock-out studies have shown 

reductions in Aβ plaque deposition and inflammation, while maintaining reductions in 

microglial association with Aβ plaques [85, 86]. In line with these data, knock-out of 

TREM2 downstream effector, TYROBP, reduces microglial-plaque interaction, neuritic 
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dystrophy, and behavioral deficits in AD mice [61]; although, studies targeting SYK, which 

directly binds TYROBP’s ITAM domain, show SYK is neuroprotective in AD mouse 

models [36, 199]. Finally, microglial depletion in mouse models of tauopathy reduces tau 

pathology, and attenuates neurodegeneration [7, 122], while Trem2 deficiency in a model 

of tauopathy similarly protects against neurodegeneration [110]. These discrepancies 

likely arise from caveats with the various animal models used in each study, as well as 

the disease-stage and brain-region specific effects of microglia in AD, and the complexity 

of targeting all microglia over discrete populations.   
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TREM2 knock-out from amyloid or tau models: 

 

TREM2 knock-out from amyloid + tau models, or TREM2 R47H knock-in: 
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Miscellaneous TREM2 studies: 

 

Table 2.1: Conflicting reports of TREM2/microglial impact on AD. A compilation of select studies 

knocking out TREM2 in amyloid, tau, and amyloid + tau models, studies using TREM2 R47H mutations, 

and studies manipulating TREM2 not via knock-out in various mouse models. Effects from these studies 

that support the assertion that TREM2, and thereby microglial reaction to pathology, is beneficial are 

colored in green, while data asserting the opposite are colored in red. Studies that show a more nuanced 

reaction are colored in both red and green.  

 

The emergence of single-cell RNA sequencing has provided unprecedented insight into 

the heterogeneity of microglia, identifying transcriptionally distinct microglial sub-

populations, including but not limited to: DAMs [94], Injury responsive microglia (IRM) 

[57], axon tract associated microglia (ATM) [57, 111, 124, 125], and white matter 

associated microglia (WAM) [165]. Of particular interest, DAMs are characterized by 

increased expression of inflammatory genes such as Trem2, Cst7, Lpl, Axl, Clec7a, Itgax, 

Ccl6, and others, and likely represent plaque associated microglia (PAMs) in the AD brain 

[94]; however, the exact relationship between DAMs and PAMs is unknown and the 

question of whether DAMs represent all, or just a subset of PAMs remains. Worth noting, 
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many of the gene changes that occur in DAMs are conserved in IRMs, ATMs, and WAMs 

[57, 94, 165]. These studies suggest that microglia have distinct signaling pathways and 

functions based on their location within the brain and their association with disease/injury. 

Previous data from our lab reinforces this idea, as CSF1R inhibition in a 5xFAD mouse 

model depleted a much higher percentage of non-plaque associated microglia (NPAM) 

versus PAMs, suggesting that PAMs may be less reliant on CSF1R signaling for survival 

[184]. With this in mind, we sought to develop tools which could be used to distinguish 

between these two populations.  

Altogether, the role of microglia in AD and other neurodegenerative diseases is most-

likely very nuanced, with population dependent effects. To complicate matters further, 

microglia have been shown to have age- and brain-region specific effects in the AD brain 

[39, 50, 82, 85, 159]. To begin to understand the role of microglia in AD, we first need to 

understand the contributions of PAMs/DAMs to disease pathology and outcomes, 

separately from other microglial populations. To that end, we have developed a novel, 

inducible Cre recombinase mouse line which has destabilized Cre (DD-Cre) knocked-in 

to the locus of a highly upregulated DAM gene, Cst7, allowing us to target DAMs with 

temporal specificity. Through this approach, we show that our model specifically targets 

DAMs, and through spatial transcriptomics, we find that these unique cells represent a 

subset of the entire PAM population, further highlighting the importance of determining 

the exact roles that these diverse microglial subsets have in AD. 
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Methods 

Animals  

All animal experiments performed in this study were approved by the UC Irvine 

Institutional Animal Care and Use Committee (IACUC) and were compliant with ethical 

regulations for animal research and testing. The 5xFAD mouse has previously been 

described in detail [144] and the following primers were used to genotype these animals: 

PS1 Forward 5′ - AAT AGA GAA CGG CAG GAG CA – 3′ and PS1 Reverse 5′ - GCC 

ATG AGG GCA CTA ATC AT – 3′. For DAM-specific labelling, Cst7DD-cre (Transgenic 

Mouse Facility (TMF) at UCI), For genotyping Cst7DD-cre the following primers were used: 

WT Cst7 F 5’ – CCCAAGTCCTGAAGATGAAGCG - 3’, WT Cst7 R 5’ – 

CCACCGCCTGATCTATGGTG – 3’, and ecDHFR R 5’ – GCATAGCGTTTTCCATCCCG 

– 3’. For genotyping Ai14tdTomato mice, the following primers were used: WT Forward 5’ – 

AAGGGAGCTGCAGTGGAGTA – 3’, WT Reverse 5’ – CCGAAAATCTGTGGGAAGTC – 

3’, Mutant Reverse 5’ – GGCATTAAAGCAGCGTATCC - 3’, and Mutant Forward 5’ – 

CTGTTCCTGTACGGCATGG – 3’. 

Animal Treatments 

2.5- and 9.5-month-old 5xFAD/ Cst7DD-cre/Ai14tdTomato old mice were treated with 

trimethoprim (TMP; Sigma Aldrich, T0667-250mg) at 0.8mg/mL in drinking water for 1.5 

months. At the end of treatment, mice were euthanized via CO2 inhalation and 

transcardially perfused with 1X phosphate buffered saline (PBS). For all studies, brains 

were removed, and hemispheres separated along the midline. Brain halves were either 

flash frozen for subsequent biochemical analysis, or drop-fixed in 4% Paraformaldehyde 

(PFA; Thermo Fisher Scientific, Waltham, USA) for subsequent immunohistochemical 
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analysis. Half brains were collected into 4% PFA for 48 hrs and then transferred to a 30% 

sucrose solution with 0.02% sodium azide for another 48-72 hrs at 4C.  Fixed half brains 

were sliced at 40 µm using a Leica SM2000 R freezing microtome and sliced tissue was 

stored in 30% glycerol, 30% ethylene glycol, and 1xPBS solution at -20ºC. 

Cuprizone (CPZ) treatment 

10-month-old Cst7DD-Cre/Ai14tdTomato were fed 0.3% cuprizone chow (Envigo, Indianapolis, 

IN) and given 0.8mg/mL TMP through drinking water for 6 weeks. Weights of individual 

mouse and chow consumptions of each cage were recorded, and chow was changed 

every 7 days to monitor expected weight loss as well as ensuring freshness of cuprizone 

chow. Brains were collected and fixed in 4% paraformaldehyde for 24 h followed by 

cryoprotection by immersion in 5% sucrose for 24 h then 30% sucrose for 5 days, all at 4 

°C before slicing. 

Immunohistochemistry 

Fluorescent immunolabeling was performed using a standard indirect technique as 

described previously [67, 68] Primary antibodies and dilutions are used as follows: anti-

ionized calcium-binding adapter molecule 1 (IBA1; 1:1000; 019–19741; Wako, Osaka, 

Japan), anti-CD11c (1:200, 50-112-2633; eBioscience), anti-CST7 (courtesy of Dr. Collin 

Watts, University of Dundee, UK). Thioflavin-S (Thio-S; 1892; Sigma-Aldrich) and Amylo-

Glo (TR-300-AG; Biosensis, Thebarton, South Australia, AU) was used according to 

manufacturer’s instructions to visualize Aβ plaques.  

For Amylo-Glo staining, tissue sections were washed in 70% ethanol 1X5 minutes, 

followed by a 1X2 minute wash in distilled water. Sections were then 1% Amylo-Glo 

solution for 1X10 minutes then washed with 0.9% saline for 1x5 minutes and distilled 
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water for 1X15 seconds. For Thio-S staining, tissue sections were placed for 1×10 min 

incubation in 0.5% Thio-S diluted in 50% ethanol. Sections were then washed 2×5 min 

each in 50% ethanol and one 10-min wash in 1xPBS before continuing with fluorescent 

immunolabelling Sections were then briefly rinsed in 1XPBS and immersed in normal 

serum blocking solution (5% normal serum with 0.2% Triton-X100 in 1XPBS) for 60 

minutes. Tissue was then incubated overnight in primary antibody at the dilutions 

described above in normal serum blocking solution at 4 degrees Celsius. The next day 

tissue sections were washed in 1XPBS 3X10 minutes before being placed in appropriate 

secondary antibody in normal serum blocking solution (1:200 for all species and 

wavelengths; Invitrogen) for 60 minutes. Tissue sections were then washed for 3X10 

minutes in 1XPBS before tissue was mounted and coverslipped. High resolution 

fluorescent images were obtained using a Leica TCS SPE-II confocal microscope and 

LAS-X software. To capture whole brain stitches, automated slide scanning was 

performed using a Zeiss AxioScan.Z1 equipped with a Colibri fluorescence light source 

and Zen AxioScan 2.3 software.  

Data Analysis and Statistics 

Both male and female mice were used in all statistical analyses. Statistical analysis was 

accomplished using Prism GraphPad (v9.0.0). To compare two groups, the unpaired 

Student’s t-test was used. To compare 2 or more groups at a single timepoint or in a 

single brain region, one-way ANOVA with Tukey’s multiple comparison correction was 

performed. To compare 2 or more groups at either different timepoints or brain regions, 

with multiple treatments/genotypes, two-way ANOVA with Tukey’s multiple comparison 
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correction was used. For all analyses, statistical significance was accepted at p < 0.05. 

and significance expressed as follows: *p < 0.05, **p< 0.01, ***p < 0.001.   

Single-cell Spatial Transcriptomics 

Isopentane fresh-frozen brain hemispheres were embedded in optimal cutting 

temperature (OCT) compound (Fisher, 23-730-571), and 10um thick coronal sections 

prepared using a cryostat (Leica CM1950). Six hemibrains were mounted directly onto 

VWR Superfrost Plus microscope slide (Avantor, 48311-703) and kept at -80°C until 

fixation. 5xFAD/Cst7DD-Cre/Ai14tdTomato (n=3), and WT/Cst7DD-Cre/Ai14tdTomato (n=1) treated 

with TMP, and WT/Cst7DD-Cre/Ai14tdTomato treated with cuprizone (CPZ) and TMP (n=2) 

were used for transcriptomics. Tissues were processed according to the Nanostring 

CosMx fresh-frozen slide preparation manual (MAN-10159-01) for RNA assays. 

Tissue preparation for spatial transcriptomics 

Briefly, slides were fixed in 10% neutral buffered formalin (NBF; EMS Diasum, 15740-04) 

for 2 hours at 4°C, followed by a series of washes in 1x PBS and dehydration with 50%, 

70% and 100% ethanol. Antigen retrieval was performed at 100°C for 15 minutes with 

CosMx Target Retrieval Solution followed by tissue permeabilization for 30 minutes and 

fiducial application. After post-fixation with 10% NBF and NHS-Acetate (Fisher, 26777), 

in situ hybridization with the 1000-plex Mouse Neuro RNA panel and rRNA segmentation 

marker was done overnight for 16-18 hours in a hybridization oven at 37°C. Two stringent 

washes with 50% formamide and 4x saline-sodium citrate (SSC) solution at 37°C for 30 

minutes each were done prior to nuclear DAPI stain for 15 minutes. Tissues were 

incubated in GFAP and histone cell segmentation markers for 1 hour before flow cells 

were assembled according to the CosMx manual. Once assembled, flow cells were 
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loaded into the CosMx machine with roughly 300 FOVs selected per slide, capturing the 

cortex and hippocampus. Slides were imaged in the machine for 7 days before the data 

were uploaded to the Nanostring AtoMx platform for further analysis and visualization. 

Pre-processed data was then exported as a Seurat object for further analysis in R v4.3.1. 

Spatial transcriptomics data analysis 

Spatial transcriptomics datasets were filtered using the AtoMx RNA Quality Control 

module to flag poorly performing probes, cells, FOVs, and target genes. Datasets were 

then normalized and scaled using Seurat SCTransform to account for differences in 

library size across cell types [25, 55].  Principal component analysis (PCA) and uniform 

manifold approximation and projection (UMAP) analysis were performed to reduce 

dimensionality for downstream analysis. Unsupervised clustering at 1.0 resolution yielded 

38 clusters for the dataset. Clusters were manually annotated based on gene expression 

and spatial location. Differential gene expression analysis per cell type between 

genotypes was performed using MAST to calculate the average difference, defined as 

the difference in average expression levels between two conditions [38]. Differential 

upregulation (DU) and differential downregulation (DD) scores were calculated by 

summing the product of the negative log10(padj) and the average difference for each 

statistically significant gene (padj < 0.05) with an absolute average difference greater than 

0.3. Microglia were then subsetted and further subclustered for deeper analysis. Data 

visualizations were generated using ggplot2 [204]. 

Results 

Generation of a novel destabilized Cre (DD-Cre) mouse line to target DAMs 
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To develop a mouse model which can selectively target and modulate DAMs, we 

screened for genes that were upregulated by microglia around plaques but were not 

expressed under homeostatic conditions. Utilizing previous data from microglia depleted 

5xFAD mice via chronic CSF1R inhibitor administration [184], we identified 10 candidate 

genes that had upregulated RNA levels in 5xFAD mice, but nearly abolished levels with 

microglial depletion: Ccl6, Clec7a, Cst7, Ctsd, Ctsz, C1qa, Hexb, Siglech, Sip1, and Itgax 

[184]. From this list we analyzed which genes had undetectable expression in the wild-

type brain and found Cst7 to be a suitable candidate as it had high expression in 5xFAD 

mice, but essential no expression when microglia were eliminated, and zero expression 

in the WT brain [184]. Having identified Cst7 as an appropriate driver, we wanted to 

develop a model in which gene expression in DAMs could be targeted inducibly, ideally 

allowing for long-term targeting and without utilization of tamoxifen, which is potentially 

toxic, poor at crossing the BBB, and has effects on macrophage populations [13, 74, 78, 

168]. Furthermore, many other cell-type specific driver lines result in haploinsufficiency of 

the target gene, which itself becomes a confound. An alternative to tamoxifen inducible 

cre recombinase has been described that instead relies on the presence of the antibiotic 

trimethoprim, known as DD-Cre [168]. DD-Cre systems utilize destabilized bacterial 

dihydrofolate reductase (ecDHFR). ecDHFR is normally degraded through the 

proteasomal pathway, however, when in the presence of the antibiotic trimethoprim 

(TMP), its decay is blocked. This allows stabilization of the Cre protein and subsequent 

recombination at loxP sites. Not only is the use of trimethoprim safer for the mice, but it 

can also be dissolved into the animal’s drinking water allowing for long term treatment, 

whereas tamoxifen can only safely be administered short-term. Hence, we have 
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developed a novel, inducible destabilized Cre recombinase (DD-Cre) mouse line in which 

DD-Cre was knocked into the Cst7 locus (Cst7DD-Cre) (Fig. 2.1A).  

Importantly, the DD-Cre genetic sequence is followed by a P2A linker, meaning there will 

be no knockout of endogenous Cst7 gene expression in these mice, and instead, the Cre 

protein and CST7 should be produced independently of one another (Fig. 2.1A).  
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Figure 2.1: Novel Cst7DD-Cre mouse line specifically targets plaque associated microglia (PAMs).  

(A) Diagram showing genetic paradigm. When trimethoprim (TMP) is administered, the DD-Cre cuts loxP 

sites flanking the STOP cassette preceding the tdTomato genetic sequence. tdTomato will then be 

expressed only in Cst7 expressing cells.  

(B) Schematic showing experimental paradigm. 2.5 and 9.5 month old 5xFAD/Cst7DD-Cre/Ai14tdtomato(+/-) mice 

were treated with TMP in their drinking water for 1.5 months before sacrifice.  
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(C-F) Representative 10x whole-slide scan images of WT/Cst7DD-Cre/Ai14tdtomato(+/-) mice treated with TMP 

(C), and 5xFAD/Cst7DD-Cre/Ai14tdtomato(+/-) mice not treated with TMP (D) show no expression of tdTomato. 

Meanwhile 4 month (E) and 11 month (F) 5xFAD/Cst7DD-Cre/Ai14tdtomato(+/-) mice treated with TMP show 

robust tdTomato expression. 

(G) 63x Airyscan image in a 5xFAD/Cst7DD-Cre/Ai14tdtomato(+/-) mouse showing tdTomato colocalization with 

microglial marker, IBA1, and plaque stain, Amylo-Glo. 

(H-I) 20x representative confocal microscopy image of 4 month 5xFAD/Cst7DD-Cre/Ai14tdtomato(+/-) mouse 

subiculum showing tdTomato proximity to plaques and microglial colocalization (H). Quantification of the 

percentage of PAMs that colocalize with tdTomato is 38% and 33% for the subiculum and somatosensory 

cortex, respectively (I). 

(J) 20x confocal microscopy image showing no tdTomato expression in WT/Cst7DD-Cre/Ai14tdtomato(+/-). 

(K-L) 20x representative confocal microscopy image of 11 month 5xFAD/Cst7DD-Cre/Ai14tdtomato(+/-) mouse 

subiculum showcasing tdTomato proximity to plaques and microglial colocalization (K). Quantification of 

the percentage of PAMs that colocalize with tdTomato is 78% and 58% for the subiculum and 

somatosensory cortex, respectively (L). 

 

Cst7DD-Cre specifically targets DAMs in the 5xFAD mouse model 

To investigate whether the Cst7DD-Cre line specifically and inducibly targets CST7 

expressing cells, we bred these mice to the 5xFAD mouse model of AD and subsequently 

bred their offspring with a loxP-stop-loxP tdTomato reporter line knocked into the Rosa26 

locus (Ai14tdTomato; Fig. 2.1A). Under normal conditions, the stop cassette ensures no 

transcription of the proceeding tdTomato sequence, as the cassette mediates 

transcriptional termination via repeated polyA signaling. However, upon stabilization of 

the DD-Cre protein via TMP, DD-Cre will cut at both loxP sites flanking the stop cassette. 

Once the stop cassette is excised, tdTomato can be expressed via the CAG promoter. In 

5xFAD hemizygous mice, plaques begin to form in the thalamus and subiculum at around 

3 months of age [144, 162] and synaptic and neuronal loss starting as early as 6 months 

of age [41, 84, 144]. To look at both early and late responses to plaques, we treated 2.5 

and 9.5 month old 5xFAD/Cst7 DD-Cre/Ai14tdTomato mice with TMP for 1.5 months at a 

concentration of 0.8mg/ml in their drinking water at which point mice were sacrificed at 4- 

and 11-months of age, respectively (Fig. 2.1B).  
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As expected, WT/Cst7DD-Cre/Ai14tdTomato mice treated with TMP show no tdTomato 

recombination in the brain (Fig. 2.1C) as there is no Cst7 expression in the WT mouse 

brain. Additionally, we do not see tdTomato expression in 5xFAD+/-/ Cst7DD-Cre/Ai14tdTomato 

mice that were not treated with TMP (Fig. 2.1D) indicating that there is no leakiness 

associated with the Cre line. Importantly, 5xFAD+/-/ Cst7DD-Cre/Ai14tdTomato mice treated 

with TMP have brain-wide recombination of tdTomato in plaque associated areas in both 

the young (Fig. 2.1E) and aged (Fig. 2.1F) cohorts, but not in areas outside the vicinity of 

plaques. Further, using confocal microscopy, we find that, in our young cohort, tdTomato 

fluorescent signaling colocalizes only with IBA1+ PAMs in the brain (Fig. 2.1G, H) and 

labels ~38% and ~33% of PAMs in the subiculum and somatosensory cortex, respectively 

(Fig. 2.1I). In our aged cohort, we again find that tdTomato fluorescence colocalizes only 

with IBA+ PAMs (Fig. 2.1K), but to an even greater extent than in young mice, with ~78% 

and ~58% of PAMs colocalizing with tdTomato in the subiculum and somatosensory 

cortex, respectively (Fig. 2.1L). This is a dramatic increase in PAM targeting compared to 

the young cohort, indicating that DAM gene expression may increase with disease 

progression. 

To further characterize these cells, we performed IHC staining for the DAM marker CD11c 

in young (Fig. 2.2A) and aged cohorts (Fig. 2.2b) and found that 84% and 86% of CD11c+ 

cells colocalized with tdTomato in the subiculum in young and aged cohort, respectively 

(Fig. 2.2C), indicating our mouse line targets cells that express or have expressed DAM 

genes. We previously found that MAC2/LGALS3 stains both infiltrating myeloid cells in 

the brain, as well as a small subset of PAMs [69]. Staining for MAC2 in young (Fig. 2.2D) 

and aged (Fig. 2.2E) cohorts and show that around 41% and 52% of MAC2+ cells 
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colocalized with tdTomato in the subiculum in young and aged cohort, respectively (Fig. 

2.2F), indicating that a distinct subset of MAC2+ PAMs that are not tdTomato/CD11c+ 

exists. Ultimately, these results indicate that the novel Cst7DD-Cre mouse line can 

effectively target DAMs and asserts that even within microglia that cluster around plaques 

there may be functionally and transcriptionally different subsets of cells. 

 

Figure 2.2: tdTomato+ cells colocalize more specifically to DAM markers. 

(A-C) 20x representative confocal microscopy images of 4 month (A) and 11 month (B) 5xFAD/Cst7DD-

Cre/Ai14tdtomato(+/-) mice show colocalization of DAM marker CD11c with tdTomato. Roughly 84% and 86% of 

CD11c+ cells are colocalized with tdTomato+ cells at 4 month and 11 months of age, respectively (C). 

(D-F) 20x representative confocal microscopy images of 4 month (D) and 11 month (E) 5xFAD/Cst7DD-

Cre/Ai14tdtomato(+/-) mice show colocalization of infiltrating macrophage marker MAC2 with tdTomato. Roughly 

41% and 52% of MAC2+ cells are colocalized with tdTomato+ cells at 4 month and 11 months of age, 

respectively (F). 

 

Cst7DD-Cre targets DAMs associated with white matter in an inducible demyelinating 

cuprizone mouse model 

While DAMs were first characterized in the 5xFAD mouse model [94], DAMs or DAM-like 

cells have since been found in other plaque models [43, 145], tauopathy models [43, 110], 

and other neurodegenerative/ demyelinating models [24, 83, 99, 126, 186]. We aimed to 
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see if our Cst7DD-Cre/Ai14tdTomato mouse model was capable of targeting DAMs in other 

disease models by utilizing cuprizone (CPZ) which is a copper-chelating chemical that 

causes oligodendrocytic cell death, demyelination, and brain wide neuroinflammation, 

particularly in white-matter areas [16]. 10-month Cst7DD-Cre/Ai14tdTomato mice were treated 

with TMP delivered via drinking water and a CPZ diet for 1.5 months (Fig. 2.3A). Cst7DD-

Cre/Ai14tdTomato treated with CPZ and TMP exhibit robust tdTomato fluorescence around 

white-matter areas in the brain (Fig. 2.3B), and all tdTomato signal colocalizes with IBA1+ 

microglia particularly in white-matter regions such as the striatum (Fig. 2.3C), and the 

Corpus Callosum (Fig.2. 3D). Of note, tdTomato signal colocalizes with DAM marker 

CD11c (Fig. 2.3E) and infiltrating myeloid marker MAC2 (Fig. 2.3F). Ultimately, our model 

is able to target DAMs in both the 5xFAD model and an inducible demyelinating mouse 

model. 

 

Figure 2.3: WT/Cst7DD-Cre/Ai14tdtomato(+/-) mice fed a demyelinating cuprizone diet and treated with TMP 

show tdTomato expression in white matter-associated microglia.  
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(A) Schematic showing experimental paradigm. 10 month WT/Cst7DD-Cre/Ai14tdtomato(+/-) were treated with 

TMP in their drinking water and fed a cuprizone diet for 1.5 months before sacrifice. 

(B) 10x whole-slide scan image of tdTomato expression shows robust expression in white-matter areas of 

the brain. 

(C-D) 20x confocal microscopy images of the white matter areas of the brain, the striatum (C), and the 

corpus callosum (D), show colocalization of tdTomato with microglia around white matter. 

(E,F) 20x confocal microscopy images of the white matter areas of the striatum showing tdTomato 

colocalization with CD11c (E) and MAC2(F) 

 

Spatial transcriptomics reveal tdTomato+ microglia have higher DAM expression 

compared to other microglial populations 

Since the Cst7DD-Cre mouse line can specifically target DAMs while keeping other 

microglial cells, including other PAMs, unaffected, we next aimed to characterize the 

differences between these DAMs with other cells. To accomplish this, we utilized a novel 

spatial transcriptomics approach which can measure gene expression of 1000 different 

genes in every cell in a given brain section. In this experiment, a custom probe for 

tdTomato and other relevant microglial genes were added to the standard 1000 plex 

mouse neuroscience panel. First, the brain slices are hybridized by RNA probes and 

FOVs for area of interest are selected for each brain. In our case, we chose to analyze 

the hippocampus and cortex of three 11-month-old 5xFAD+/-/ Cst7DD-Cre/Ai14tdTomato, two 

10-month-old CPZ/ Cst7DD-Cre/Ai14tdTomato, and one 11-month-old WT/ Cst7DD-

Cre/Ai14tdTomato mice all treated with TMP (Fig. 2.4A). In each FOV, cells are identified and 

segmented using Histone, GFAP, and DAPI, then the transcripts of each gene per cell 

are measured, and data visualization and interpretation can proceed using Seurat. 

To visualize the data, we first clustered a total of 234,859 cells into a UMAP and found 

38 different clusters of cells (Fig. 2.4B) that were annotated according to gene expression 

and spatial location (Fig. 2.4C). Based on the expression of Csf1r (Fig. 2.4D), Cst7 (Fig. 

2.4E), and tdTomato (Fig. 2.4F) on the UMAP, we found two clusters of microglia (MG 1 
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and MG 2) comprised of 19,568 cells. We then took the cells from MG 1 and MG 2, sorted 

them based in expression of tdTomato, and mapped each cell onto WT (Fig. 4G), CPZ 

(Fig. 2.4H), and 5xFAD (Fig. 2.4I) brains. As expected, very few tdTomato expressing 

cells are seen in the WT brain compared to the CPZ and 5xFAD brain, with the 5xFAD 

showing the most tdTomato signal, indicating that 5xFAD microglia have the highest DAM 

signature. These data are reinforced by the relative expression of DAM and homeostatic 

microglial genes, with WT having the lowest expression of DAM genes (e.g.: Cst7, Apoe, 

Trem2) and the highest expression of microglial homeostatic genes (e.g.: Tmem119, 

P2ry12), while the 5xFAD mice have the highest DAM gene expression and lowest 

homeostatic microglial gene expression (Fig. 2.4J). We next aimed to further characterize 

the difference between our tdTomato+ DAM cells and all other microglia. As expected, the 

tdTomato+ cells map onto areas of the brain where plaques are present (Fig. 2.4K). 

Differential gene expression (DGE) analysis comparing tdTomato+ to tdTomato- 

microglia, shows that tdTomato+ microglia have much higher expression of DAM genes, 

and lower expression of homeostatic microglial genes, indicating that we can utilize 

Cst7DD-Cre to target the most inflammatory microglial cells in the brain (Fig 2.4L). 
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Figure 2.4: Spatial transcriptomics analyses reveal increased DAM expression in tdTomato+ PAMs 

vs tdTomato- PAMs. 

(A) Schematic of spatial transcriptomics workflow using the CosMx 1000 Plex mRNA Panel. Whole brains 

slices were mounted and FOVs of the hippocampus and cortex were selected. Cells are segmented using 

histone, GFAP, and DAPI and transcripts are then measured in each cell for further analysis. 

(B-C) UMAP of 234,859 cells reveals 38 clusters distinct clusters (B) that can be mapped in space on each 

brain (C).  

(D-F) UMAPs showing normalized expression of Csf1r (D), Cst7 (E), and tdTomato (F), indicating these 

genes are expressed in MG 1 and MG 2 which are boxed in (F).  

(G-I) Clusters MG 1 and MG 2 mapped in space on a WT (G), cuprizone (CPZ), and 5xFAD brain with 

tdTomato+ cells represented in red, and tdTomato- cells represented in cyan. 

(J) Dot Plot comparing microglial gene expression between WT, CPZ, and 5xFAD groups shows enriched 

DAM gene expression and diminished homeostatic microglial gene expression in CPZ and 5xFAD 

compared to WT. 

(K) tdTomato+ cells from MG 1 and MG 2 mapped onto a 5xFAD brain.  

(L) Volcano plot comparing tdTomato+ microglia vs tdTomato- microglia from MG 1 and MG 2 shows an 

upregulation in DAM gene expression (e.g.: Trem2, Cst7, Apoe), and a downregulation in in homeostatic 

gene expression (e.g.: Tmem119, Pr2ry12). 

(M-O) UMAP of 19,568 cells from MG 1 and MG 2 subclustered into 6 distinct clusters. 

(N) Heatmap showing the 10 most upregulated genes in cluster 2 compared to the other microglial clusters. 

DAM genes such as Gpnmb, Cst7, Itgax, and Lpl are highly upregulated in cluster 2 indicating this cluster 

may be associated with Aβ pathology. 

(O-P) UMAP showing tdTomato+ and tdTomato- cells with cluster 2 encircled (O). tdTomato+ and tdTomato- 

cells from cluster 2 mapped onto a 5xFAD brain shows that both types of cells are located directly around 

Aβ plaques (P). 

(Q) Volcano plot comparing tdTomato+ microglia vs tdTomato- microglia from cluster 2 shows an 

upregulation in DAM gene expression (e.g.: Cst7, Gpnmb, Spp1, Itgax). 

 

tdTomato+ microglia exhibit higher DAM gene expression compared to other PAMs 

So far, we have shown that the tdTomato+ cells in our Cst7DD-Cre/Ai14tdTomato mice have 

higher DAM gene expression compared to all other microglia, however; it is unknown 

whether these cells have higher DAM gene expression compared to other PAMs that do 

not express tdTomato. To assess this, we further subclustered MG 1 and MG 2 into six 

distinct clusters (Fig. 2.4M). We found that out of these subclusters, subcluster 2, has the 

highest expression of DAM genes (e.g.: Itgax, Cst7, Gpnmb) compared to all other 

microglial subclusters (Fig. 2.4N). Subcluster 2 is also found to have a very high number 

of tdTomato+ cells compared to other subclusters (Fig. 2.4O). Of note there appears to 

be a high number of tdTomato+ cells in subcluster 4 as well, and this subcluster is 
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characterized by inflammation markers (e.g.: CD163, Il34, Nlrp3) (Supp. Fig. 2.1A). 

However, this subcluster appears to only be present in the 5xFAD group (Supp. Fig. 

2.1C), and upon viewing the cell segmentation of the 5xFAD brain stained for DAPI, it 

appears that subcluster 4 cells may be Aβ plaques themselves, which are stained by 

DAPI and contain many mRNA transcripts (Supp. Fig. 2.1D, E). Upon mapping the 3,674 

subcluster 2 cells that are either tdTomato+ or tdTomato- onto the 5xFAD brain, we 

observe that these cells are specifically located in plaque associated areas (Fig. 2.4P). 

Importantly, DGE analysis on tdTomato+ vs tdTomato- cells from this subcluster, shows 

that tdTomato+ cells have higher expression of DAM genes (e.g.: Cst7, Gpnmb, Syk, 

Spp1) (Fig. 2.4Q), indicating that the Cst7DD-Cre can specifically be used to target DAMs, 

while keeping other subsets of PAMs unaffected. 
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Supplementary Fig 2.1: Microglia subcluster 4 is comprised of Aβ plaques. 

(A) Heatmap showing 10 must upregulated genes in in cluster 4 compared to the other microglial clusters. 

(B) Volcano plot comparing tdTomato+ microglia vs tdTomato- microglia from cluster 2 shows an 

upregulation in inflammatory gene expression. 

(C) UMAP split by 5xFAD, CPZ, and WT groups showing that cluster 4 is predominantly present in the 

5xFAD group. 

(D-E) Microglial subset cluster 4 tdTomato + and tdTomato- cells mapped onto a 5xFAD brain (D). White 

box indicates area of zoomed in FOV shown in (E). 

(E) Cell segmentation image of a 5xFAD brain showing that some plaques stain positive by DAPI and are 

counted as cells which are subsequently grouped into microglial subset cluster 4. 
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Discussion 

Genetic data show that microglia can be disease driving and it is important to understand 

the exact mechanisms and contributions of involved microglial subpopulations to better 

determine their role in AD. To that end, we aimed to specifically target DAMs while leaving 

other microglia and cell types unaffected.  This was undertaken in an effort to understand 

the specific contribution of these cells in AD, as the exact role of microglia in disease is 

currently unclear, as there are caveats with targeting all microglia/myeloid cells as 

demonstrated by Trem2 knock-out studies. From our own studies and single cell RNA 

sequencing studies, it is evident that microglia exhibit differential functions based on their 

RNA expression [32, 57, 94, 111, 124, 125, 165, 184], and confusion about the role of 

microglia in AD may be a result of our inability to untangle the contribution of different 

microglial populations to AD.  

Utilizing a novel DD-Cre mouse line knocked into the Cst7 locus, we have created a model 

which effectively targets DAMs, while sparing other microglia and cell types in the brains 

of 5xFAD mice. Importantly, this suggests that DAM phenotypes are only induced next to 

plaques and these cells, and their progeny, do not migrate away from plaques after DAM 

expression, as has previously been hypothesized [45].  

The Cst7DD-Cre line provides distinct advantages over other traditional and inducible 

microglia-specific Cre models. Widely used microglia Cre lines such as Cx3cr1CreER [209], 

Tmem119CreER [90], and P2ry12CreER [129] lines have been invaluable in efforts to 

understand microglial biology; however, these lines target all microglial cells and 

tamoxifen can only be administered as a short-term treatment. Particularly, in the 

Cx3cr1CreER, the Cre-ER fusion protein results in endogenous knock-out of CX3CR1 and 
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may have unintentional toxic effects that lead to microglial activation in mice [166, 209]. 

This line has also been shown to have Cre activity in the absence of tamoxifen [40]. The 

Cst7DD-Cre model avoids these potential confounds, while specifically targeting DAMs with 

no Cre leakiness. CST7 encodes for Cystatin F and is an endosomal/lysosomal cathepsin 

regulator and considered to be a DAM gene. Under normal conditions, CST7 is expressed 

by NK cells, T cells, and neutrophils in the periphery, with no expression found in the brain 

[120]. In disease, CST7 is upregulated in microglia in the white-matter during 

demyelination, and in microglia around plaques in amyloidosis models of disease [94, 

120, 145]. Additionally, CST7 expression in the brain appears to be dependent on TREM2 

signaling as CST7 expression is abolished in TREM2 knockout mice [33, 94, 110]. 

Although Cst7 is highly upregulated in AD, little is known regarding its contribution to 

disease pathology. However, it has been shown that induction of its upstream kinase, 

RIPK1, increases CST7 levels and leads to impairment in lysosomal pathways [145].  

In addition to showing enriched Cst7 expression in PAMs, we observe an age-related 

increase in the proportion of tdTomato+ PAMs at 11 months of age. Consistent with this, 

it has been shown that another DAM marker, CD11c, is elevated in 12-month-old 5xFAD 

mice compared to 4-month-old 5xFAD mice [192]. This suggests that some microglia may 

require more time or exposure to Aβ to switch to a DAM gene profile, underlining the 

importance of studying the role of microglia at different stages of disease pathology. This 

is especially important at younger timepoints, as it appears there is more heterogeneity 

in PAMs at early timepoints when DAM expression is lower, versus later in disease when 

DAM expression appears higher. Additionally, the IHC and spatial transcriptomics data 

highlight the heterogeneity of PAMs themselves, and while in this study we did not look 
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at the average distance the tdTomato+ and tdTomato- cells are from an Aβ plaque, future 

studies will address whether there are differences is plaque-association between these 

groups of cells. Taken together, our data suggest that the dynamic expression of microglia 

at different disease stages and brain regions may have robust effects on therapeutic 

strategies targeting microglia, underlining the importance of studying the role of microglial 

subsets at different stages of disease pathology. 

In conclusion, we have developed a powerful tool that will allow us to uncover the role of 

DAMs in AD and other diseases. Our DD-Cre/TMP system is an innovative treatment 

approach with safer, long-term efficacy compared traditional CreERT2/tamoxifen systems 

which may have detrimental effects on mouse safety and lead to increased activation of 

macrophages all while only having the potential for short term treatment [13, 74]. 

Importantly, we have shown that DAMs represent a subset of PAMs and are 

characterized by higher levels of disease and inflammatory gene expression compared 

to other populations of microglia, including other PAMs. 
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Chapter Three: 
 

Selective targeting and modulation of plaque associated microglia via systemic 

dendrimer administration in an Alzheimer’s disease mouse model 

 
Introduction 

Alzheimer’s disease (AD) is a progressive, age-related neurodegenerative disorder that 

is triggered by the appearance and build-up of amyloid-beta (Aβ) plaques in the cortex. 

Our lab and others have shown that microglia play an integral role in plaque formation 

and homeostasis, as well as downstream pathogenesis such as loss of synapses, 

perineuronal nets, and neurons [30, 58, 184, 185]. In addition to initiating the inflammatory 

response to disease pathology, phenotypically distinct microglia cluster around Aβ 

plaques and actively regulate plaque morphology (e.g., compaction) [17, 27]. Moreover, 

recent genome-wide association studies associated single nucleotide polymorphisms of 

genes highly enriched or exclusively expressed in myeloid cells (including Trem2, Tyrobp, 

Apoe, Ms4a, Abca7, Abi3, Spi1) with an altered risk of developing AD [58, 72, 81, 101, 

188]. These data indicate microglia as a mediator of AD and a potential therapeutic target. 

Microglia surrounding plaques undergo significant physical and chemical changes, 

including the retraction of their processes and swelling of their cell bodies. These changes 

are mediated by extensive alterations in gene expression, which reprogram the microglia 

to mount inflammatory responses and remodel their metabolism and lipid handling [58]. 

As a result, they transition to a disease-associated microglia (DAM) phenotype, 

characterized by specific functional and molecular features. These changes in gene 

expression have been well studied by single cell RNA sequencing and find heterogenous 

subsets of microglia in AD, demarcated by the expression of genes such as Trem2 and 

Tyrobp that conventionally differentiate between disease- vs non-disease-associated 
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microglia, which in AD roughly correspond to plaque- and non-plaque-associated 

microglia (PAM and NPAM) respectively [94]. Currently, the role of PAMs in AD is unclear 

as brain wide microglial gene deletion and overexpression studies have shown 

contradicting results [51, 52, 85, 86, 105, 106, 153, 200]. Thus, there is a critical need to 

specifically target and modulate PAMs over NPAMs to determine this cell population’s 

contribution to AD. 

Dendranib precision nanomedicine is based on hydroxyl dendrimer (HD) technology. HDs 

consist of a hydrophobic core, repeating branches that expand outward, and hydrophilic 

functional groups at the outer surface. Importantly, the high density of surface hydroxyls 

provides a neutral charge allowing HDs to easily cross the blood brain barrier (BBB) in 

regions of inflammation and be selectively internalized by activated microglia and 

macrophages [133, 135, 138, 139, 143, 190].  

Size and surface chemistry of dendrimers determine their toxicity and biodistribution [12]. 

More than 100 dendritic structures have been reported. Some dendrimers have been 

used clinically for nucleic acid and drug delivery in cancer, including many types of brain 

tumors [9, 92, 95, 131, 134, 205] and show potential application in gene therapy [4, 54, 

119]. Notably, polyamidoamine (PAMAM) dendrimers have been shown to cross the BBB 

during times when pathological insults such as stroke, tumors, or traumatic brain injury 

compromise the BBB [169]. Traditional dendrimers alone do not bypass the BBB with 

high efficiency without resorting to invasive approaches such as carotid artery injections 

[187, 219]. Recently, however, systemic administration of HDs have shown promise in 

bypassing slightly impaired BBB and were shown to be taken up specifically by microglia 

and macrophages in regions of neuroinflammation in rodent models of cerebral palsy, 
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glioblastoma, Rett syndrome, AD, ALS, and multiple sclerosis (MS) [133, 135, 138, 139, 

143, 177, 178, 190]. In the AD brain, PAMs are the primary phagocytic macrophages; 

therefore, HDs theoretically have the capacity to bypass the BBB and become specifically 

engulfed by PAMs.  

Here, we sought to determine whether HDs can successfully bypass the BBB and be 

specifically phagocytosed by PAMs in the context of AD. To that end, we intraperitoneally 

injected HDs conjugated to a Cy5 fluorophore into an aggressive mouse model of 

amyloidosis; 5xFAD mice at 7 months of age. We find that one injection is sufficient for 

the dendrimers to cross the BBB and leads to brain-wide, PAM-specific engulfment of 

these HDs into the microglial lysosomal compartment. To therapeutically modulates PAM 

function, as proof of principle, we used D-45113, a dendranib that inhibits CSF1R tyrosine 

kinase. Our lab has previously shown that all microglia express CSF1R, and that inhibition 

of CSF1R leads to the indiscriminate death of the microglia [35], and that the elimination 

of microglia in 5xFAD mice can inhibit plaque development early in disease, and rescue 

synapse and neuronal number associated with late disease [184, 185]. Additionally, our 

lab and others have shown that low-dose inhibition of CSF1R can inhibit microglia-plaque 

association, attenuate neuroinflammation and rescue synaptic integrity and cognition in 

AD mouse models [31, 146]. Not to be overlooked, studies inhibiting CSF1R in tauopathy 

models show reduced levels of microglia which leads to reductions in tau levels, 

amelioration of inflammation, and synaptic, and neuronal loss [7, 88, 122]. Altogether, 

HDs represent a novel and nuanced approach for targeting PAMs and further studies 

should be undertaken with other microglial modulators to uncover the specific role of 

PAMs in AD. Establishing the effectiveness of these dendrimers in targeting and treating 
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PAMs will allow us to tailor appropriate therapies towards this subset of microglia and 

develop therapeutic treatments with greater precision. 

Methods 

Synthesis of D-45113: 

D4-alkyne dendrimer (Lot# DP-07-85-3) was dissolved in 20 mL of anhydrous 

dimethylacetamide (DMA). A CSF1R tyrosine kinase inhibitor with a terminal azide was 

added to a stirring solution of D4-alkyne. Copper bromide and 

Pentamethyldiethylenetriamine (PMDTA) were then added to the solution. The stirring 

solution was placed in a 95ºC oil bath overnight. The reaction mixture was then dialyzed 

against DMA followed by water (membrane cut-off at 1000 Da). The aqueous solution 

was then lyophilized to obtain D-45113. 

Mice: 

All animal experiments performed in this study were approved by the UC Irvine 

Institutional Animal Care and Use Committee (IACUC) and were compliant with ethical 

regulations for animal research and testing. Mice were mixed sex C57BL/6 (000664) 

mice. Animals were housed with open access to food and water under 12h/12h light-dark 

cycles. All mice were aged to 5 or 12 months unless otherwise indicated. The 5xFAD 

mouse expresses five familial AD genes (APP Swedish, Florida, and London; PSEN1 

M146L+L286V; [144] and is characterized by aggressive amyloid pathology throughout 

the brain and synaptic and neuronal loss in the subiculum. For 5xFAD genotyping, the 

primer sequences used were PS1 Forward 5′ - AAT AGA GAA CGG CAG GAG CA – 3′ 

and PS1 Reverse 5′ - GCC ATG AGG GCA CTA ATC AT – 3′.   

Animal treatments: 
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All rodent experiments were performed in accordance with animal protocols approved by 

the Institutional Animal Care and Use Committee (IACUC) at the University of California, 

Irvine. 7-month-old wild-type (WT) or 5xFAD mice were intraperitoneally (IP) injected with 

55mg/kg G4 PAMAM hydroxyl dendrimers conjugated to a Cy5 fluorophore followed by 

euthanasia 48 hours post injection. For time course D-Cy5 experiments, 7–9-month-old 

mice were treated as above, but euthanized either 48 hours, 15 days, or 21 days post 

injection. For D-45113 experiments, 4 month and 11-month-old mice were IP injected with 

200mg/kg of D-45113 twice per week for four weeks.  At the end of treatments, mice were 

euthanized via CO2 inhalation and transcardially perfused with 1X phosphate buffered 

saline (PBS). For all studies, brains were removed, and hemispheres separated along the 

midline. Brain halves were either flash frozen for subsequent biochemical analysis, or 

drop-fixed in 4% Paraformaldehyde (PFA; Thermo Fisher Scientific, Waltham, USA) for 

subsequent immunohistochemical analysis. Half brains collected into 4% PFA for 48 hrs 

and then transferred to a 30% sucrose solution with 0.02% sodium azide for another 48-

72 hrs at 4C.  Fixed half brains were sliced at 40 µm using a Leica SM2000 R freezing 

microtome.  

Histology and confocal microscopy: 

Fluorescent immunolabeling was performed using a standard indirect technique as 

described previously [67]. Brain sections were stained with primary antibodies against: 

ionized calcium binding adaptor molecule 1 (IBA1; 1:1000; 019-19741, Wako and 

ab5076, Abcam), CD68 (1:200; BioRad) glial fibrillary protein (GFAP; 1:1000; Abcam), 

NeuN (1:1000; Millipore), OLIG2 (1:200; Abcam), Aβ1-16 (6E10; 1:1000; Biolegend), and 

anti-lysosomal associated membrane protein 1 (LAMP1; 1:200; Santa Cruz 
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Biotechnologies). For Amylo-Glo staining (TR-300-AG; Biosensis), tissue sections were 

washed in 70% ethanol 1X5 minutes, followed by a 1×2 minute wash in distilled water. 

Sections were then placed in a 1% Amylo-Glo solution for 1×10 minutes then washed 

with .9% saline for 1×5 minutes and distilled water for 1×15 seconds before continuing 

fluorescent immunolabelling. For Thioflavin-S (Thio-S) staining, tissue sections were 

placed for 1×10 min incubation in 0.5% Thio-S (1892; Sigma-Aldrich) diluted in 50% 

ethanol. Sections were then washed 2×5 min each in 50% ethanol and one 10-min wash 

in 1xPBS before continuing with fluorescent immunolabelling. 

High resolution fluorescent images were obtained using a Leica TCS SPE-II confocal 

microscope and LAS-X software. For confocal imaging, one field of view (FOV) per brain 

region was captured per mouse unless otherwise indicated. 

Aβ and NfL ELISA 

To isolate protein for the ELISA, flash-frozen brain hemispheres were microdissected into 

cortical, hippocampal, and thalamic regions and grounded to a powder. Hippocampal 

tissue was then homogenized in Tissue Protein Extraction Reagent (TPER (Life 

Technologies, Grand Island, NY)) with protease and phosphatase inhibitors present. 

Samples were centrifuged at 100,000 g for 1 hour at 4 °C to generate TPER-soluble 

fractions. To generate formic acid fractions, protein pellets from the TPER-soluble fraction 

were then homogenized in 70% formic acid and centrifuged at 100,000 g for 1 hour at 4 

°C, the formic acid fraction is then neutralized. Quantification of soluble and insoluble 

fractions of both Aβ and NfL was performed as previously described [192]. 

RNA Sequencing 
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Whole transcriptome RNA sequencing (RNA-Seq) libraries were produced from 

hippocampal tissue of WT/Veh, WT/D-45113, 5xFAD/Veh, and 5xFAD/D-45113 mice 

sacrificed at 12 months of age. RNA was isolated with an RNA Plus Universal Mini Kit 

(Qiagen, Valencia, USA) according to the manufacturer’s instructions. Library 

preparation, RNA-seq, and read mapping analysis were performed by Novogene Co. 

Gene expression was analyzed using Limma, edgeR, and org.Mm.eg.db packages [163] 

with expression values normalized into FPKM (fragments per kilobase of transcript per 

million mapped reads). Differentially-expressed genes were selected by using false 

discovery rate (FDR) <0.05. Heatmaps were created using Morpheus (Morpheus, 

https://software.broadinstitute.org/morpheus) and volcano plots were created using 

VolcaNoseR [49]. 

Weighted correlation network analysis: Network analysis was performed using weighted 

gene co-expression analysis (WGCNA) package in R [213]. First, bi-weighted mid-

correlations were calculated for all gene pairs, and then used to generate an eigengene 

network matrix, which reflects the similarity between genes according to their expression 

profiles. This matrix was then raised to power β (β=16). Modules were defined using 

specific module cutting parameters (minimum module size = 100 genes, deepSplit = 4 

and threshold of correlation = 0.2). Modules with a correlation greater than 0.8 were 

merged. We used first principal component of the module, called signed bicor network, to 

correlate 5xFAD genotype, sex, and treatment. Hub genes were defined using intra-

modular connectivity (kME) parameter of the WGCNA package. Gene enrichment 

analysis: Gene-set enrichment analysis was done using enrichR [100]. 

Data analysis and statistics  
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Both male and female mice were used in all statistical analyses. ThioS, IBA1, NeuN, and 

OLIG2 counts were measured via the spots function and 6E10, LAMP1, and GFAP 

volume were measured via the surfaces function on Imaris version 9.6. The number of 

dendrimer+ cells / FOV in the subiculum and somatosensory cortex were manually 

counted for all sections via ImageJ 

Statistical analysis was performed with Prism Graph Pad (v.8.0.1; La Jolla, USA). To 

compare two groups, the unpaired or paired Student’s t-test was used. Time-course data 

was analyzed using One-way ANOVA (48 hours, 15 days, and 21 days), while D-45113 

data with more than two groups used Two-way ANOVA (Treatment: Vehicle vs. D-45113 

and Genotype: WT vs. 5xFAD) using GraphPad Prism Version 8. Tukey’s post hoc tests 

were employed to examine biologically relevant interactions from the two-way ANOVA 

regardless of statistical significance of the interaction. For all analyses, statistical 

significance was accepted at p < 0.05. and significance expressed as follows: *p < 0.05, 

**p< 0.01, ***p < 0.001. n is given as the number of mice within each group. Statistical 

trends are accepted at p<0.10 (#). Data are presented as raw means and standard error 

of the mean (SEM). 

Results 

Hydroxyl dendrimers are phagocytosed exclusively by PAMs in the 5xFAD mouse 

brain. 

To determine whether HDs can be used as a pharmacological tool to target PAMs in an 

AD mouse model, we  utilized HDs conjugated to a Cy5 fluorophore (referred to as D-

Cy5) as previously described [133, 135, 138, 139, 143, 190] (Fig. 3.1a). 7-month-old 

5xFAD mice were intraperitoneally injected with D-Cy5 or saline and subsequently 
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perfused 48 hours, 15 days, or 21 days post injection (Fig. 3.1b). Cy5 signal is seen in 

the brain of 5xFAD, with a marked abundance of Cy5 around dense core plaques stained 

with Amylo-Glo (Fig. 3.1c), while control 5xFAD mice show no Cy5 signal in the brain (Fig 

3.1d). Upon closer inspection, D-Cy5 colocalizes with microglia (IBA1) and microglial 

lysosomes (CD68), in both the hippocampus (Fig. 3.1e, e1) and somatosensory cortex 

(Fig. 3.1g, g1), clustered around plaques, indicating that PAMs may phagocytose D-Cy5. 

Importantly, wild-type (WT) mice treated with D-Cy5 show very little Cy5 signal in the 

hippocampus (Fig. 3.1k) and somatosensory cortex (Fig. 3.1l); however, signal that is 

present colocalizes with microglia and their lysosomes. Quantification shows that 55% 

and 60% of PAMs as well as 20% and 15% of NPAMs contain D-Cy5 in the hippocampus 

and somatosensory cortex, respectively in 5xFAD mice (Fig. 3.1f, 3.1h), showing a 

preferential targeting of PAMs vs NPAMs. Further, D-Cy5 is present in 5xFAD brains at 

48 hours, 15 days, and 21 days post injection in both the subiculum (Fig. 3.1j) and 

somatosensory cortex (Fig. 3.1j). To determine if any other cell types in the 5xFAD brain 

take up D-Cy5 we stained for astrocytes (GFAP; Fig. 3.1m, m1), neurons (NeuN; Fig. 

3.1n), and oligodendrocytes (OLIG2; Fig. 3.1o, o1) and find virtually no D-cy5 signal in 

any of these cell types in the subiculum (Fig. 3.1p) nor somatosensory cortex (Fig. 3.1q). 
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Figure 3.1: G4 HDs are phagocytosed by plaque associated microglia (PAM).  Schematic of HD 

conjugated to a Cy5 fluorophore (a). Experimental paradigm: 5xFAD mice were IP injected with dendrimer 

conjugated to a Cy5 fluorophore and perfused either 48 hours, 15 days, or 21 days post injection (b). 

Representative 20x confocal microscopy images of the subiculum (c) show dendrimer localization in 

plaque-heavy areas, while 5xFAD mice injected with vehicle do not show Cy5 signal (d). 63x (e, g) and 

inset images (e1, g1) of the hippocampus (e) and somatosensory cortex (g) highlight dendrimer 

colocalization within microglial lysosomes (CD68). Arrows indicate areas where dendrimers colocalize with 

CD68. Quantification of the percentage of plaque-associated microglia (PAM) and non-plaque-associated 

microglia (NPAM) containing dendrimer reveal that dendrimers are taken up primarily by PAM and to a 

lesser extent by NPAM in the subiculum (f) and somatosensory cortex (h). Quantification of the number of 

dendrimer puncta present in a 20x FOV at 48 hours, 15 days, and 21 days post injection in the hippocampus 

and somatosensory cortex indicate that dendrimers persist in the brain through 21 days in the subiculum 

(i) and somatosensory cortex (j). Representative 20x images of WT mice injected with dendrimer show 

small amounts of dendrimer present in the subiculum (k) and somatosensory cortex (l). 63x representative 

images (m) and zoomed in images (m1) of GFAP (astrocytes) and IBA1 staining, 63x images of IBA1 and 

NeuN (neurons) staining (n), and 20x (o) and zoomed in images of OLIG2 (oligodendrocytes) staining show 

virtually no uptake of Cy5 dendrimer in any of these cell types in the subiculum (p) nor somatosensory 

cortex (q). Statistical analysis for (f, h) used a two-tailed t-test; (i, j, p, q) used a one-way ANOVA with 

Tukey’s multiple comparison test. Significance indicated as * p < 0.05; ** p < 0.01; *** p < 0.001. 

PAMAM hydroxyl dendrimers conjugated to tyrosine kinase inhibitor, rescues 

Elevated Plus Maze (EPM) performance and Aß burden in 12-month-old 5xFAD 

mice. 

Having confirmed that HDs can pass the BBB and preferentially target PAMs in 5xFAD 

mice, we sought to determine the therapeutic potential of these dendrimers through a 

proof of principle experiment. To that end, we used D-45113, a dendranib that inhibits 

CSF1R tyrosine kinase (D-45113) (Fig 3.2a) which has a Kd of 0.04nM against CSF1R 

(Fig. 3.2b). D-45113 or vehicle dendrimer was administered to 4- and 11-month-old 

5xFAD and WT mice (IP) twice weekly for 4 weeks (Fig 3.2c), giving the following 4 

groups: WT/Veh, WT/D-45113, 5xFAD/Veh, and 5xFAD/D-45113 (Fig. 3.2d). Mice were 

assessed with the elevated plus maze (EPM) task 24 hours after the last injection and 

subsequently perfused 24 hours later at which point, they were analyzed via 

immunohistochemistry (IHC), protein, and RNA analyses.  
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Anxiety behavior in mice was evaluated using the EPM, where performance of 5-month-

old mice was similar across all groups regardless of genotype or treatment, as evidenced 

by their comparable time spent in the open arm of the maze (Fig. 3.2e). However, the 

distance travelled by 5xFAD/Veh mice was lower than that of both WT/D45113 and 

5xFAD/D-45113 mice, indicating that D-45113 may increase hyperexcitability in mice 

(Fig. 3.2f). At 4 months of age, there were no apparent changes in behavior. At 12 months 

of age, 5xFAD/Veh and 5xFAD/D-45113 mice spent significantly more time in the open 

arm of the EPM compared to WT/Veh and WT/D45113 mice (Fig. 3.2g), as expected [41]. 

Time spent in the open arm was rescued in 5xFAD/D45113 mice compared to 5xFAD/Veh 

mice, suggesting that D-45113 injection may improve behavioral outcomes in these mice 

(Fig. 3.2g). Notably, there was no significant difference in total distance travelled between 

any of the four groups (Fig. 3.2h). 
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Figure 3.2: Intraperitoneal administration D-45113 rescues elevated plus maze performance in 

5xFAD mice. Schematic of D-45113, a dendranib that inhibits CSF1R tyrosine kinase (a). Graph measuring 

the amount of CSF1R kinase plotted against D-45113 concentration (Kd = 0.04) (b). Experimental paradigm 

schematic revealing that 4- and 11-month-old 5xFAD and wild-type (WT) mice were injected with D-45113 

or a vehicle for a total of 8 injections over the course of a month, at which point animals were perfused at 

either 5- or 12-months of age (c). All subsequent analysis and images of the 5-month timepoint are indicated 

by diagonal hatch lines while the 12-month timepoint is solidly filled, with male data-points filled with blue, 

and female data-points filled with pink (d). Elevated plus maze data at the 5-month timepoint indicate no 

changes are seen in the amount of time spent in the open maze arms with dendrimer treatment nor with 

5xFAD genotype (e), however; WT/D45113 and 5xFAD/D-45113 mice traveled a greater distance over the 

course of the 5-minute trial compared to 5xFAD/Veh mice (f). In the 12-month timepoint, the 5xFAD groups 

both showed a significant increase in the duration of time spent in the open arms of the maze, as expected, 

but strikingly, 5xFAD/D45113 mice showed a significant rescue in behavior when compared to 5xFAD/Veh 

mice (g). Importantly, no groups in the 12-month timepoint significantly differed in total distance travelled 

during the trial (h). All analyses performed on this figure used a two-way ANOVA with Tukey’s multiple 

comparison test. Significance indicated as * p < 0.05; ** p < 0.01; *** p < 0.001. 

 

To investigate whether D-45113 treatment induces pathological changes in the brains of 

5xFAD mice, we performed IHC using Thio-S, an amyloid-specific dye for dense core 

plaques, and 6E10, an antibody against Aβ and APP. At 5 months of age in the 

somatosensory cortex, 5xFAD/D-45113 mice exhibited a trending reduction in the number 

of Thio-S dense core plaques (p=0.057; Fig. 3.3a, b) and a significant reduction in 

extracellular 6E10 staining (p=0.0034; Fig. 3.3e, f) compared to 5xFAD/Veh mice. 

However, in the plaque-heavy subiculum, no significant differences were observed 

between the two 5xFAD groups in the number of ThioS+ plaques (Fig. 3.3c, d) or 6E10 

staining (Fig. 3.3g, h). At the 12-month time point, a trending reduction in ThioS+ plaque 

number (p=0.11; Fig. 3.3i, j) and a significant reduction in 6E10 staining (p=0.032; Fig. 

3.3m, n) were observed in the 5xFAD/D-45113 group compared to the 5xFAD/Veh group 

in the somatosensory cortex. In the subiculum, no differences were observed in the 

number of ThioS+ dense core plaques (Fig. 3.3k, l); however, a significant reduction in 



 
 

81 
 

extracellular 6E10 volume was observed in 5xFAD/D-45113 mice compared to 

5xFAD/Veh controls (p=0.0025; Fig. 3.3o, p). 

We measured the levels of insoluble and soluble Aβ40 and -42 in the hippocampal tissue 

from 5xFAD/D-45113 and 5xFAD/Veh brains. As expected, the amount of soluble and 

insoluble Aβ40 was significantly higher at the 12-month time point compared to the 5-

month time point. However, D-45113 administration had no effect on the concentration of 

Aβ40 in the hippocampus (Fig. 3.3q, r). Similarly, an age-dependent increase in soluble 

and insoluble Aβ42 was observed, but no changes in concentration were observed due 

to D-45113 administration (Fig. 3.3s, t). 
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Figure 3.3: D-45113 treatment reduces Aβ plaque volume but not soluble and insoluble Aβ levels in 

the brains of 5xFAD mice. Representative 20x images of Thioflavin S (ThioS) staining in the 

somatosensory cortex (a) and subiculum (c) in 5-month 5xFAD groups, showing a nearly significant 

decrease in in ThioS+ dense-core plaques in the somatosensory cortex (b), but no change in the subiculum 

(d). 20x images of 6E10 staining for Aβ in the somatosensory cortex (e) and subiculum (g) in 5-month 

5xFAD/Veh and 5xFAD/D45113 groups reveal a significant reduction in 6E10 in the somatosensory cortex 

(f) of 5xFAD/D45113 mice, but no change in the subiculum (h). Representative 20x images of ThioS 

staining in 12-month-old 5xFAD/veh and 5xFAD/D45113 groups in the somatosensory cortex (i) and 

subiculum (k) and corresponding analysis shows a trending reduction in ThioS+ plaques in the 

somatosensory cortex (j), but not subiculum (l). 20x images of 6E10 staining in the somatosensory cortex 

(m) and subiculum (o) show striking reductions in 6E10 total volume in 5xFAD/D45113 mice compared to 

5xFAD/Veh controls in both brain regions (n, p). Hippocampal Aβ40 concentration measured via MSD 

assay shows an increase in soluble (q) and insoluble (r) Aβ40 levels in 12-month-old 5xFAD groups 

compared to 5-month-old 5xFAD groups, but no effects due to D45113 treatment are observed. Similarly, 
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soluble (s) and insoluble (t) hippocampal Aβ42 concentrations increase with age, but no changes are seen 

due to D45113 treatment. Statistical analysis for (b, d, f, h, j, l, n, p) used a two-tailed t-test; (q-t) used a 

two-way ANOVA with Tukey’s multiple comparison test. Significance indicated as * p < 0.05; ** p < 0.01; 

*** p < 0.001. 

 

D-45113 treatment reduces the number of microglia in aged 5xFAD mice. 

Having shown that HDs selectively target PAMs, we next investigated the effect of D-

45113 treatment on microglia. We performed IHC on brain sections from 5- and 12-

month-old WT/Veh, WT/D-45113, 5xFAD/Veh, and 5xFAD/D-45113 mice with the 

microglial marker, IBA1, and the dense core plaque stain, Amylo-Glo (Fig. 3.4a, d). At 5 

months of age, we observed an increase in the number of IBA1+ microglia in both 5xFAD 

groups compared to the WT groups, as expected. However, no differences were 

observed due to dendrimer treatment in either the WT or 5xFAD mice (Fig. 3.4b, c). 

Exploring the 12-month time-point, significant reductions in IBA1+ microglial densities are 

induced by D-45113 treatment in both brain regions in 5xFAD mice, but not WT mice (Fig. 

3.4e). 

We next investigated whether D-45113 treatment affected other cell types in the brain. 

We stained 12-month-old WT/Veh, WT/D-45113, 5xFAD/Veh, and 5xFAD/D-45113 

mouse brain slices with the reactive astrocyte marker GFAP and Amylo-Glo (Fig. 3.4i) 

and measured GFAP+ staining in the somatosensory cortex and subiculum. In both 

regions, we observed an increase in the GFAP+ signal in both 5xFAD groups compared 

to both WT groups, consistent with previous literature [41]. However, no changes were 

observed due to D-45113 administration (Fig. 3.4j, k). We also stained 12-month-old 

mouse brains with oligodendrocyte marker, OLIG2 (Fig. 3.4l). In the somatosensory 
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cortex, no differences in the number of OLIG2+ cells were observed between the WT/Veh, 

WT/D-45113, 5xFAD/Veh, and 5xFAD/D-45113 groups (Fig. 3.4m). However, in the 

subiculum, WT/D-45113 and 5xFAD/D-45113 mice had fewer OLIG2+ cells compared to 

WT/Veh mice, suggesting that D-45113 treatment may indirectly affect oligodendrocytes 

in the brain. 

 

Figure 3.4: D-45113 treatment reduces the number of microglia in aged 5xFAD mice. Representative 

20x images of the subiculum of 5-month-old WT/Veh, WT/D45113, 5xFAD/Veh, and 5xFAD/D45113 

stained for IBA1 and Amylo-Glo (a). In both the somatosensory cortex (b) and subiculum (c), the number 

of IBA+ cells increase in the 5xFAD groups compared to the WT groups, however, no changes are observed 

due to dendrimer treatment. 20x images in the subiculum of 12-month-old groups stained for IBA1 (d) show 

a significant reduction in the number of IBA1+ cells in the 5xFAD/D45113 group compared to the 5xFAD/Veh 

group in both the somatosensory cortex (e) and subiculum (f). At 12-months of age, the percentage of 
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IBA1+ cells that are plaque associated remains unchanged between the 5xFAD/Veh and 5xFAD/D45113 

groups in the somatosensory cortex (g) and subiculum (h). Representative 20x images of the subiculum of 

all four groups stained with reactive astrocyte marker, GFAP, and Amylo-Glo (i). In the somatosensory 

cortex (j) and subiculum (k) there is more GFAP volume in the 5xFAD groups compared to the WT groups, 

however, no changes occur with D45113 treatment. Representative 20x images of all four groups stained 

with oligodendrocyte marker, OLIG2, and Amylo-Glo (l) reveal no differences between groups in the 

somatosensory cortex (m), however; in the subiculum, the number of OLIG2+ cells are reduced in 

WT/D45113 and 5xFAD/D45113 mice compared to WT/Veh mice (n). Statistical analysis for (g, h) used a 

two-tailed t-test; (b, c, e, f, j, k, m, n) used a two-way ANOVA with Tukey’s multiple comparison test. 

Significance indicated as * p < 0.05; ** p < 0.01; *** p < 0.001. 

D-45113 treatment in aged mice reduces microglial and inflammatory gene 

expression in 5xFAD mice. 

To confirm the IHC changes due to D-45113 treatment, we performed bulk RNA 

sequencing (RNA-seq) on microdissected hippocampi from WT/Veh, WT/D-45113, 

5xFAD/Veh, and 5xFAD/D-45113 mice. We first compared differentially expressed genes 

(DEGs) between WT/D-45133 and WT/Veh and found no significantly changed genes 

between the two groups, indicating that D-45113 does not have an effect on hippocampal 

gene expression in the WT mice (Fig. 3.5a). Consistent with literature [41], the expression 

of inflammatory genes was higher in 5xFAD/Veh mice compared to WT/Veh, with genes 

such as Cst7, Itgax, and Clec7a being highly upregulated (Fig. 3.5b). In contrast, 

5xFAD/D45113 mice had robust gene expression changes compared to 5xFAD/Veh 

mice, with a marked downregulation of genes associated with microglia and inflammation 

such as Itgam, Itgax, and Cxcl9 (Fig. 3.5c). We generated a clustered heatmap from the 

fragments per kilobase of exon per million mapped fragments (FPKM) values for the 777 

DEGs identified between 5xFAD/D-45113 and 5xFAD/Veh mice (Fig. 3.5d) and identified 

three clusters: genes that are downregulated with D-45113 treatment, genes that are 

upregulated in 5xFAD/Veh mice but rescued in 5xFAD/D-45113 mice, and genes that are 
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upregulated with D-45113 treatment. We performed pathway analysis on the three 

clusters of genes through gene ontology (GO) analysis and listed the GO terms, P-value, 

adjusted P-value, and genes associated with the term in a table (Fig. 3.5e). The GO terms 

associated with the group of genes that are downregulated with D-45113 treatment are 

generally linked to synapses and neurons, with the top GO term being related to the 

regulation of dendritic spine morphogenesis. In the second group of genes, which are 

upregulated in 5xFAD/Veh mice but downregulated in 5xFAD/D-45113, the top GO terms 

are all linked to inflammation, with response to interferon-gamma being the top GO term. 

Finally, the third group, which contains genes that are upregulated with dendrimer 

administration, has GO terms linked to ion transport and homeostasis, but the adjusted 

P-values of the top GO terms are not significant. Overall, it appears that D-45113 

treatment may impact inflammatory and dendritic and neuronal gene expression in the 

hippocampi of these mice. 

To explore the effect dendrimer treatment has on networks of genes, we performed 

weighted gene co-expression network analysis (WGCNA) on the gene expression dataset 

and identified 48 independent modules (Supp. Fig. 3.1a). Correlation of each module to 

either D-45113 treatment (Fig. 3.5f) or 5xFAD genotype status (Fig. 3.5g) was undertaken 

of which 16 modules were graphed. The blue module is very highly correlated to 5xFAD 

genotype, while the darkturquoise and pink modules are correlated with D-45113 

treatment. Blue, darkturquoise, and pink eigengene expression was counted and plotted 

(Fig. 3.5h, i, j) and genes from each module displayed as a heatmap (Fig. 3.5k, l, m). The 

blue module consists of 1294 genes and is highly upregulated in the 5xFAD/Veh and 

5xFAD/D-45113 groups, and the GO terms associated with this module are associated 
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with inflammation (Fig. 3.5n). Additionally, the blue module displays gene network 

changes associated with microglia (Supp. Fig. 3.1b). The darkturquoise module consists 

of 520 genes and is highly upregulated in 5xFAD/D-45113, and the GO terms associated 

with this module are neutrophil activation and degranulation (Fig. 3.5o). Finally, the pink 

module consists of 500 genes and is downregulated in 5xFAD/D45113 mice, and the GO 

terms associated with this module are associated with synaptic transmission (Fig. 3.5p), 

reinforcing the potential link between D-45113 treatment and changes in neurons and 

synapses.  
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Figure 3.5: Bulk RNA-seq inflammatory gene expression is downregulated in 5xFAD mice treated 

with D45113. Volcano plot looking at differentially expressed genes (DEGs) between WT/D45113 and 

WT/Veh groups show no changes in gene expression between the groups (a). Volcano plot examining the 

DEGs between 12-month-old 5xFAD/Veh mice compared to WT/Veh mice reveals upregulation of classical 

AD inflammatory genes (Clec7a, Itgax, Cst7, etc.) (b). Volcano plot examining the DEGs between 12-

month-old 5xFAD/D45113 mice and 5xFAD/Veh mice reveals downregulation of microglial and 

inflammatory genes (Itgax, Itgam, Cxcl9, etc.) (c). Heatmap of individual FPKM values of the DEGs between 

the 12-month-old 5xFAD/D45113 group and 5xFAD/Veh group for all mice analyzed via bulk RNA-seq (D). 

Gene ontology analysis on three distinct populations of DEGs (e). Sixteen weighted gene connectivity 

network analysis (WGCNA) modules graphed according to correlation to D45113 treatment (f) and 5xFAD 

genotype (g). Module eigengene expression trajectory of gene expression value in blue (h), darkturquoise 

(i), and pink (j). Heatmap of genes within its respective module (k-m) and subsequent GO analysis terms 

and p-value for the blue (n), darkturquoise (o), and pink (p) modules. Statistical analysis for (h-j) used a 

one-way ANOVA with Tukey’s multiple comparison test. Significance indicated as * p < 0.05; ** p < 0.01; 

*** p < 0.001. 
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Supp. Figure 3.1: WGCNA dendrogram highlighting 48 modules (a). Interactive plot between hub genes 

extracted from the blue (b), darkturquoise (c), and pink (d) modules. Cell-type enrichment heatmap which 

displays gene network associations with different cell-types (e). 

Axonal and neuritic damage are not rescued with D-45113 treatment. 

To explore synaptic and neuronal network differences between 5xFAD/Veh and 

5xFAD/D-45113 mice, we stained 5- and 12-month-old 5xFAD/Veh and 5xFAD/D-45113 

mouse brain tissue with the neuritic dystrophy marker, LAMP1, and Amylo-Glo (Fig. 3.6a). 

At 5-months of age in the somatosensory cortex, there is no significant difference 

between the 5xFAD/Veh and 5xFAD/D-45113 groups (Fig. 3.6b). However, in the 

subiculum, 5xFAD/D-45113 mice have higher LAMP1 staining adjusted for plaque load 

than 5xFAD/Veh mice (Fig. 3.6c). At 12-months of age, there are no differences in LAMP1 

staining adjusted for plaque load in the somatosensory cortex (Fig. 3.6d) and subiculum 

(Fig. 3.6e). Neurofilament light chain (NfL) found in blood plasma has emerged as a 

potential biomarker for AD, with higher levels of NfL associated with higher axonal 

damage [108]. We measured plasma NfL levels of 5- and 12-month 5xFAD/Veh and 

5xFAD/D-45113 mice. At the 5-month timepoint, there is an elevation in plasma NfL in 

both 5xFAD groups compared to WT groups but no differences with D-45113 treatment 

(Fig. 3.6f). At 12-months of age, 5xFAD/D45113 mice have higher plasma NfL levels than 

5xFAD/Veh mice (Fig. 3.6g). Measurements of NfL in the insoluble brain fraction reveal 

increases in 5-month-old 5xFAD groups compared to WT, but no changes are observed 

due to D-45113 treatment (Fig. 3.6h). In the soluble fraction, NfL in the WT/D-45113 group 

is elevated compared to the other three groups (Fig. 3.6i). Similar to the 5-month data, 

the 12-month timepoint shows an increase in insoluble hippocampal NfL in 5xFAD groups 

and no differences with D-45113 treatment (Fig. 3.6j), however, no changes in the soluble 

fraction are observed (Fig. 3.6k). 
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Figure 3.6: Axonal damage in 5xFAD mice is not rescued with D45113 treatment. Representative 20x 

images of the subiculum of 12-month-old 5xFAD/Veh and 5xFAD/D45113 mice stained with a marker for 

dystrophic neurites, LAMP1, and Amylo-Glo (a). There are no differences at 4-months of age in the 

somatosensory cortex between 5xFAD/Veh and 5xFAD/D45113 mice in LAMP1 volume/Amylo-Glo volume 

(b), however, in the subiculum, 5xFAD/D45113 show a higher level of dystrophic neurites (c). At 12-months 

of age, however, there are no differences in LAMP1 volume/Amylo-Glo volume levels in the somatosensory 

cortex (d) and the subiculum (e). Plasma neurofilament light chain (NfL) levels, which is a peripheral marker 

for axonal damage, increase in 5-month-old 5xFAD groups compared to WT groups but not with D45113 

treatment (f). At 12-months of age, D45113 treatment in 5xFAD mice exacerbates plasma NfL levels (g). 

MSD assays measuring soluble and insoluble hippocampal NfL reveal an increase in insoluble NfL in 

5xFAD groups compared to WT groups but no difference due to D45113 treatment (h). In the soluble 

fraction, there is an increasein NfL in the WT/D45113 group compared to the other three groups (i). At 12-

months of age, both 5xFAD groups have higher hippocampal insoluble NfL levels compared to WT groups, 

but no changes are observed due to D45113 treatment (j). No changes are observed in soluble NfL at 12-

months of age are observed (k). Statistical analysis for (b-e) used a two-tailed t-test; (f-k) used a two-way 

ANOVA with Tukey’s multiple comparison test. Significance indicated as * p < 0.05; ** p < 0.01; *** p < 

0.001. 

 

Discussion 

Dendrimers are dynamic nanomolecules which have been utilized for drug delivery in 

cancer and in the brain when the BBB has been severely compromised [169]. Factors 

determining dendrimer biodistribution and toxicity are chemical composition, architecture, 
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size, and surface properties. Traditional PAMAM dendrimers have trouble passing intact 

or slightly impaired BBB [219]. Currently, there exist few ways to deliver therapeutics past 

the BBB and into the brain. One approach is through cerebrospinal fluid (CSF), 

intracerebral, and intracerebroventricular injection, however, while this is an efficient 

means to get therapeutics in the brain, these injections are very invasive procedures [34, 

150]. Other non-invasive delivery methods such as nasal drug administration, exosome 

delivery, and nanoparticle delivery represent promising avenues for drug delivery to the 

brain, but these methods have their own caveats as well such as toxicity problems, dosing 

limitations, and drug conjugation problems [34, 64, 148, 170]. Previous research has 

shown that HDs can bypass a partially impaired blood-brain barrier and be phagocytosed 

by activated microglia and macrophages [133, 135, 138, 139, 143, 190]. However, to our 

knowledge, this is the first study to assess the ability of HDs to target and treat PAMs 

specifically in the context of AD. With this in mind, we aimed to address two main 

objectives: first, to investigate whether HDs can selectively target PAMs in the brains of 

5xFAD mice; and second, to evaluate the potential of these HDs for biological modulation 

of PAMs in the brain. 

To clarify the precise role of microglia in AD pathogenesis, it is critical to target specific 

subsets of microglia, particularly PAMs. Among the key regulators of microglial-plaque 

association in AD, the most extensively studied is triggering receptor expressed on 

myeloid cells 2 (TREM2). Previous research that involved knocking out, knocking down, 

or overexpressing TREM2 or its downstream effectors has emphasized the crucial role of 

TREM2 in promoting microglial association with plaques [51, 52, 85, 86, 105, 106, 153, 

200]. Nevertheless, the impact of this association on the brain remains uncertain. This 
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may be due to the fact that the vast majority of these studies have targeted all cells in the 

brain and periphery starting in utero in mouse models. In humans, TREM2 is essential for 

maintaining normal brain homeostasis [47, 71, 137, 189], and TREM2 mutations resulting 

in loss of function are associated with a distinct neurodegenerative condition, Nasu-

Hakola disease [206]. This represents a confound in the current literature and highlights 

the importance of developing therapies which target subsets of diverse cells with temporal 

specificity. HDs, which target only the most phagocytic microglia in AD, appear to be very 

promising in this regard. HDs have the ability to therapeutically modulate PAM in regions 

of inflammation while sparing other cell types of potential off-target effects. Furthermore, 

AD progresses at different rates in different brain regions, resulting in varying microglial 

responses throughout the disease's course. These dendrimers may be beneficial in that 

they may target microglia only when needed in disease. 

Here, we show proof of principle that HDs are specifically internalized by PAMs and can 

have a biological effect when conjugated to a CSF1R inhibitor (D-45113) in a mouse 

model of AD. While we find that dendrimer is only colocalizes with microglia in the brain, 

it is possible that other cell types may take up levels of dendrimers that are undetectable 

via IHC. Also worth noting is the fact that PAMs are more resistant to CSF1R inhibition-

mediated depletion compared to NPAMs in 5xFAD mice and a mouse A/T/N model [116, 

184], perhaps indicating that CSF1R may not be the ideal target to robustly modulate 

PAMs . Regardless, D-45113 administration in 5xFAD mice reduces microglia number, 

similar to previous studies which pharmacologically inhibit CSF1R [31, 35, 185]. 

Interestingly, with reductions in microglia number in 5xFAD mice treated with dendrimer, 

there is also a reduction in diffuse plaque volume (6E10); however, no difference in 
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dense-core plaque volume (ThioS) is observed. This could in-part be due to the timing of 

treatment, as dense-core plaques are present in 5xFAD mice as early as 2 months of age 

[144]. Additionally, D-45113 treatment results in less microglia-plaque interaction and an 

increase in plasma NfL levels in 5xFAD mice. This falls in line with previous studies 

suggesting that microglia-plaque interaction is beneficial in limiting the amount of damage 

caused by Aβ plaques [36, 51, 184, 198, 201, 218]. These effects are much more 

prominent in older mice, as evidenced by behavioral, plaque, microglial, and RNA 

differences observed in 12-month-old 5xFAD mice treated with D-45113. Previous data 

from our lab indicate that PAMs show much higher levels of DAM marker CD11c (ITGAX) 

at 12- versus 4-months of age [192], perhaps suggesting that microglia in our older cohort 

of mice may be more prone to dendrimer uptake. Surprisingly, while treatment with D-

45113 led to a rescue in EPM behavior and Aβ levels, and a lowering of inflammatory 

gene expression, there is no rescue in dystrophic neurite or NfL levels. A few reasons we 

may not see a rescue include: 1. We treated mice that are mid-late stage in disease 

pathogenesis and perhaps treating earlier and for longer than 28 days will lead to a 

rescue; 2. The partial reduction of PAMs is not sufficient to rescue the damage apparent 

in 5xFAD mice; and 3. D-45113 treatment may have independent effects on the brain of 

these mice. Our findings suggest that while D-45133 treatment may have therapeutic 

benefits, further investigation is needed to determine the mechanisms behind synaptic 

damage and rescue with treatment.  

Here, we have shown that HDs have the capacity to target and treat PAMs with temporal 

precision through systemic administration. We were also able to show proof of principle 

that D-45113, a dendranib that inhibits the CSF1R has biological activity in the AD mouse 
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brain, specifically in PAMs. Previous studies have shown successful conjugation of 

dendrimers with siRNAs, antisense oligonucleotides, and other commercially available 

drugs [23, 34], making these tools essential for delivering therapeutics across the BBB 

and directly to PAMs. Microglia have been increasingly implicated in tau 

hyperphosphorylation [14, 51, 106, 109, 110, 172], and future studies employing 

dendrimers in plaque + tau mouse models will be crucial to understand the interaction 

between microglia and the two primary histopathological hallmarks of AD. Overall, 

however, these results demonstrate that systemically administered HD’s can be 

conjugated to effector molecules and enact a biological effect on their target microglial 

population. 

Conclusions: 

Our results indicate that hydroxyl dendrimers (HDs) can cross a slightly impaired BBB 

and preferentially target PAMs in the brains of 5xFAD mice while leaving other cell types 

unaffected. Additionally, we show proof of principle that HDs conjugated to a CSF1R 

inhibitor (D-45113) can have effects on AD plaque pathology microglial number, plaque 

association, and transcription in 5xFAD mice. Ultimately, we show that HDs conjugated 

to effector molecules can have modulating effects on PAMs and further studies utilizing 

HDs should be undertaken to therapeutically target the PAM cell population. 
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Concluding Remarks 

Since the first reports of Alzheimer’s disease (AD) more than 100 years ago [3], there has 

been a lack of transformative, mechanistic cures for the disease. Current disease-

modifying therapeutics targeting amyloid-beta (Aβ) have shown promising, but subtle, 

benefits on disease outcomes; however, better understanding of the AD brain is needed 

to understand how to effectively treat patients. Microglia have been shown to change 

morphologically in AD [77, 128], and recently have emerged as key contributors to 

disease pathogenesis and outcomes [17, 27, 184, 185]. Although much research has 

been performed examining the roles of microglia in AD, it is unclear whether these cells 

overall contribute positively or negatively to disease outcomes. While studies targeting 

microglial CSF1R or TAM receptors (AXL, MERTK) indicate that the microglial response 

to Aβ may be harmful [31, 73, 146, 184, 185], studies targeting Trem2, a gene responsible 

for microglial association with Aβ plaques, provide conflicting results [51, 52, 85, 86, 105, 

153, 174, 196, 200].  

One reason for these discrepancies could be due to the morphologic and transcriptomic 

heterogeneity of microglia found in AD. One such population of microglia, disease-

associated microglia (DAMs), directly respond to Aβ in the AD brain and are characterized 

by the expression of neuroinflammatory genes such as Cst7, Trem2, Apoe, and Itgax 

[94]. As such, my thesis investigates the role of PAMs in AD and provides tools with which 

to: 1. explore their mechanisms in disease and 2. therapeutically target these cells. All of 

this is done with the goal of determining this specific population’s role in disease hallmarks 

and outcomes. 
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First, we explored the role of microglial-specific Apolipoprotein E (ApoE) in disease 

pathogenesis. ApoE is a glycoprotein normally involved in lipid transport; however, in 

humans, APOE is considered a major genetic risk determinant in late-onset AD [29, 48, 

103] and can bind Aβ in brain [102]. Previous ApoE knock-out studies demonstrated a 

reduction in Aβ plaque load and synaptic proteins [11, 70, 114, 194, 210], as well as a 

rescue in the microglial homeostatic signature [99], although these knock-out studies 

affected all cell types’ ability to produce ApoE which does not indicate what cellular 

sources are important for plaque production. Under normal conditions, astrocytes are the 

main supplier of ApoE and microglia produce very little, but upon exposure to Aβ plaques, 

microglia enter a DAM state and dramatically upregulate ApoE production. To determine 

the impact of ApoE expressed by PAMs, I knocked Apoe out of all myeloid cells while 

leaving other sources of ApoE unaffected. Our results indicate that microglial-expressed 

ApoE is not essential to induce the microglial transcriptional shift associated with 5xFAD 

pathology, nor for plaque formation. While seemingly unnecessary for plaque formation, 

we found microglial-expressed ApoE may be needed for proper plaque homeostasis in 

AD, as plaques were slightly larger in mice that had ApoE from microglia knocked-out. 

Additionally, microglial-expressed ApoE may have a role in synapse maintenance. Our 

lab has previously shown that dysregulation of homeostatic microglia through partial 

inhibition of CSF1R results in reduced P2RY12 expression and reduction in synaptic 

proteins [6]. Similarly, microglia lacking ApoE express reduced levels of P2RY12 which 

indicate some level of microglial dysregulation which ultimately impacts synapse 

maintenance and development. Importantly, while Apoe mRNA was knocked out from all 

microglia, ApoE protein was still present within microglia, suggesting that these cells can 
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uptake ApoE from other sources in the brain such as astrocytes. Altogether, these data 

indicate that microglial-ApoE interaction has an effect on plaque size in 5xFAD mice; 

however, in the absence of microglial-expressed ApoE, other sources of ApoE supplied 

may be sufficient for microglia to induce changes in the 5xFAD brain. Also worth noting, 

this work highlights the importance of examining compensatory mechanisms in cell-

specific knock-out models, particularly when targeting genes that are expressed in 

multiple cell types which are translated into secreted proteins that ultimately function 

outside of the cell.  

To examine the role of PAMs more precisely in AD, we developed both a genetic and 

pharmacological approach to target and manipulate these cells with temporal specificity. 

In our genetic approach, we developed a novel and inducible destabilized Cre system 

knocked-in to the Cst7 locus. Previous data indicate that CST7 is solely expressed in 

PAMs and our genetic model can efficiently and specifically target a subset of these cells, 

DAMs, in 5xFAD mice. This new technology can be used in a variety of way, including in 

lineage tracing studies. For example, newly FDA Aβ immunotherapies will soon be 

performed worldwide, however; it is unknown what happens to the microglia around the 

plaques once Aβ is cleared from the brain. It stands to reason that these cells will either 

stay in a disease-associated state, or revert back to some form of homeostatic function. 

The Cst7DD-Cre mouse line crossed with tdTomato and 5xFAD mice will be used to label 

DAMs prior to Aβ immunization, which will then be subsequently followed to determine 

their plasticity in function once plaques are depleted from the brain. Other future studies 

will address the role of this specific cell population in AD through specific knock-out of 

TREM2 or SYK from PAMs. This approach represents a unique and nuanced way to 
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modulate any specific gene only in DAMs and will hopefully contribute to our 

understanding of the exact role of microglia in AD. 

While the genetic approach utilized in Chapter Two will help to define the role of DAMs in 

disease progression, we need to develop methods to therapeutically target these cells 

while sparing other homeostatic populations. To that end we explored the potential of a 

pharmacological approach utilizing polyamidoamine (PAMAM) hydroxyl dendrimers 

which are preferentially phagocytosed by PAMs in the AD brain [177, 178]. Using these 

dendrimers conjugated to colony stimulating factor 1 receptor (CSF1R), we observe 

reductions in microglial number, inflammatory gene expression, and Aβ 

immunohistochemical staining in 5xFAD mice. Overall, these dendrimers show the 

potential to cross the blood-brain barrier (BBB), specifically modulate PAMs, and affect 

disease outcomes. PAMAM hydroxyl dendrimers represent an emerging therapeutic that 

can target PAMs in AD. 

Importantly, my thesis highlights the necessity of targeted approaches when determining 

the role of microglia in neurodegenerative disease. AD is a vastly nuanced disease, with 

multiple pathological hallmarks and a mosaic of disease expression that is age- and brain 

region-dependent. Similarly, the microglial response to the pathological hallmarks of AD 

is nuanced, with age- and brain region-dependent morphological and transcriptional 

responses. My work sheds insight into how we can begin to target specific subsets of 

microglia in AD through precise, complementary approaches. Our work demonstrates the 

utility of nuanced approaches that specifically target microglia, or microglia directly 

involved with amyloid plaques, allowing us to investigate and begin to develop 

therapeutics combating the mechanisms behind AD pathogenesis. 
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