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ABSTRACT

Prion protein (PrPC) interacts with 38 to 42 amino acid amyloid-� (A�) peptides released

by proteolytic processing of amyloid precursor protein (APP). Our laboratory previously

reported a direct relationship between PrPC expression and the levels of secreted A�42,

but the underlying mechanisms were unclear. I sought to test whether PrPC exerts its ef-

fect on A� by modulating APP processing. I quantified APP synthesis and A� secretion

following siRNA-induced knockdown (KD) of PrPC in mouse neuroblastoma (N2a) cells

stably expressing human APPwt (N2a-APPwt) or human APP carrying the Swedish mu-

tation (N2a-APPswe). PrPC KD significantly reduced net A� peptide secretion in both

cell lines without affecting APP expression or extracellular A� degradation. PrPC KD also

significantly reduced sAPP� release in both cell lines and increased sAPP↵ production in

N2a-APPwt but not in N2a-APPswe cells. Surface biotinylation and immunofluorescence

labeling studies revealed an increase in the levels of surface APP and an increase in intracel-

lular APP C-terminal fragments (CTFs) following PrPC KD. Using a previously validated

method to assess APP CTF levels in vivo, I found an increase in APP CTF levels in female

transgenic mice lacking PrPC compared to wild-type mice. These findings are consistent

with a model whereby PrPC expression limits APP delivery to the plasma membrane and

APP internalization, facilitating amyloidogenic APP processing and A� secretion. Our re-

sults suggest that reducing PrPC expression might be a therapeutic avenue for treating AD

by limiting BACE1-cleavage of APP, an essential step in A� production.

xii



CHAPTER 1

CHAPTER 1: GENERAL INTRODUCTION

1.1 Neurodegenerative Diseases are Linked by Protein Misfolding

and Aggregation

Alzheimer’s disease (AD), Prion Disease (PrD), Parkinson’s disease (PD), Huntington’s dis-

ease (HD), and amyotrophic lateral sclerosis (ALS) are neurodegenerative diseases charac-

terized by the gradual loss of neuron function and structure 116, 160. While the clinical

manifestations of neurodegenerative disorders are diverse, many of these diseases are linked

by their shared etiology of "misfolding" and aggregation of an otherwise normal protein in

the central nervous system (CNS) 34, a mechanism of disease initially promoted by studies

of PrD 34, 114, 115. These disorders also share other common pathological features, includ-

ing genetic mutations, mitochondrial dysfunction, oxidative damage, and protein aggrega-

tion 116, 160.

1.1.1 Mutations Leading to Protein "Misfolding" Diseases"

Mutations in specific genes have been linked to the familial forms of these diseases, provid-

ing insights into their pathogenesis. For example, mutations in the genes encoding amyloid

precursor protein (APP), presenilin 1 (PS1), and presenilin 2 (PS2) are associated with

early-onset AD, highlighting the role of amyloid� (A�) peptide accumulation in disease pro-

gression 12. The amyloid cascade hypothesis, originating from observations in AD, suggests

that the accumulation of toxic A� peptides initiates a series of events leading to neuronal

damage and cognitive decline 12, 56. This process involves complex molecular pathways,

including the abnormal processing of APP, leading to the production of neurotoxic A� pep-

tides. These insights into AD’s molecular basis have spurred research into mechanisms of

other neurodegenerative diseases 12.
1



1.1.2 Mitochondrial Dysfunction and Oxidative Stress

Additionally, mitochondrial dysfunction and oxidative stress are central to the pathogenesis

of these disorders, and contribute to neuronal damage. In AD, synaptic failure and neuronal

loss precede the formation of amyloid plaques and neurofibrillary tangles, with early signs

of disease involving synaptic function and dendritic structure alterations 12, 160. Similar

disruptions in cellular homeostasis, energy metabolism, and redox balance are implicated

in PD, HD, and ALS, underlining the importance of mitochondrial integrity and oxidative

stress management in neuronal survival 12, 160.

1.1.3 Protein Aggregation

AD is marked by the accumulation of amyloid plaques and neurofibrillary tangles, primarily

composed of insoluble protein or peptide aggregates. Similar protein misfolding and ag-

gregation phenomena are observed in PD, where ↵-synuclein accumulates in Lewy bodies,

in HD with mutant huntingtin protein aggregates, and in ALS, where various protein ag-

gregates (superoxide dismutase among others) disrupt normal cellular functions 12, 116, 160.

There is also a large body of evidence demonstrating that different disease-causing protein

aggregates share structural features, such as polypeptide chain organization into cross-�

spines, and in some cases, aggregation propensity 2, 39, 99, 123. These factors may inter-

act with each other in ways that either advance or attenuate overall disease progression.

The cellular prion protein (PrPC), the central protein linked to PrD, may interact with

AD-related proteins, through poorly understood mechanisms. It is not known whether

PrPC promotes or mitigates AD toxicity, and under what circumstances either may oc-

cur 1, 34, 43, 45, 80, 118, 122, 134.

The primary goal of our research extends beyond genetic factors, and focuses on under-

standing the protein trafficking pathways common to various diseases, which may identify

2



convergent points that offer potential for broad-spectrum therapies.

1.2 The Molecular Basis of Prion Disease

1.2.1 Prion Diseases

The prion diseases (PrDs) are a family of transmissible and fatal neurodegenerative disorders.

PrDs are rare, with an annual global incidence of 1-2 cases per million for sporadic, genetic,

and acquired forms combined 26, 100, 124. Descriptions of PrD were first documented in

Spanish merino sheep being transported to England in the 18th century 159. In these sheep,

a key symptom of the PrD was an intense itching that compelled them to scrape against

fences, which led to the disease being named "Scrapie" 159. Other symptoms included ab-

normal behavior and progressive ataxia 159. This disease can now be detected in the blood

up to twelve months prior to symptom onset, once the sheep exhibited symptoms, they never

recovered. Scrapie once spread rampantly among flocks, and resulted in the death of both

imported and endemic flocks 159. Histopathalogically, scrapie is characterized by diffuse

gliosis, neuronal death, and vacuolation in nervous tissue (spongiform degeneration) and de-

posits of the PrP 48, 135, 158. When its transmissible nature was demonstrated in goats via

intraocular inoculation 68, Scrapie was defined as a transmissble spongiform encephalopathy,

which is the term used to describe PrDs today. The primary human prion diseases include

Creutzfeldt-Jakob disease (CJD), variant CJD, Gerstmann-Sträussler-Scheinker (GSS) dis-

ease, fatal familial insomnia (FFI), and variably protease-sensitive prionopathy (VPSPr) 66.

Distinct pathological features are used to categorize these diseases, especially anatomic dis-

tribution of lesions. In addition, CJD is characterized by the especially prominent spongiform

degeneration, while in GSS extracellular deposits of PrP amyloid is more prominent, FFI is

marked by thalamic neuronal loss and astrogliosis 11, 113– 115. Common symptoms across

prion diseases are progressive cognitive decline that leads to dementia, severe gait and coor-

3



dination deterioration, and muscle twitching 3. The incubation period of PrD is long, but

after the onset of clinical symptoms, most PrDs progress with alarming celerity, leading to

early death 26, 100, 124.

1.2.2 PrPC and PrPSc in Prion Disease

The cellular isoform of prion protein (PrPC) is central to the development of PrDs, and as

such, has been well characterized. PrPC is encoded by the PRNP gene, which is located

on the short arm of chromosome 20 in humans 84, 113. PrPC has the ability to misfold into

a protease-resistant �-sheet-rich conformation, designated PrPSc. PrPSc, in turn, propa-

gates itself by templating its conformation onto resident PrPC , which generates new PrPSc

oligomers, protofibrils, and fibrils that deposit as PrP amyloid 34, 124. PrDs are distinguished

from other protein misfolding disorders, such as AD, by their ease of transmissibility and

their requirement for PrPC 11, 32, 100, 124. While the annual global incidence of PrDs is only

one to two cases per million 26, 100, 124, understanding the role of PrPC in other protein mis-

folding disorders could lead to breakthroughs in treatment for AD and other more common

neurodegenerative diseases.

1.2.3 The Structure and Function of PrPC

The function of PrPC has not been completely elucidated. Studies have pointed to its involve-

ment in regulating synaptic function, protecting the synapse from excitotoxicity-mediated

cell death, cell differentiation, and Cu(2+) recycling and metabolism 15, 93, 96, 110, 140, 148.

Human PrPC is translated as a 253 amino acid (aa) protein, whereas its mouse homolog

is 254 aa. Upon translocation of PrP into the endoplasmic reticulum (ER), the 22 aa N-

terminal secretory signal peptide is cleaved from PrP, and 23 C-terminal residues are removed

after the addition of the glycosylphosphatidylinositol (GPI) anchor to the serine residue at

position 231. As a result, the mature forms of mouse and human PrP contain 209 and 208

4



aa respectively 18, 30, 124. Using the mouse numbering system, mature PrP is predicted to

contain a flexible N-terminal segment from aa 23 to 122, in which a Cu(2+)-binding octapep-

tide repeat region (aa 60-95) flanked by charge cluster 1 (aa 23-28) and charge cluster 2 (aa

100-109) resides. This segment is followed by a hydrophobic core (aa 112-133) and a globular

C-terminal domain (aa 134-231) comprised of three alpha helices and two anti-parallel beta

sheets 18, 96, 113, 124. PrP is folded in the ER prior to transport to the Golgi apparatus,

where it is differentially N-glycosylated at sites Asn180 and Asn196 30. PrPC is anchored

to the outer leaflet of the plasma membrane via the GPI anchor, although some forms of

PrPC may display a transmembrane topology 96. PrPC at the membrane can exist in un-

glycosylated, mono-glycosylated, or di-glycosylated forms (i.e., at the above Asn residues).

There is some evidence for differential glycosylation states for varying prion strains 30, 95, 97.

1.3 The Production of A� from Amyloid Precursor Protein

A� is generated by the endoproteolysis of its parent protein, amyloid precursor protein

(APP), by sequential cleavage of APP by groups of enzymes or enzyme complexes termed

↵-, �-, and �- secretases (Figure 1.1) 79. As described in more detail, below, cleavage first

occurs by either ↵- or �-secretase. Cleavage by both of these secretases does not occur. This

cleavage is a necessary precursor of cleavage by the �-secretase complex.

1.3.1 ↵-, �-, and �- Secretases

↵-secretase

The ↵-secretases are a family of enzymes including metalloproteases. The latter are in-

hibitors of platelet aggregation and integrin-dependent cell adhesion 79. The ↵-secretases

play a role in the regulation of learning and memory formation 79. The three primary en-

zymes with ↵-secretase activity are ADAM9, ADAM10, and ADAM17. ↵-secretase activity

predominantly resides on the plasma membrane 79, 144.
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�-secretase

�-secretase is better known as �-site APP-cleaving enzyme (BACE1). BACE1 is a Type

I integral membrane protein in the family of aspartyl proteases, of which the prototype is

pepsin 64, 79, 133, 149. While mutations in the BACE1 gene are not directly linked to familial

AD, individuals with AD have increased levels and activity of BACE1 55.

�-secretase

�-secretase is a complex of proteins that includes presenilin 1/2 (PS1 and PS2), nicastrin,

anterior pharynx defective (APD), and presenilin enhancer 2 (PSE2) 44, 83, 138, 161, 163. In

addition to APP, �-secretase has over 140 known substrates and substrate candidates, includ-

ing proteins involved in cell adhesion, signaling, and neuronal function 63. Approximately

150 AD related mutations have been found in the PS1 and PS2 complexes to date 38, 150, 164.

1.3.2 APP Cleavage

Broadly, APP cleavage can be subdivided into the non-amyloidogenic pathway, which does

not result in the production of A� peptides, and the amyloidogenic pathway, which does

result in the production of A� peptides (Figure 1.1 and 1.2). In the non-amyloidogenic

pathway (Figure 1.1), APP is first cleaved by ↵-secretase at a position 83 amino acids from

C-terminus of the protein. This cleavage produces an N-terminal ectodomain sAPP↵, which

is secreted into extracellular space, leaving behind an 83 aa C-terminal fragment of APP,

↵-CTF. �-secretase cleaves the resulting 83 aa C-terminal fragment of APP to produce p3,

which is also released extracellularly, and a C-terminal fragment (CTF) - APP intracellular

domain, or AICD; this domain remains intracellular.

In the amyloidogenic pathway (Figure 1.2), APP is first cleaved by �-secretase at a po-
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sition 99 amino acids from C-terminus of the protein. This cleavage produces an N-terminal

ectodomain, sAPP�, which is secreted into extracellular space, resulting in a 99 aa C-terminal

part of the protein that remains intracellular, �-CTF. �-secretase can cleave APP at the +1

or +11 site of A�, which generates C-terminal fragments of variable length 21. �-secretase

then cleaves the 99 aa C-terminal fragment of APP between residues 38 and 43, to produce

A� peptides of various lengths that are released into the extracellular space. Like in the

non-amyloidogenic pathway, the resulting CTF, AICD, remains intracellular.

1.4 Amyloid-� in Alzheimer’s Disease

1.4.1 The Amyloid Cascade Hypothesis

The amyloid cascade hypothesis, first proposed by Hardy and Higgins in 1992 56, 126, is

centered on the idea that �-sheet rich amyloid fibrils formed from extracellular A� deposits

are the root cause of AD. Hardy and Higgins posited that other observed AD hallmarks -

neurofibrillary tau tangles (NFTs), cell death, and dementia - are a direct result of these A�

deposits 56, 126. AD is characterized by brain deposition of extracellular amyloid plaques

comprised of aggregates of A�, 38-42 aa peptides derived from amyloid precursor protein

(APP) by sequential enzymatic cleavage (Figure 1.2), as described above. In addition,

intraneuronal NFTs are comprised of aggregates of hyperphosphorylated tau protein are a

second histopathological hallmark of AD 27, 79.

1.4.2 An Alternative Hypothesis to Describe AD Progression

The Inside-Out Amyloid Hypothesis offers an non-mutually exclusive alternative to tradi-

tional models of Alzheimer’s disease progression, focusing on the internal accumulation of

A� peptides within neurons rather than external aggregation that subsequently leads to

plaque formation 47, 112. In this model, intracellular A� can be generated when extracellu-
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lar A� binds to specific cell surface receptors and is internalized into endosomes as an A�-

receptor complex 47, 79, 112. Alternatively, if C99 is not immediately cleaved by �-secretase

at the plasma membrane, it can be transported to other intracellular compartments where

�-secretase resides, and cleaved there instead 47, 79, 112. In addition, �-secretase has high

processivity, which means that it catalyzes consecutive, short, reactions without releasing

substrate, allowing for the release of shorter, more soluble forms of A� 79, 112. The proces-

sivity of �-secretase can be lost if one of the enzymes in its complex is mutated, resulting

in an increase in intracellular C99 A�42 isoforms, an isoform of A� that is hydrophobic and

prone to aggregation 79. Moreover, studies have shown that partial inhibition of �-secretase

actually increases both C99 and A�42 isoforms, which may contribute to cellular toxicity 79.

This hypothesis is based on studies showing age-related increases in the overall concen-

tration of A� in Alzheimer’s Disease (AD) mouse and human brains and the accumulation

of A� in endosomes near synapses 47, 112. This intracellular accumulation is hypothesized

to be an early event leading to progressive A� aggregation and pathology, particularly af-

fecting neurites and synapses. It has also been observed that synaptic activity modulates

A�-dependent synapse pathology in AD models independently of plaque formation, suggest-

ing that intraneuronal A� may contribute to the development of AD 47, 112.

While the two main histopathologic features, neuritic plaques and neurofibrillary tangles, are

often used to diagnose AD, evidence suggests that A� plaques and clinical disease severity are

only weakly correlated 7, 51, 65, 67, 127? . More specifically, cognitive symptoms of AD some-

times manifest years after A� deposition and detectable plaque formation. Clinical trials

of A� plaque-clearing drugs have been largely unsuccessful. Taken together, these findings

suggest that A� accumulation trigger degenerative processes that are irreversible long before

plaques are visible and diagnostic 46, 62, 101. In line with these studies, A� fibrils may be
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Figure 1.1: Amyloid precursor protein processing: The processing of amyloid precursor
protein (APP) can follow two main pathways. A. In the non-amyloidogenic pathway, ↵-
secretase cleaves APP within the A� region, releasing a soluble ectodomain, sAPP↵ into
the extracellular place. The remaining intracellular C-terminal fragment (CTF), C83, is
subsequently cleaved by �-secretase, resulting in the release of both the p3 fragment and the
APP intracellular domain (AICD), the latter of which remains intracellular.

Figure 1.2: Amyloid precursor protein processing: The processing of amyloid precursor
protein (APP) can follow two main pathways. In the amyloidogenic pathway, �-secretase
cleaves APP to release the soluble sAPP� fragment extracellularly. This leaves behind a
CTF, C99, which �-secretase further processes to create A� peptides of variable length,
leaving behind AICD. The alternative hypothesis is that C99 does not get processed by
�-secretase immediately, but exerts intracellular toxic effects, and can later be cleaved to
release A� intracellularly. Made with BioRender.com.
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less directly neurotoxic than the soluble A� oligomers 31. Studies have demonstrated that

soluble A� oligomers can facilitate the formation of cofilin-actin rods that impair synaptic

function and long-term potentiation (LTP), disrupt learned behaviors, affect spatial mem-

ory, reduce expression of critical receptors in the neuronal membrane, and markedly alter

dendritic spine morphology 27, 31, 78, 82, 134, 154.

1.5 APP and PrPC Share Similar Trafficking Pathways

APP and PrPC are trafficked through similar intracellular pathways, and are expressed on the

surface of neurons, endosomes, exosomes, as well as other membranes within the cell 23. As

a result, there are several potential locations where APP and PrPC might interact. Broadly,

APP and PrPC trafficking can be subdivided into the secretory and endocytic pathways.

1.5.1 Secretory Pathway

In the secretory pathway, APP and PrPC are synthesized in the endoplasmic reticulum

(ER) and undergo post-translational modifications in the Golgi before being trafficked to the

plasma membrane 111. In neurons, APP and PrPC are both transported to axons and den-

drites through anterograde transport mediated by kinesin 34, 35, 54, 75, 152. PrPC is housed

in bidirectional vesicles that undergo both anterograde and retrograde transport and require

dynein and kinesin-1 light and heavy chain holoenzymes, depending on the type of trans-

port 42, 152. In contrast, APP moving towards the axon is housed in unique tubular unidirec-

tional structures 35, 54. In neurons, most APP remains localized to the Golgi or trans-Golgi

Network (TGN), and only 10% of APP makes it to the cell surface, from where it is either

shed after proteolytic cleavage or internalized through caveolin- or clathrin-dependent mech-

anisms 54. PrPC can also be shed into the extracellular space through proteolytic cleavage

by zinc metalloproteases 107, but most PrPC is internalized and recycled back to the plasma

membrane in endosomes, transiting through the cell in ⇠ 60 minutes 58, 130. Once inter-
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nalized, PrP and APP can either be recycled to the plasma membrane or TGN, or taken

through the endocytic pathway 4, 54, 57, 141.

1.5.2 Endocytic Pathway

In the endocytic pathway, proteins targeted for degradation are sorted into intraluminal vesi-

cles (ILVs) within late endosomes, which are then termed multivesicular bodies (MVBs) 111.

MVBs can either fuse with lysosomes, which results in degradation of ILV content, or they

can fuse with the plasma membrane, which results in release of the ILVs into the extracellular

space as “exosomes” 111. There is evidence that A� and PrPC may interact at one or more

points in the secretory and endocytic pathways, which provides a basis for targeting shared

trafficking pathways when designing therapeutics for AD 59, 118.

1.6 Bridging the Gap: Exploring Potential Roles for PrPC in

Alzheimer’s Disease

PrPC has been implicated in AD, although its role in mediating AD-related toxicity is still

unclear. PrPC binds with high affinity to A� peptides at human PrPC residues 23–27 and

91–119 (aa 90-118 in mice), the latter of which has been reported by different groups with

some variation in length, depending on the methodology, A� preparation, and model system

used 27, 34, 45, 80, 157, 165.

1.6.1 A Neurotoxic Role for PrPC in Alzheimer’s Disease

Early evidence for its direct role in AD came from studies that found PrPC to function as a

possible suppressor of BACE1 49, 50, 108, the enzyme involved in the initial cleavage of APP

required for the generation of A� peptide in the amyloidogenic pathway 33 (Figure 1.1).

Some groups have shown that the binding of A� oligomers to cell surface PrPC is required for
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AD-related toxicity, specifically by mediating hippocampal LTP impairment 45, 80, 122, 134,

as A�-induced LTP impairment is not observed when PrPC is mutated or deleted 45, all of

which would suggest a neurotoxic role for PrPC in AD.

1.6.2 A Neuroprotective Role for PrPC in Alzheimer’s Disease

On the other hand, in a recent study from our laboratory, intracellular A� levels were in-

creased in mouse models of AD, in which the mice lack PrPC expression, compared to the

same type of mouse but expressing normal levels of wild-type (wt) PrPC 118. This same

study also demonstrated that A� and PrPC colocalize and are pulled down together in ex-

osomes, suggesting that PrPC might aid in the transport of intracellular A� to exosomes

for secretion. Other groups have demonstrated that intracellular A� association with exo-

somal PrPC could promote fibrilization of A�, which may be a less toxic aggregated form

of the peptide than soluble oligomers 43. These studies suggest a neuroprotective role of

PrPC in binding to A� and facilitating its export from the cell, possibly through exosome

secretion 118, although other routes are currently being explored.

1.7 PrPC Binds to Other Proteins Linked to Neurodegenerative

Disorders

Recent work suggests that PrPC can bind to other proteins believed to be involved neu-

rodegeneration, such as tau and ↵-synuclein 34, 147. A�, tau, and ↵-synuclein all appear to

induce neuronal toxicity via a PrPC -mediated mechanism. Some studies have demonstrated

that PrPC ablation prevents the LTP impairment and neuritic dystrophy caused by aggrega-

tion of all of these soluble proteins 34. In possible conflict with these findings, other studies

have shown that ablation or overexpression of PrPC has no effect on the A�-induced LTP

impairment in brain slice preparations from transgenic AD mouse models 22. Apparent dif-

12



ferences between these findings might be related to differences in the aggregation state and

solubility of their protein preparations. Most of the existing research has primarily focused

on the interaction between plasma membrane-bound PrPC and extracellular protein assem-

blies 34, 40, 45. Interactions between PrPC and intraneuronal disease-causing proteins and

possible roles for PrPC in intraneuronal accumulation of misfolded proteins remain unclear.

Separating the function of extracellular PrP and intracellular pools of PrPC may reveal key

differences in their function and define opportunities for the selective modification of one

pool over the other to mitigate the development of AD and potentially other neurodegener-

ative diseases. Overall, the studies highlighted in this section demonstrate the complexity

of PrPC ’s role in neurodegenerative disease.
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CHAPTER 2

CHAPTER 2: THE EFFECT OF PRPC EXPRESSION ON THE

INTRACELLULAR PROCESSING AND TRAFFICKING OF

APP, AND ON SUBSEQUENT A� RELEASE

2.1 Introduction

Early evidence for PrPC ’s direct role in AD came from studies that found PrPC to function

as a possible suppressor of �-site APP Cleaving Enzyme 1 (BACE1) 108, which is responsible

for the initial cleavage of APP required for the generation of A� peptide in the amyloidogenic

processing pathway 33. This work suggested that PrPC may function to inhibit BACE1 ac-

tivity when localized to lipid rafts, thereby reducing A� generation 108. However, subsequent

studies have found that PrPC can affect APP processing independently of BACE1 and that

the PrPC -BACE1 interaction may be indirect 94.

Prior work from our laboratory established a direct relationship between PrPC expression

and A�42 secreted by mouse neuroblastoma (N2a) cells that stably express human APP car-

rying the Swedish mutation linked to familial AD (APPswe) 118. The mechanism by which

this occurs is unknown. Compared to cells expressing normal levels of PrPC , the laboratory

observed a reduction in A�42 in the media of cells following PrPC knockdown 118.

The N2a-APPswe cell line, in which the "Swedish" mutation (K595N/M596L) in the amy-

loid precursor protein (APP) is expressed, serves as a crucial model for studying AD pathol-

ogy 144. This specific mutation significantly enhances the cleavage of APP by �-secretase,

leading to an increased production of amyloid-� (A�) peptides, which are central to the

development of AD 144.
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In studies conducted using this cell line, it has been demonstrated that cells expressing

APPswe secrete higher levels of A� peptides and �-secretase-generated soluble APP deriva-

tives (APPs�) compared to cells expressing wild-type APP (APPwt) 144. There is a corre-

sponding decrease in the levels of ↵-secretase-generated soluble APP derivatives (APPs↵),

indicating a shift in the cleavage process towards �-secretase pathways in the presence of the

Swedish mutation 144.

The importance of using the N2a-APPswe cell line lies in its ability to mimic key aspects of

the AD pathology. The cell line provides a system in which the metabolic processes leading

to increased A� production can be studied in detail. This is crucial for understanding the

intracellular mechanisms that contribute to the disease and for testing potential therapeutic

interventions aimed at reducing A� levels.

In the present study, I examined how PrPC might regulate steady-state A� levels - in par-

ticular, whether PrPC alters the processing or trafficking of APP to normally promote the

production or release of A�.

Our findings from N2a cells stably expressing either APPwt or APPswe show that KD

of PrPC increases APP steady-state levels at the plasma membrane and subsequent endocy-

tosis. Furthermore, the increase in APP at the plasma membrane increases its access to and

cleavage by ↵-secretase, with a concomitant increase in APP C-terminal fragments (CTFs).

In the following chapter, I further show that TgPrnp�/� mice that lack PrPC expression

have increased levels of endogenous APP CTF compared to wild-type mice. Our findings

indicate that PrPC affects APP trafficking. PrPC ’s absence enhances APP localization to

the plasma membrane and, in so doing, promotes ↵-secretase cleavage, associated with an

overall reduction in A� secretion.
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2.2 Materials and Methods

2.2.1 Cell Lines

N2a cell lines stably expressing either the APPwt (wild-type human APP695 with a c-Myc

tag) or APPswe (human APP695 with the Swedish mutations K595N and M596L with a

c-Myc tag) have been described previously 88, 144. These cells were cultured in N2a growth

medium (45% DMEM [high glucose w/L-glutamine], 50% OptiMEM I medium, 10% Fetal

Bovine Serum (all v/v), and supplemented with Geniticin™).

2.2.2 Antibodies

Primary Antibodies

Detailed information on primary antibodies can be found in Tables A.1-A.3. The following

primary antibodies were used: PrP antibodies, anti-PrP mouse mAb SAF-32 (Bertin Biore-

agent, Montigny le Bretonneux, France), D-13 chimeric human-mouse Ab 121(kindly pro-

vided by Dr. Stanley Prusiner, UCSF, San Francisco, CA); APP, CTF, and A� antibodies,

anti-ectodomain mouse mAb P2-1 (Invitrogen, Carlsbad, CA; Thermo Fisher Scientific,

Inc.), anti-ectodomain mAb 22C11 (eBioscience, San Diego, CA), anti-ectodomain rabbit

polyclonal antibody (pAb) NTH452 5, 28 and pAb NTG449 29(Thinakaran laboratory), C-

terminal rabbit mAb, Y188 (Abcam, Waltham, MA), C-terminal mAb C1/6.1 (BioLegend,

San Diego, CA), C-terminal pAb CTM1citeCheng2009S-Palmitoylation, Andrew2017Lack

(laboratory), anti-�-amyloid, 1-16 antibody, clone 6E10 (BioLegend, San Diego, CA), anti-

�-amyloid mAb AB9 (BioTechne, Minneapolis, MN); APLP1 antibodies, ectodomain rabbit

pAb A1NT 5 (Thinakaran laboratory); APLP2 antibodies, ectodomain rabbit pAb D2II 142

and C-terminal pAb CT12 143 (Thinakaran laboratory); BACE1 antibodies, BACE1 rabbit

pAb PA1-757 (Invitrogen, Carlsbad, CA; Thermo Fisher Scientific, Inc.); ADAM10 antibodies,

recombinant anti-ADAM10 antibody [EPR5622] (Abcam, Waltham, MA); Biotin antibodies,
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Biotin Antibody (33) (SantaCruz Biotechnology, Dallas, TX); NrCAM antibodies, Anti-

NrCAM (N-terminal) anti-rabbit pAb (Abcam, Waltham, MA), Anti-NrCAM (C-terminal)

anti-rabbit pAb (Cell Signaling Technology, Danvers, MA); NCAM antibodies, human/mouse

NCAM-1/CD56 antibody, anti-goat pAb (BioTechne, Minneapolis, MN), anti-neural cell ad-

hesion molecule antibody, anti-rabbit pAb (Sigma Aldrich, St. Louis, MO); Loading control

antibodies, �-Actin antibody (C4), anti-mouse mAb (SantaCruz Biotechnology, Dallas, TX),

Anti-GAPDH antibody (6C5), anti-mouse mAb (Invitrogen, Carlsbad, CA; Thermo Fisher

Scientific, Inc.).

AlexaFluor-conjugated secondary antibodies (Invitrogen, Carlsbad, CA; Thermo Fisher Sci-

entific, Inc.) were used for immunofluorescence staining. IRDye- (NetaScientific, Marlton,

NJ) or HRP-conjugated secondary antibodies (Invitrogen, Carlsbad, CA; Thermo Fisher Sci-

entific, Inc. and SantaCruz Biotechnology, Dallas, TX) were used for Western blot analysis.

2.2.3 Cell Transfection

To transiently knock down expression of the endogenous mouse Prnp gene transiently, I

used two siRNAs that target sequences within the 3’ untranslated region (3’-UTR) of mouse

Prnp were used: Prnp3, targeting sequence 5’CCC TAT GTT TCT GTA CTT CTA3’, and

Prnp4, targeting sequence 5’CTG ATT GAA GGC AAC AGG AAA3’ (Qiagen, Valencia,

CA). A non-interfering siRNA with no known homology to any gene (Qiagen, Valencia, CA)

was used as a control 118.

Cells were seeded in 1 mL of N2a growth media on 6-well plates 24 hours prior to trans-

fection, at which time the N2a growth medium was replaced with 800 µL of DMEM and

200 µL of OptiMEM I incubated with the siRNA and transfection reagent. Each well was

transfected for 6 hours either with a mixture containing non-interfering siRNA and 5 µL
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of RNAiMAX reagent (Invitrogen, Carlsbad, CA; Thermo Fisher Scientific, Inc.) or with

0.0163 µM of Prnp3 and Prnp4 siRNA and 5 µL of RNAiMAX reagent at concentrations

previously determined to produce the highest level of PrP KD with the least cell toxicity.

At the end of the incubation, the media was removed, cells were washed once with PBS,

and the media was replaced with 1 mL of N2a growth media for 24 hours, at which time the

conditioned media and cell lysates were collected and stored at 80�C for subsequent analysis.

2.2.4 Cell Lysate and Conditioned Media Preparation

Cells were lysed in Radio-Immunoprecipitation Assay (RIPA) buffer (50 mM Tris, 150 mM

NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 5 mM EDTA, pH 8.0) supplemented

with protease inhibitors (Halt™ Protease Inhibitor Cocktail) and 0.25 mM phenylmethyl-

sulphonyl fluoride (PMSF), incubated on ice for 30 minutes, and centrifuged at 10,000 x g

for 10 minutes. The pellet was discarded, and supernatants were saved as the cell lysate

fraction and stored at -80�C until analyzed. The protein concentration of each cell lysate

fraction was determined using the bicinchoninic acid (BCA) assay (Pierce, Thermo Fisher

Scientific Inc., Waltham, MA). Conditioned media from cells was collected and centrifuged

at 500 x g for 5 minutes to clear cell debris. TCM proteaseArrest™ (G-Biosciences, St.

Louis, MO) was added to the media after clearing the sample to protect secreted proteins

from degradation, and aliquots were stored at -80�C.

2.2.5 Immunofluorescence Cell Staining

Cells were seeded on poly-L-lysine-coated coverslips placed in 12-well plates. After 24 h,

cells were either transfected with control siRNA or siRNA to downregulate Prnp expression

and used 24 h later for immunostaining (Thinakaran laboratory).
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Surface PrPC/APP

To visualize plasma membrane PrP or APP (Figure 2.1), cells were moved from 37�C to ice,

washed in Neuroimaging (NIM) media (119 mM NaCl, 2.5 mM KCl, 2 mM CaCl2•2H2O,

2 mM MgCl2•6H2O, 30 mM D-Glucose, and 25 mM 1M HEPES, pH 7.4), and incubated

with the mAb SAF-32 or pAb NTH452 for 1 hour on ice (1:1000). Unbound antibodies were

removed with three NIM washes for 5 minutes each, followed by fixation in 4% PFA for 5

minutes, and quenching in 50 mM NH4Cl. Between each step, cells were washed with PBS

3 times for 5 minutes each. Next, cells were incubated with secondary antibodies (1:1000)

diluted in 3% BSA in PBS + 0.2% Tween-20 for 1 hour on ice. Cells were washed with

PBS + 0.2% Tween-20 three times for 5 minutes each, incubated with a DAPI solution for

5 minutes, washed again with PBS + 0.2% Tween-20 three times for 5 minutes each, and

then mounted onto slides with VectaShield mounting media (Thinakaran laboratory).

Surface PrPC/APP and total APP

To simultaneously visualize the surface and total APP (Figure 2.2), surface PrP and APP

were first labeled following the above staining protocol. After incubation for 1 hour with

secondary donkey anti-mouse AlexaFluor 555 to label surface PrP and donkey anti-rabbit

AlexaFluor 647 to label surface APP, cells were washed with PBS + 0.2% Tween-20 three

times for 5 minutes each and then permeabilized with 0.2% Triton X in PBS for 5 minutes.

Cells were then washed with PBS + 0.2% Tween-20 3 times for 5 minutes, then blocked for

1 hour on ice in a 3% BSA in PBS solution supplemented with glycine and NH4Cl. To stain

total APP, the cells were incubated with pAb CTM1, which recognizes the C-terminal of

APP, that was diluted in 3% BSA and 0.2% Tween-20 in PBS (1:1000). Next, cells were

washed with PBS + 0.2% Tween-20 three times for 5 minutes each, followed by incubation

with a donkey anti-rabbit AlexFluor 488 secondary antibody diluted in 3% BSA and 0.2%

Tween-20 in PBS for 1 hour on ice (1:1000). Cells were washed with PBS + Tween-20 three
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times, incubated with a DAPI solution for 5 minutes, washed again with PBS + Tween-20

three times, and mounted onto slides with VectaShield mounting media. Slides were stored

in slide boxes at 4�C.

Imaging

Stained cells were imaged on a Nikon Ti2 microscope fitted with a Yokogawa CSU-W1 SoRa

spinning disk confocal scanner unit and Photometrics Prime 95B sCMOS detector controlled

by NIS-Elements software. All images were processed in Fiji/ImageJ. The middle image in a

Z-stack was selected for all images processed. Images were acquired using identical settings

for each cell line, and the same threshold parameters were used for all images within an ex-

periment. Regions of interest were drawn around cells, and the mean integrated fluorescence

intensity was calculated as a function of the number of nuclei in the field or as a function

of cell area. At least three images were taken per transfection and cell staining condition,

and each experiment was repeated at least three times. As a result, cells were counted from

at least nine images per transfection condition and combination of antibodies. Data were

analyzed using Prism 10 (GraphPad Software).

Analysis of immunofluorescence staining

All images were processed in Fiji/ImageJ. The middle image in a Z-stack was selected for

all images processed. 20uM scale bars were added to each image and the same threshold

parameters were used for all images within an experiment, for each cell line. Channel colors

were changed to blue (nuclei), green (plasma membrane and intracellular APP), magenta

(plasma membrane PrPC), and yellow (plasma membrane APP), and channels were saved

both separately and as a montage. Images from the same experiment were grouped together,

regions of interest were drawn around cells from each image and the mean integrated density

was calculated as a function of the number of nuclei counted in an experiment and as a
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Figure 2.1: Immunolabeling of plasma membrane APP and PrPC . Made with BioRen-
der.com.
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Figure 2.2: Immunolabeling of plasma membrane APP, PrPC , and total APP. Made with
BioRender.com.
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function of cell area in a single Z-stack plane at the center of each cell. At least three images

were taken per transfection and cell staining condition and each experiment was repeated

at least three times. As a result, cells were counted from at least 9 images per transfection

condition and combination of antibodies. Data were analyzed using Prism 10 (GraphPad

Software).

2.2.6 Quantifications of A� and secreted APP

For analysis of human A� secreted from N2a-APPwt and N2a-APPswe cell lines, conditioned

media (see above) were collected. The levels of A�38, A�40, and A�42 in the conditioned

media were measured using V-PLEX Plus A� Peptide Panel 1 6E10 (K15200G). For analysis

of sAPP/�-wt in the N2a-APPwt cell line, conditioned media were analyzed using MSD

sAPP↵/sAPP� kit (K15120E). The plates were read on a MESO QuickPlex SQ 120. Data

were analyzed using Discovery Workbench desktop analysis software (Meso Scale Discovery,

Rockville, MD) and Prism 10 (GraphPad Software).

sAPP�-sw ELISA

sAPP�-sw secreted by N2a-APPswe cells was measured with a sAPP�-sw solid phase sand-

wich ELISA kit (27733) from IBL. The plates were read at an optical density of 450 nm

on the VersaMax microplate reader (Molecular Biosciences), and data were analyzed using

Prism 10 (GraphPad Software).

2.2.7 A� Digestion Assay Using Synthetic A�

Extracellular degradation of A� in conditioned media was assessed using a previously de-

scribed assay 151. Lyophilized A� peptides were initially dissolved in 1% NH4OH, followed

by dilution in PBS, according to the manufacturer’s instructions, and stored as 1 mg/mL

aliquots. Unlike other cell experiments, the harvested conditioned media was not supple-
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mented with TCM protease inhibitor. Conditioned media samples (12.5 µL) were incubated

for 14 hours at 37�C with either 200 ng of synthetic hexafluoro-2-isopropanol (HFIP)-treated

A�40 or A�42 (AnaSpec, Fremont, CA). After incubation, the reaction mixtures were sep-

arated on a 16.5% Tris-tricine gel and immunoblotted with mAb 6E10 to assess A�40 and

A�42 degradation in the media. N2a growth media, A�40 peptide, and A�42 peptide were

used as controls.

2.2.8 qRT-PCR

Total RNA was extracted from N2a-APPwt and N2a-APPswe cells transfected with control

and siRNA to downregulate Prnp expression as previously described using the RNAqueous®-

4PCR Total RNA Isolation Kit (Invitrogen, Carlsbad, CA; Thermo Fisher Scientific Inc.,

Waltham, MA) according to manufacturer’s instructions. 200 ng RNA was reverse tran-

scribed into cDNA and amplified using 1 M of each forward and reverse primer using the

iTaq universal SYBR green one-step kit (Bio-Rad, Hercules, CA) on a Bio-Rad CFX96™Real-

Time System. Actin was used as a control to normalize the levels of the target mRNA. All

reactions were run in triplicate. Relative gene expression of the target genes was measured

using the 2���CT method 87. The data were analyzed and graphed using Prism 10 (Graph-

pad Software).

Gene Forward primers (5’–3’) Reverse primers (5’–3’)
MoPrP CCAAGGAGGGGGTACCCATA CCCAGTCGTGTGCCAAAATGG
Actin TGGAATCCTGTGGCATCCATGAAA TAAAACGCAGCTCAGTAACCG
APP GTAGCAGAGGAAGAAGTG CATGACCTGGGACATCTTC

Table 2.1: Primers used for PCR amplification of genes.
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2.2.9 Western Blotting

Cell lysate and conditioned media samples were prepared by adding 3X to 4X Laemmli

sample buffer (Bio-Rad, Hercules, CA) in the presence or absence of 2-Mercaptoethanol

was used for Tris-glycine gels, and 2X tricine sample buffer (Bio-Rad, Hercules, CA) 2-

Mercaptoethanol was used for Tris-tricine gels. The proteins were solubilized and denatured

by heating the samples to 95�C for 5 min. For preparation of Western Blotting with mAb

P2-1, which is specific for native, non-denatured APP, the samples were incubated in 4X

Laemmli buffer without 2-Mercaptoethanol and heated to 50�C for 10 minutes prior to load-

ing.

To separate proteins �15kDa, 4-20% Tris-glycine gradient gels were used, whereas 16.5%

Tris-tricine gels were used to separate proteins �15kDa. Proteins were transferred to 0.45

µm polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA) or Immobilon™

- FL 0.45 µm PVDF membranes (Millipore) at 400 mA at 4�C for 3 hours. Membranes

were blocked in 5% milk in PBS-T or 10% BSA and 10% fish scale gelatin (FSG) in PBS-T

(when using fluorescent secondary antibodies) for 1-2 hours at RT, followed by overnight

incubation with primary antibodies at 4�C. Washes in between steps were in Tris-buffered

saline with Tween-20 (TBS-T) or PBS-T 3X for 10 minutes, and blots were incubated in

secondary antibodies at RT for 1 hour. When fluorescent secondary antibodies were used,

blots were imaged on the LI-COR Odyssey near-IR imager for quantitative immunoblots im-

mediately after washing. Otherwise, blots were incubated for 5 minutes in SuperSignal West

Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific Inc., Waltham, MA) and

imaged using the ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA).
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2.2.10 Surface and Endocytosis Biotinylation

Surface biotinylation was performed according to established protocols 6, 90. One hour prior

to the biotinylation of proteins, 100 g/mL leupeptin was added to the cell media to inhibit

lysosomal proteolysis, along with 20 µM of TAPI-2 to prevent ADAM10 cleavage of APP

at the plasma membrane. Cells were then cooled to 4�C and washed twice in ice-cold PBS

(supplemented with 1 mM Ca(2+) and 0.5 mM Mg(2+), used throughout the experiment),

at which time they were surface-biotinylated using EZ-Link-Sulfo-NHS-SS-Biotin (Thermo

Fisher Scientific Inc., Waltham, MA) at a concentration of 1mg/mL for 12 minutes. Three

washes of 3-5 minutes each in PBS containing 50 mM lysine and 0.5% BSA were used to

wash excess, unreacted EZ-Link-Sulfo-NHS-SS-Biotin from cells at 4�C. Cells were then

washed twice in PBS for 3 minutes each, re-incubated with pre-warmed N2a growth media

(supplemented with 100 g/mL leupeptin and 20 uM TAPI-2), and placed in a 37�C incubator

for 15 minutes, to allow biotinylated plasma-membrane APP to internalize. Following re-

internalization, cells were cooled back down to 4�C and washed once with ice-cold PBS. For

wells where the remaining surface biotinylated APP was stripped, cells were treated twice

with glutathione (75 mM final concentration, prepared in 75 mM NaCl, 10 mM EDTA,

pH 8) at 4�C for 10–15 minutes each. Cells were washed three times in PBS to remove

glutathione and lysed in ice-cold RIPA buffer. Cell lysates were centrifuged at 2000 x g for 10

minutes, and supernatants were saved (the pellet was discarded). Protein concentration was

determined using the BCA assay (Pierce). Aliquots of lysates (150 g each) were incubated

overnight at 4�C with 30ul of NeutrAvidin Beads (Pierce) to capture biotinylated proteins.

To wash the pulldown, each Eppendorf tube was centrifuged at 400 x g for 5 minutes,

following which the supernatant was discarded. The beads were resuspended in 200 uL of

RIPA buffer, and each tube was placed on a nutator for 5 minutes, followed by centrifugation

at 400 x g for 5 minutes. This process was repeated three times to wash the beads thoroughly.

After the final wash step, the supernatant was discarded, 30 uL of 4X Laemmli sample buffer
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(Bio-Rad, Hercules, CA) with 2-mercaptoethanol was added to the beads, and the beads were

boiled and resolved by SDS/PAGE.

2.2.11 Statistical Analysis

Statistical analyses were performed using Prism 10 (GraphPad Software). Comparisons

between two groups were performed by two-tailed unpaired t-tests (two groups), and three

or more groups were analyzed by ANOVA, followed by an appropriate post-hoc multiple

comparisons test.

2.3 Results

2.3.1 The Effect of PrPC Expression on A� Release

We used the high-sensitivity MesoScale Discovery (MSD) assay to quantify the three major

isoforms of secreted A� (A�42, A�40, and A�38) from the conditioned media of stable

N2a cell lines that stably express human wild-type (wt) APP695 (N2a-APPwt) or APP

harboring the “Swedish” double mutation (N2a-APPswe) 144. Conditioned media samples

were collected from cells plated 24 hours prior to treatment with control siRNA or siRNA to

PrPC . The efficiency of PrPC KD was ⇠ 70% in both cell lines (Figure 2.3 A). We compared

relative reductions in each A� isoform measured in each cell line and found an overall decrease

in A�42, A�40, and A�38 following PrPC KD (Figure 2.3 B-C). Concomitantly, within the

conditioned media of N2a-APPwt cells, an ⇠ 40% reduction was observed in A�40 and A�42

levels, with an ⇠ 85% reduction in A�38 levels (Figure 2.3 B). The large apparent decrease

in A�38 levels, however, was attributed to the fact that A�38 levels were below the detection

limits of MSD in three samples treated with siRNA to PrPC . Within the conditioned media

of the N2a-APPswe cell line, an ⇠ 20% reduction in all three isoforms of A� was observed

(Figure 2.3 C). Only A�40 and A�38 isoforms were significantly reduced in N2a-APPwt cells,
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whereas all three isoforms were significantly reduced in N2a-APPswe cells. This is likely a

result of the extremely low steady-state levels of A�42 secreted by N2a-APPwt cells (⇠ 50

⇠ 1300 pg/mL in N2a-APPswe cells).

2.3.2 The Effect of PrPC Expression on APP mRNA and Protein Levels

To determine whether the reduction in A� following PrPC KD was due to an indirect effect

on APP expression, leading to reduced overall A� levels, I performed qRT-PCR to quantify

mRNA levels of APP. We first confirmed that PrPC KD was effective. qRT-PCR for PrP

mRNA suggested a reduction of ⇠ 70%, consistent with my Western Blots (Figure 2.4 A).

However, there was no difference in APP mRNA in either cell line after PrPC KD compared

to controls (Figure 2.4 B). Of note, this experiment also revealed significantly lower levels of

APP mRNA in N2a-APPwt cells compared to N2a-APPswe cells (⇠ 2.5X difference)(Figure

2.4 B). We then assessed whether steady-state APP levels were altered after PrPC KD. Im-

munoblotting revealed no differences in full-length (FL) APP levels following PrPC KD in

either cell line (Figure 2.4 C-D). Thus, the unchanged levels of FL APP mRNA and FL APP

protein argue against a reduction in APP expression as an explanation for the decrease in

steady-state levels of secreted A� following PrPC KD.

2.3.3 The Effect of PrPC Expression on Extracellular A� Degradation

We next considered that PrPC might act to directly or indirectly protect A� from extracellu-

lar degradation, and in its absence, A� degradation is facilitated. To test for this possibility,

I assessed the extent of degradation of synthetic A� incubated in conditioned media ob-

tained from cells expressing normal or reduced PrPC . Twenty-four hours after transfection
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Figure 2.3: PrPC KD decreases the steady-state levels of secreted A� in N2a-
APPwt and N2a-APPswe cells.
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Figure 2.3: (continued) A. Representative Western blots (left) and associated densitometry
(right) of N2a-APPwt and N2a-APPswe cell lysates probed for PrPC before and after siRNA-
induced PrPC KD. PrPC signal intensities were normalized to the levels of actin. Data were
analyzed by a two-tailed, unpaired t-test from three separate experiments, **** p<0.0001.
B-C. MSD electrochemiluminescence quantitation of A�38, A�40, and A�42 levels (pg/mL)
in the media of N2a-APPwt (B) or N2a-APPswe (C) cells 30 hours after transfection with
either scrambled (control) siRNA or anti-PrP siRNA. Data were plotted as a composite and
using appropriate scales for each A� species. Each data point is the average of 2 technical
replicates, and the data is from 5 (N2a-APPwt) or 6 (N2a-APPswe) experiments. Data were
analyzed by a two-tailed, unpaired t-test: * p<0.05, ** p<0.01.

of N2a-APPswe and N2a-APPwt cells with control or PrP-specific siRNA, equal aliquots

of conditioned media were mixed with synthetic A�40 or A�42 and incubated at 37�C for

14 hours at which time they were collected and resolved on 16.5% Tris-tricine gels and im-

munoblotted using mAb 6E10 to detect the remaining A�40 and A�42 peptides (Figure 2.5).

The percentage of A� remaining, relative to the levels of A� peptide similarly incubated in

N2a growth media, was calculated (Figure 2.5 B and D). No significant difference in degra-

dation was observed for either A�40 or A�42 after 14 hours of incubation in media collected

from either cell line treated with control or anti-PrP siRNA. Thus, the extracellular degra-

dation of A� is not a PrPC -dependent process, and such a process does not explain the

reduction in steady-state secreted A� levels following PrPC KD.

2.3.4 The Effect of PrPC Expression on APP Processing

Based on the above findings, I considered that the reduction in A� secretion following PrPC

KD might result from an influence of PrPC on the balance of APP processing by ↵-and

�-secretases that determine whether APP follows the non-amyloidogenic or amyloidogenic

pathways. The primary ↵-secretase, ADAM10 metalloproteinase, cleaves APP within the

A� segment and releases soluble APP↵ (sAPP↵ into the media, thereby promoting the

non-amyloidogenic pathway, whereas BACE1 cleaves APP at the amino-terminal of the A�
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Figure 2.4: PrPC KD does not affect APP mRNA or protein levels in N2a-APPwt
and N2a-APPswe cells.
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Figure 2.4: (continued). A. PrPC mRNA levels are knocked down ⇠ 50-70% by Prnp siRNA.
Quantitative PCR analysis of PrPC mRNA levels (control and PrPC KD) in N2a-APPswe
cells and N2a-APPwt cells as a function of 2���CT , represented by % fold change, where the
control conditions are set to 100%, and normalized to Actin. B. APPswe mRNA levels were
⇠ 2.5X that of APPwt mRNA levels in N2a-APPwt cells. N=4 samples per transfection
condition and cell line. Data were analyzed by two-way ANOVA, **** p<0.0001. C-D.
PrPC KD does not affect full-length APP protein levels in N2a-APPwt or N2a-APPswe
cells. Representative Western blots (C) and associated densitometry (D) of N2a-APPwt
and N2a-APPswe cell lysates probed for APP before and after siRNA-induced PrPC KD.
Signal intensities of APP were normalized to GAPDH. N=3 Western blots. Data points were
analyzed by a two-tailed, unpaired t-test from three separate experiments, **** p<0.0001,
ns = not significant.

peptide, and promotes the amyloidogenic pathway, resulting in the release in sAPP� into

the media. MSD assays were designed to quantify sAPP↵ and sAPP� to assess potential

changes in their overall steady-state concentrations and relative ratios following PrPC KD.

A decrease in sAPP� would confirm that impaired BACE1 cleavage of APP is, at least, par-

tially responsible. A change in the ratio of sAPP↵ and sAPP� such that sAPP↵ is relatively

increased, would support a role for PrPC to promote the amyloidogenic pathway and, in

its absence, shift the balance to the non-amyloidogenic pathway. PrPC KD in N2a-APPwt

cells resulted in a significant decrease (⇠ 17%) in sAPP� (28,996 + 499 vs. 24,370 + 611

pg/mL, N=6, p<0.0048) in addition to a striking increase (⇠ 50%) in sAPP↵ (19,459 + 278

vs. 29,221 + 1241 pg/mL, N=6, p<0.0001) (Figure 2.6 A-B). This finding supports a pos-

sible role of PrPC to suppress the non-amyloidogenic pathway (i.e., ↵-secretase cleavage) or

facilitate the amyloidogenic pathway, which leads to a shift to the non-amyloidogenic path-

way and less A� production in parallel with an increase in sAPP↵ release in the media after

PrPC KD. Although a similar result in N2a-APPswe cells was expected, PrPC KD effected a

somewhat different outcome. As with N2a-APPwt cells, ⇠ 15% reduction in sAPP� was ob-

served (2,148 + 43 vs. 1,833 + 69 ng/mL, N=12 samples, p<0.0059) (Figure 2.6 C), despite

the much higher baseline levels of sAPP� in N2a-APPswe cells compared to N2a-APPwt

cells (2,148,000 vs 28,996 pg/mL) (Compare Figure 2.6 A and C). However, whereas sAPP↵
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Figure 2.5: PrPC KD does not affect the degradation of synthetic A�40 or A�42
in conditioned media from N2a-APPwt or N2a-APPswe cells.
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Figure 2.5: (continued). A-D. Representative Western blots of conditioned media aliquots
from N2a-APPwt or N2a-APPswe cells incubated with 200 ng of synthetic A�40 or A�42 at
37�C for 14 hours. The 6E10 antibody was used to detect A�40 or A�42 in the samples at
the end of the incubation. The percent of A�40/A�42 remaining in the media of the non-
transfected, control siRNA, and Prnp siRNA conditions after the incubation was measured
in relation to the N2a growth media condition.

significantly increased in the media of N2a-APPwt cells after PrPC KD, it was unaffected

(62,877 + 4069 vs. 67,066 + 5037 pg/mL, N=18 samples, p<0.5269) in N2a-APPswe cells

(Figure 2.6 D). This supports the idea that APPwt and APPswe are differentially processed.
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Figure 2.6: PrPC KD decreases steady-state levels of secreted sAPP� in N2a-
APPswe and N2a-APPwt cells, while sAPP↵ levels increase significantly only in
N2a-APPwt cells. A. MSD electrochemiluminescence quantitation (ng/mL) of sAPP↵
and sAPP�-wt levels in the media conditioned by N2a-APPwt cells transfected with control
or Prnp siRNA. Each data point is the average of 2 technical replicates, and 3 independent
experiments were performed. Data were analyzed by two-way ANOVA, ** p<0.01, ****
p<0.0001. B. MSD electrochemiluminescence quantitation (ng/mL) of sAPP↵ levels in
the conditioned media of N2a-APPswe cells transfected with control or Prnp siRNA. Each
data point is the average of 2 technical replicates, and 9 independent experiments were
performed. Data was analyzed by a two-tailed, unpaired t-test. C. ELISA quantitation
(ng/mL) of sAPP�-swe cells transfected with control or Prnp siRNA. N=5 samples for the
control condition and 7 for the PrPC KD condition. Each data point is the average of 2
technical replicates. Data were analyzed by a two-tailed, unpaired t-test: ** p<0.01.

Based on these somewhat discordant findings, I explored whether APP CTFs produced
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Figure 2.7: PrPC KD increases APP CTF levels in N2a-APPwt and N2a-APPswe
cells. 36



Figure 2.7: (continued). Representative Western blots (top) and associated densitometry
(bottom) of N2a-APPwt and N2a-APPswe cell lysates probed with pAb Y188 to label APP
and APP CTFs. Signal intensities of ↵-CTF, +11 �-CTF, and +1 �-CTF bands were
grouped and normalized to GAPDH. CTF signals were further separated into ↵-CTF and
+11 �-CTF bands. Data points were analyzed by a two-tailed, unpaired t-test; N=4 inde-
pendent experiments, * p<0.05.

after ↵- and �- secretase cleavage mirror the observed changes in sAPP↵ and �. We expected

an increase in ↵-CTF and a decrease in �-CTF in N2a-APPwt cell lysates after PrPC

KD, whereas in N2a-APPswe cells no change in ↵-CTF and a decrease in �-CTF were

expected. Lysates of N2a-APPswe and N2a-APPwt cells were probed for CTFs using the

APP C-terminal antibody Y188 (Abcam, Waltham, MA). Surprisingly, CTFs were generally

increased in both cell lines after PrP KD, although the predominant fragments were �-, and

the +11 �- CTF fragments (Figure 2.7). As such, these results mirrored the changes in

sAPP↵ in N2a-APPwt cells but not in N2a-APPswe cells. Moreover, �-CTF levels did not

significantly change, which is inconsistent with the sAPP� data in both cell lines, indicating a

disconnect between the steady-state levels of intracellular �-CTF and the N-terminal product

released by the initial BACE1 cleavage of APP.

2.3.5 The Effect of PrPC Expression on APP Trafficking Patterns

Because PrPC is a substrate of ADAM10, the main ↵-secretase that cleaves APP, it might

act by substrate competition to mitigate ↵-secretase cleavage of APP and promote its cleav-

age via the amyloidogenic pathway. However, although such an effect might explain the

reduction in A� and sAPP� in both cell types after PrPC KD, and the increase in sAPP↵ in

N2a-APPwt cells, it would not be of sufficient magnitude to explain the lack of effect of PrPC

KD on sAPP↵ in N2a-APPswe cells. Based on the differences in sAPP↵ production between

the two cell lines after PrPC KD, I asked whether the reduction in PrPC differentially alters

plasma membrane levels of APPwt or APPswe. The metabolic fates of APPswe and APPwt
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are different in that APPswe is readily cleaved in the Golgi and trans-Golgi Network by

BACE1 144 whereas APPwt is trafficked to the plasma membrane where the majority of

the ↵-secretases are localized. As a result, any alteration in these trafficking patterns by

PrPC could result in differential modifications of APP processing. We first compared signal

intensities of plasma membrane-bound APP and PrPC in non-permeabilized N2a-APPwt

and N2a-APPswe cells before and after PrPC KD. NTH452, a rabbit polyclonal antibody

selective for the N-terminal of APP, was used to assess plasma membrane localized APP and

the PrPC mAb SAF32 was used to assess plasma membrane localized PrPC . This revealed

a robust qualitative increase in surface staining of APP concomitant with the reduction of

PrPC signal in both cell lines after PrPC KD (Figure 2.8).

Similarly treated cells were then permeabilized prior to staining with CTM1, a C-terminal

APP antibody that recognizes ↵-CTF, and �-CTF, in addition to full-length APP, to assess

changes in C-terminal APP fragments after PrPC KD (Figure 2.9). By computing the mean

integrated density of each cell that was permeabilized and stained with CTM1, I assessed

the full-length APP and CTF levels quantitatively. These levels reflect total intracellular

APP levels at a fixed time point, in individual cells. The calculated mean integrated den-

sity of CTM1 staining in N2a-APPwt cells was significantly increased following PrPC KD

(p<0.0001) (Figure 2.9 Ci). Similarly, in N2a-APPswe cells, PrPC KD increased CTM1

fluorescence per cell compared to control siRNA-transfected cells (Figure 2.9 Di). To accom-

modate for differences in cell size across cell lines and siRNA treatment, I also calculated

mean integrated density of CTM1 fluorescence as a function of cell area in a plane, which

showed a significant increase after PrPC KD in both cell lines (Figure 2.9 Cii and Dii).

In contrast to the immunofluorescence staining results that suggest the APP signal at the
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Figure 2.8: PrPC KD increases NTH452-labeled plasma membrane APP in N2a-
APPwt and N2a-APPswe cells. Representative images of N2a-APPwt (first two rows)
and N2a-APPswe (last two rows) cells transfected with control or Prnp siRNA were taken
from the middle plane of a Z-stack. Surface APP staining (pAb NTH452; yellow) or surface
PrPC staining (mAb SAF32; magenta) and respective composite images with Hoechst (nu-
clear stain) are shown. Scale bar, 20 µM.
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Figure 2.9: PrPC KD increases CTM1-labeled total APP in N2a-APPwt and N2a-
APPswe cells.
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Figure 2.9: (continued). A-B. Representative images from the middle plane of a Z-stack
taken from N2a-APPwt or N2a-APPswe cells transfected with control (left) siRNA or Prnp
(right) siRNA. Cells were stained with pAb NTH452 to label cell surface APP (yellow) and
mAb SAF32 to label cell surface PrPC (magenta). After incubation with two secondary
antibodies, the cells were permeabilized and stained with pAb CTM1 and a third secondary
antibody to visualize total APP (green). The composite image includes a Hoechst nuclear
stain (blue). Scale bar, 20 µM. C-D. Quantification of the mean integrated density of
CTM1-labeled APP (green) in N2a-APPwt cells and N2a-APPswe cells. The data is taken
from 16 images per condition, over four coverslips each for N2a-APPwt and N2a-APPswe
cells. i. Mean integrated density of CTM1-labeled APP per cell plotted in a superplot. Each
color represents one of the three/four different coverslips/experiments, and each data point
is from one cell. For N2a-APPwt cells, the mean integrated density/nuclei = 467450 ± 15200
(N=712 cells) in the control condition vs. 699197 ± 37694 (N=354 cells) after PrPC KD
(p<0.0001). For N2a-APPswe cells, the mean integrated density/nuclei = 562,147 ± 24,677
(N=364 cells) in the control condition vs. 771,576 ± 33,159 (N=312 cells) after PrPC KD
(p<0.0001). ii. Quantification of the mean integrated density of CTM1-labeled APP per
µm2. The area of each cell in the middle of each Z-stack plane was measured, and the mean
integrated density of CTM1-labeled APP for that cell was divided by its area in the selected
plane. For N2a-APPwt cells, the mean integrated density/µm2 = 2887 ± 70.4 (N=712 cells)
in the control condition vs. 3306 ± 119.5 (N=352 cells) after PrPC KD (p<0.01). For N2a-
APPswe cells, the mean integrated density/µm2 = 3073 ± 102.7 (N=364 cells) in the control
condition vs. 3494 ± 103 (N=312 cells) after PrPC KD (p<0.01). Data were analyzed by a
two-tailed, unpaired t-test, ** p<0.01, **** p<0.0001.
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plasma membrane and total cellular APP intensity were increased after PrPC KD in both cell

lines, my earlier Western blot data using mAb 22C11 suggested no change in full-length APP

(Figure 2.4 C-D). This suggests that the increased CTM1 signal following PrPC KD may be

primarily due to an increase in the overall pool of intracellular CTFs rather than full-length

APP. To ensure the lack of change in the level of full-length APP after PrPC KD, I reassessed

APP levels using the more specific APP extracellular domain conformation-specific mAb P2-

1 that does not cross-react with APP homologs (amyloid precursor-like-proteins 1 and 2),

which also showed no difference in APP following PrPC KD (Figure 2.10, A.1), as did the

qRT-PCR data (Figure 2.4 A). Thus, the observed increase in intracellular fluorescence of

CTM1 likely reflects an increase in APP CTFs rather than full-length APP. These findings

agree well with the Western blot data using the C-terminal Y188 mAb that suggested an

increase in CTFs in both cell lines after PrPC KD (Figure 2.7).

The increase in full-length APP immunofluorescence signal in non-permeabilized PrPC KD

cells combined with the lack of change in total cellular full-length APP, led us to consider

that APP might be more efficiently trafficked to, or retained at, the plasma membrane. As a

consequence of such retention, a greater fraction of APP would be subject either to plasma

membrane, or endosome-localized, secretases if diverted to the endocytic pathway (Figure

2.7). To assess whether APP levels are increased at the plasma membrane after PrPC KD

more precisely, I biotinylated plasma membrane proteins and probed for APP in control

and PrPC siRNA treated N2a-APPwt and N2a-APPswe cells. To obtain a more accurate

readout of FL APP levels, cells were pre-incubated with the ADAM10 inhibitor, TAPI-2,

which prevents APP cleavage at the plasma membrane. Compared with control cells, full-

length plasma membrane-resident APP was increased ⇠ 2-fold in N2a-APPwt cells and ⇠

3-fold in N2a-APPswe cells after PrPC KD (Figure 2.11 A). To assess the selectivity of this

effect, I separated aliquots of biotinylated cell lysates from N2a-APPwt and N2a-APPswe
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Figure 2.10: PrPC KD does not affect full-length APP protein levels in N2a-
APPwt or N2a-APPswe cells. Representative Western blots (top) and associated den-
sitometry (bottom) of N2a-APPwt and N2a-APPswe cell lysates probed for APP before
and after siRNA-induced PrPC KD. APP was detected with mAb P2-1 and normalized to
actin levels. Data points were analyzed by a two-tailed, unpaired t-test from three separate
experiments; ns = not significant.
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cells on 4-20% Tris-Glycine gels and immunoblotted to visualize the spectrum of plasma

membrane-localized, biotin-labeled proteins (Figure 2.11 B). Comparison of banding pat-

terns from control and PrPC KD cells revealed no overall striking differences in the intensity

of surface proteins labeled by biotinylation, supporting a relatively selective effect on APP

following PrPC KD.

We next asked whether the increase in plasma membrane APP after PrPC KD results from

an effect on APP turnover. To assess this, I performed surface biotinylation as described

above but added a 15-minute 37�C incubation period to promote endocytosis of surface

APP, after which the cells were cooled to 4�C to stop endocytosis, followed by elimination of

the remaining surface biotin via glutathione-induced cleavage of the disulfide bond between

biotin and plasma membrane proteins. We observed a significant increase in the fraction of

endocytosed APP following PrPC KD in both cell lines (Figure 2.11 B). This suggests that

the increase in APP load to the plasma membrane leads to an increase in its endocytosis.

BACE1 cleaves APP primarily within the trans-Golgi netowrk (TGN) and endosomes. This

led us to consider whether PrPC , in some way, facilitates the effect of BACE1 to cleave APP

in early secretory compartments that would act to suppress transit of full-length APP to

the plasma membrane, which would explain the observed increase in full-length APP on the

plasma membrane following a reduction in PrPC . To address this possibility, I asked whether

another known BACE1 substrate is similarly protected from cleavage by PrPC KD 74 (Figure

2.11 C). NCAM1 is a glycoprotein with two major intracellular isoforms – NCAM1-140 and

NCAM1-180 74. Similar to APP, both NCAM1-140 and NCAM1-180 are transmembrane

proteins that follow the secretory pathway. Probing the fraction of biotinylated plasma mem-

brane proteins for NCAM1 revealed no significant change in the levels of either NCAM1-140

or NCAM1-180 after PrPC KD (Figure 2.11 C). While there are no conclusive studies on the
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Figure 2.11: PrPC KD increases full-length APP at the surface in N2a-APPswe
and N2a-APPwt cells.
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Figure 2.11: (continued). A. The levels of both full-length surface APP and APP endo-
cytosed from the plasma membrane after a 15-minute, 37�C incubation were significantly
increased in N2a-APPwt and N2a-APPswe cells following PrPC KD. Representative West-
ern blots and densitometry are shown. FL APP was detected using the Y188 antibody, and
the signal intensities were normalized to GAPDH. B. PrPC KD does not result in a global
increase of biotinylated plasma membrane proteins. Cells were transfected with control or
siRNA to PrPC , and surface proteins were biotinylated with sulfo-NHS-SS-biotin. 5, 10,
or 15 µL of N2a-APPwt and N2a-APPswe cell lysates were fractionated through a 4-20%
Tris-Glycine gel and immunoblotted with an anti-biotin antibody.C. The levels of surface
NCAM1, another substrate of BACE1, were not altered following PrPC KD. NCAM1-140
and NCAM1-180 were detected using AB5032 antibody, and signal intensities were normal-
ized to GAPDH. The data from three separate experiments were analyzed by a two-way
ANOVA, * p<0.05, ** p<0.01, ns = not significant.

specific compartments in which BACE1 cleaves of NCAM1, BACE1 is assembled and traf-

ficked through the secretory pathway and endosomal-lysosomal system 33. The optimal pH

of BACE1 activity is pH ⇠ 4.5. BACE1 localizes to acidic intracellular compartments, such

as the Golgi apparatus, TGN, and endosomes 52, 53, 76. BACE1’s pro-domain is cleaved by

a serine protease in the ER, which produces a more mature form of BACE1 155. Even in an

immature state, BACE1 can still cleave its substrates 153. APPswe gets cleaved by BACE1

in the TGN, either because it is more conformationally accessible to BACE1 or because

it is sequestered into the same compartments that BACE1 is being trafficked through 144.

Even though NCAM1 may not be predisposed to BACE1 cleavage in early secretory com-

partments in the way that APPswe is, my studies show that in addition to APPswe, plasma

membrane levels of APPwt, which is not conformationally predisposed to BACE1 cleavage in

early compartments, increase significantly in the absence of PrPC . If PrPC acts directly on

BACE1 to similarly affect the trafficking of APPwt and APPswe, which are both potential

BACE1 substrates that are processed differently, I hypothesize that the absence of PrPC

similarly affects other BACE1 substrates such as NCAM1. However, I did not observe a

similar increase in NCAM1 plasma membrane levels in the absence of PrPC in either the

N2a-APPwt or N2a-APPswe cells (Figure 2.11 C). Thus, the effect of PrPC to suppress APP
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trafficking to the plasma membrane carries some degree of specificity that does not appear

to be explained by a direct effect on BACE1.

2.4 Discussion

The role of PrPC in AD, specifically in relation to A�, has garnered significant attention

in recent research. Younan et al., 2013 identified a connection between misfolded forms of

PrPC and A� as key players in the pathogenesis of AD 162. Some groups have additionally

described a role for PrPC in mediating the toxicity of A� species associated with AD 34, 117.

Furthermore, the presence of PrPC traps A� in an oligomeric form, contributing to the neu-

rotoxicity observed in AD 41.

PrPC acts as a common ligand and downstream effector of neurotoxic species of various

proteins involved in neurodegeneration, including A�, ↵-synuclein, and tau 34, 125. Ad-

ditionally, PrPC facilitates the uptake and spread of A� oligomers, leading to neurotoxic

effects 8. Specifically, PrPC mediates toxic signaling of �-sheet-rich conformers indepen-

dently of infectious prion propagation, indicating a broader pathophysiological role beyond

prion diseases 120.

Moreover, the interaction between PrPC and A� is linked to synaptic impairment in AD,

highlighting the significance of PrPC in A�-induced neurotoxicity 10, 22, 67, 80, 104, 134. How-

ever, several studies, including previous work from our lab, have also indicated that PrPC

may play a role in the clearance of A�, suggesting a potential therapeutic target for AD 60, 118.

Given the conflicting evidence in the field, clarifying the role of PrPC in both normal and
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AD conditions is of utmost importance to gain a better understanding of how we can use

PrPC as a therapeutic target and under what circumstances. In my study, I aimed to better

clarify and extend previous observations from our lab in N2a-APPswe cells that supported a

role for PrPC in facilitating the release of A� 118. Using the highly sensitive MSD platform,

I confirmed that PrPC expression is positively correlated with A�42 levels in the media of

N2a-APPswe cells. With roughly 70% reduction in PrPC levels following siRNA, I saw a

significant ⇠ 30% reduction in A�42. I further showed that this correlation between PrPC

expression and A� release extends to A�40, the two major secondary isoforms of A�. We

measured a similar overall reduction after PrPC knockdown, which supports a general effect

of PrPC on APP delivery to specific cellular compartments rather than a specific effect on its

processing. Since N2a-APPswe cells generate high levels of A�42 and are known to process

APPswe differently than APPwt, I questioned whether the effect of PrPC on A� was unique

to N2a-APPswe cells. A�40 levels were significantly reduced after PrPC KD in N2a-APPwt

cells. A�42 levels were too low to draw any conclusions. This result argues against a cell-

specific effect.

We assessed whether the PrPC -dependent A� release might be due, in part, to an effect

on APP processing. We looked for changes in the relative levels of sAPP↵ and sAPP�,

which reflect the activity of ↵-secretase and �-secretase cleavage of APP, respectively. We

show that PrPC knockdown significantly reduced the level of sAPP� in both cell lines, con-

sistent with the observed reduction in A�. Whereas sAPP↵ was unchanged in N2a-APPswe

cells, it was markedly increased in N2a-APPwt cells, suggesting a distinct difference in the

manner in which APP is processed in these two cell lines. Prior studies 71 have suggested

that PrPC , a substrate of ADAM10 metalloproteinase and the principal ↵-secretase that

cleaves APP, might act to mitigate ↵-secretase cleavage of APP by acting as a substrate

competitor for this enzyme. Such competition could shift APP into the amyloidogenic path-
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way. Although this might be sufficient to explain the decreases sAPP� in both cell types,

and the increase in sAPP↵ observed in N2a-APPwt cells, after PrPC knockdown, it is not

sufficient by itself, to explain the lack of effect on sAPP↵ in N2a-APPswe cells after PrPC

knockdown. Previous studies have found that the APPswe and APPwt cells are equally

predisposed to cleavage by ↵-secretase 144. For this reason, one might expect that an effect

of PrPC on ADAM10 cleavage of APP would effect both APPwt and APPswe substrates.

This suggests some differences in how PrPC might affect cleavage of APP in N2a-APPwt

and N2a-APPswe cells.

We attempted to confirm these differences by assessing CTFs that are retained in the plasma

membrane following ↵- and �-secretase cleavage. We hypothesized that the intracellular C-

terminal fragments (CTFs) of APP produced by ↵- and �-secretase cleavage would mirror

the observed changes in sAPP↵ and sAPP� for each cell line. Thus, I predicted reduced

�-CTF in both cell lines, to correspond with reduced A� release and sAPP� in each line, in

addition to an increase in ↵CTF, at least in N2a-APPwt cells. However, despite the differ-

ences in sAPP fragments between N2a-APPwt and N2a-APPswe cells, I found a significant

increase in ↵-CTF, and therefore, of total CTFs after PrPC KD. �-CTF levels did not change

significantly. These data suggest a disconnect between the retention of CTFs and the initial

cleavage of APP by either ↵- or ↵-secretases.

These findings raised two possibilities, which are not mutually exclusive: 1) APPwt and

APPswe are processed differently, as previously suggested by others 144, and 2) the decrease

in sAPP� in both cell lines suggests there are shared aspects of processing and trafficking

between APPwt and APPswe. Nontheless, CTF fractions were increased in both cell lines,

possibly due to reduction of PrPC , and hence, an effect on �-secretase processing. A change

in �-secretase processing could lead to CTF accumulation in the endocytic pathway. While
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it appears that ↵-CTF levels increase significantly in cell lysate following PrP knockdown,

in line with my observations on sAPP fragment changes, alterations in the predominant

�-secretase fragments (+11 and +1) were more variable from experiment to experiment. If

there is �-CTF accumulation following PrPC knockdown, the reduction in steady state levels

of secreted A� might point towards intracellular CTF accumulation or degradation.

It is possible that PrPC causes retention of APP within early secretory compartments, either

directly or through a signaling mechanism. An absence of PrPC might then allow more APP

to be trafficked along the secretory pathway to the plasma membrane. This idea is supported

by the immunofluorescent staining and biotinylation studies, which showed an increase in

FL APP on the plasma membrane after PrPC knockdown, in both cell lines. Moreover,

there was an increase in the fraction of plasma membrane APP that underwent endocytosis

after PrPC knockdown. The retention of CTFs with a reduction in PrPC could be explained

by a differential effect of PrP at this stage of APP trafficking. Our prior work and that

of others suggest PrPC can bind to A� peptides. The presence of PrPC at the plasma

membrane may be required to promote the release of A� derived from �-CTFs and its ab-

sence could lead to A� accumulation. This possibility was not addressed in the current work.

I considered two potential explanations to explain the increased fraction of APP endocy-

tosed following PrPC knockdown in both cell lines. Since PrPC is also a membrane protein

and has a longer half-life and membrane residence than APP, its absence on the mem-

brane could affect critical signaling processes that subsequently enhance the recycling of

APP, leading to increased endocytic compartment cleavage of APP and intracellular CTF

accumulation. Alternatively, the increase in plasma membrane APP as a result of PrPC

loss could be the driving factor for the increased endocytosis. Although various studies

have established the interaction between A� oligomers (A�O) and the cellular prion protein
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(PrPC) 14, 117, 122, 165, the exact role of PrPC in Alzheimer’s disease (AD) pathophysiology

remains debated. A significant focus has been on the N-terminal polybasic region of PrPC ,

identified as a key site for A�O binding. This region was also thought to be crucial for its

proposed interaction with �-secretase, an interaction believed to inhibit �-secretase activity

and thus the cleavage of amyloid precursor protein (APP), potentially reducing the forma-

tion of toxic amyloid peptides. Previous research from Parkin et al. 2007 suggested that

overexpressing PrPC could inhibit BACE1 (�-secretase) activity, leading to decreased A�

production 108. However, my findings appear to contradict these earlier studies; I observed

that reducing PrPC levels decreases the degree to which APP is cleaved by BACE1, and as

a result, lowers the steady-state levels of secreted A�.

This discrepancy may be explained by the use of different cell models; the earlier study

used N2a cells expressing mouse APP, whereas my N2a cells express human APP and over-

express either wild-type (wt) or Swedish mutation (swe) APP variants.

The same group, Griffiths et al. 2011 49, later extended their studies to incorporate the mod-

ifications of APP that I used, with a focus on the interaction of BACE1 with PrPC 49, 50.

However, unlike the study of Griffiths et al. 49 that highlighted a direct interaction of PrPC

with BACE1 in the trans-Golgi network (TGN) and its differential effects on APP cleav-

age, my study did not specifically examine the mechanistic relationship between PrPC and

BACE1. APPwt and APPswe are processed within distinct subcellular compartments -

BACE1 primarily cleaves APPswe in the TGN 53, 144, and the sAPP� fragment produced

from this cleavage is trafficked through the secretory pathway where it is released into the

media 144. APPwt is mainly cleaved by ↵-secretase at the plasma membrane, although some

BACE1 cleavage may occur in endosomes resulting in low levels of A� 144. In experiments

using HEK cells engineered to express either APPwt or APPswe, Griffiths et al. 49 found
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that PrPC inhibited BACE1 activity on APPwt but did not affect its activity on APPswe21.

In contrast, I found that reducing PrPC levels decreased sAPP� in both cell types, indicating

that the absence of PrPC somehow impairs BACE1 activity or its access to APP. Griffiths et

al 49, 50 propose that PrPC confines BACE1 to membrane subcompartments separate from

those containing APP. However, my results suggest a different mechanism: PrPC might tar-

get BACE1 to TGN compartments that do contain APP. The absence of PrPC , therefore,

likely hinders early BACE1 cleavage, resulting in a greater amount of APP being transported

to the plasma membrane in both N2a cells expressing the APPwt and APPswe modifications.

From these results, I hypothesize that in vivo, PrPC induces intracellular retention of APP

that might increase exposure to BACE1 cleavage, and that its absence allows for APP to

be transported through the secretory pathway to the membrane and be recycled into the

endocytic pathway or back to the trans-golgi, which then increases the likelihood of cleavage

in intracellular compartments such as the trans-golgi and endosomes. We also hypothesize

that the role for PrPC in APP retention is elevated when APP is both overexpressed and

mutated. Confirmation of these hypotheses awaits further experimentation.
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CHAPTER 3

CHAPTER 3: THE EFFECT OF PRPC EXPRESSION ON A�

LEVELS AND APP PROCESSING IN TRANSGENIC MICE

3.1 Introduction

Transgenic mouse models have been crucial in investigating the interplay between PrPC

and AD pathology 137. To better understand the association between AD and PrD, our lab

generated “Dual Disease” CeAPPswe/PS-1�E9/PrP-A116V or TgAD/GSS mice that de-

velop both Alzheimer’s Disease and Gerstmann-Sträussler-Scheinker disease (GSS), a type

of PrD 118. TgAD mice are derived from the CeAPPswe/PS-1�E9 transgenic line (Jackson

Laboratory), which carries APPswe and PS1�E9 transgenes under the control of a mouse

PrP promoter. TgAD mice produce extracellular A� deposits and are an established model

of human familial AD. TgGSS mice carry the PrP-A116V transgene, which includes the

A116V mutation allelic with 128V under the control of a mouse PrP promoter, which is

homologous to the PrP-A117V/129V genotype that causes GSS in humans 118. TgAD mice

were crossed to TgPrP�/�/FVB mice and subsequently crossed to TgGSS mice to establish

the TgAD/GSS line 118. Due to the initial TgPrP�/� cross, TgAD/GSS mice do not have

endogenous PrPC , only the PrP-A116V transgene. These mice experience earlier onset of

progressive gait ataxia, exhibit enhanced histopathological features, and have elevated brain

levels of disease-related proteins 118.

Our laboratory observed earlier onset of ataxia in TgAD/GSS mice (106.1 ± 6.0 days) com-

pared to TgGSS (132.1 ± 12.7 days) 118. TgGSS mice also died significantly earlier (126.0 ±

8.2 days) than their TgGSS counterparts (174.6 ± 18.4 days) 118. Moreover, the laboratory

observed a 2.5-fold increase in spongiform degeneration area, coupled with an increase in PrP

plaque burden in TgAD/GSS mouse brains taken at ⇠ four months when compared to age-
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matched TgGSS mice 118. A� plaque burden, normalized to the levels in TgAD mice, was

significantly higher in the TgAD/GSS which express PrP-A116V or PrPC at ⇠ four times the

normal expression level, compared to both TgAD and the TgAD/PrP�/� mice 118. TgAD

mice with human PrP (TgAD/HuPrP) were used as a control for the TgAD/GSS mice, since

these mice express human PrP at ⇠ four time the normal expression level 118. The increased

A� plaque burden in the lines expressing high levels of wild-type or mutated PrP suggests

that 1) PrP expression augments A� plaque production and 2) there isn’t a notable differ-

ence between PrP-A116V and PrPC in their ability to promote A� plaque production 118.

Finally, levels of A�, immature APP (N-glycosylated) and mature APP (N-glycosylated, O-

glycosylated, and tyrosol-sulfated) were all elevated in TgAD/GSS mice compared to TgAD

and TgGSS mice 118. These models have provided insights into how different forms of PrPC

lead to differences in deposition of A and formation of plaques, potentially affecting disease

progression 118.

Moreover, PrPC may have neuroprotective properties, which is of potential importance in

understanding neurodegenerative diseases like AD 156. Additionally, studies on transgenic

mice overexpressing PrPC have highlighted the importance of normal levels of PrPC ex-

pression in maintaining brain function and preventing protein (A�, tau, and ↵-synuclein)

aggregation associated with neurodegenerative disorders 70.

While PrPC is well-known for its role in prion replication and neurotoxicity in transmissi-

ble spongiform encephalopathies, its exact physiological function remains unclear. Previous

studies on TgPrnp�/� mice have attributed various functions to PrPC 132. However, prior

to the development of the Zurich-3 (ZHD) Prnp-ablated allele on a pure C57BL/6J genetic

background, existing TgPrnp�/� mouse lines were predominantly derived from 129 strain

embryonic stem cells and crossed with non-129 strains, introducing genetic variability from
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the mixing of two genetic backgrounds that could lead to misinterpretation of data 103. The

ZH3/ZH3 mice were the first co-isogenic TgPrnp�/� mouse model, and revealed none of

the phenotypes observed in other TgPrnp�/� mouse lines, except for the development of

chronic demyelinating peripheral neuropathy in aged mice 103.

As a continuation of my work in vitro described in Chapter 2, my goal was to determine

whether my findings can be extended to a system in vivo. Using brains harvested from

transgenic PrPC knockout and wild-type (WT) mice, I compared levels of A�, full-length

APP (FL APP), soluble APP (sAPP) ectodomains, and C-terminal fragments (CTFs). We

also analyzed levels of soluble amyloid precursor-like proteins 1 and 2 (sAPLP1/2), which

are homologs of APP and have some functional redundancy 25. I showed that TgPrnp�/�

mice that lack PrPC expression have increased levels of endogenous APP CTF compared

to wild-type mice. This increase was only seen in female mice. Additionally, I did not find

any significant differences in A�42 or A�40 (pg/mg of protein) between the TgPrnp�/� and

wild-type mice. Levels of sAPP fragments, sAPLP1, and sAPLP2 from Western blots were

also unchanged in the TgPrnp�/� mice compared to the wild-type mice. Our results suggest

that the role of PrPC in APP processing and trafficking may change based on the expression

level of APP. Our TgPrnp�/� mice express only endogenous levels of mouse APP, while the

N2a-APPwt and N2a-APPswe cells both over-express human APP, albeit at different levels

(Figure 2.4). However, the increase in endogenous APP CTFs in female TgPrnp�/� mice

does mirror the data from the cell-lines, pointing towards a different role for PrP in a system

with endogenous APP.
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3.2 Materials and Methods

3.2.1 Mice

TgPrnp�/� mice 17, 19 were a gift from Dr. Stanley Prusiner (UCSF, San Francisco, CA).

Wild-type (WT) and TgPrnp�/� 17, 19, both of which maintained the FVB genetic back-

ground, were used in these studies. Right- and left-brain hemispheres were harvested from

an equal number of male and female mice in each experiment. All procedures related to

animal care and treatment conformed to the policies of the Institutional Animal Care and

Use Committee at the University of Chicago.

3.2.2 Quantifications of A� and secreted APP

For analysis of endogenous A� (pg/mg of protein), hemibrains of 65 ± 5- day-old FVB

(control) and TgPrnp�/� mice (N=12 each) were homogenized in 10 volumes (wt/vol) of

MSD lysis buffer (150 mM NaCl, 20 mM Tris pH 7.5, 1 mM EDTA, 1 mM EGTA, 1%

Triton-X-100), supplemented with the following protease and phosphatase inhibitors: Halt™

Protease Inhibitor Cocktail, EDTA-Free (Thermo Fisher Scientific Inc., Waltham, MA),

Phosphatase Inhibitor II (Sigma Aldrich, St. Louis, MO), Phosphatase Inhibitor Cocktail 3

(Sigma Aldrich, St. Louis, MO), and clarified by centrifugation. A�40 and A�42 levels were

measured using a V-PLEX Plus A� Peptide Panel 1 4G8 (K15199G) (Meso Scale Discovery,

Rockville, MD).

3.2.3 DEA and RIPA Fractionation

For separating soluble and membrane proteins by DEA and RIPA fractionation, hemi-

brains were harvested from 65 ± 5- day-old FVB (control) and TgPrnp�/� mice (N=12

each) and homogenized using a polytron Tissue Tearor™ (Model 985370; BioSpec Products,

Bartlesville, OK) on setting 3 for 30 seconds to 1 minute on ice as described 77 in 10 volumes
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(wt/vol) of 0.2% diethylamine (DEA) in 50 mM NaCl (pH 10), supplemented with protease

inhibitors (Halt™ Protease Inhibitor Cocktail) and 0.25 mM phenylmethylsulphonyl fluo-

ride (PMSF). The resulting homogenate was clarified by ultracentrifugation at 100,000 × g

for 30 min. The supernatant was neutralized by the addition of 10% 0.5 M Tris-HCl (pH

6.8) and saved as the DEA-soluble fraction containing all soluble proteins. The pellet was

reconstituted and homogenized with radioimmunoprecipitation (RIPA) buffer using a Mi-

croson Ultrasonic Cell Disruptor (Model XL200; Misonix, Farmingdale, NY) for 30 seconds

at amplitude 6 and then cleared by ultracentrifugation for 30 min at 100,000 × g to obtain

the RIPA-soluble fraction, which contains all membrane-bound proteins. The samples were

resolved by SDS/PAGE on Tris-Tricine gels and analyzed by immunoblotting. The primary

antibodies used to probe Western blots are listed in the “Antibodies” section above and in the

Appendix (as a table). The blots were developed with LI-COR IR800 anti-rabbit and IR680

anti-mouse secondary antibodies (NetaScientific, Marlton, NJ), and the signal intensities

were quantified using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln,

NE).

3.2.4 Western Blotting

Brain homogenate samples were prepared by adding 3X to 4X Laemmli sample buffer (Bio-

Rad, Hercules, CA) in the presence or absence of 2-mercaptoethanol was used for Tris-glycine

gels, and 2X tricine sample buffer (Bio-Rad, Hercules, CA) 2-mercaptoethanol was used for

Tris-tricine gels. The proteins were solubilized and denatured by heating the samples to

95�C for 5 min.

To separate proteins �15kDa, 4-20% Tris-glycine gradient gels were used, whereas 16.5%

Tris-tricine gels were used to separate proteins �15kDa. Proteins were transferred to 0.45

µm polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA) or Immobilon™
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- FL 0.45 µm PVDF membranes (Millipore) at 400 mA at 4�C for 3 hours. Membranes

were blocked in 5% milk in PBS-T or 10% BSA and 10% fish scale gelatin (FSG) in PBS-T

(when using fluorescent secondary antibodies) for 1-2 hours at RT, followed by overnight

incubation with primary antibodies at 4�C. Washes in between steps were in tris-buffered

saline with Tween-20 (TBS-T) or PBS-T 3X for 10 minutes, and blots were incubated in

secondary antibodies at RT for 1 hour. When fluorescent secondary antibodies were used,

blots were imaged on the LI-COR Odyssey near-IR imager for quantitative immunoblots im-

mediately after washing. Otherwise, blots were incubated for 5 minutes in SuperSignal West

Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific Inc., Waltham, MA) and

imaged using the ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA).

3.2.5 Statistical Analysis

Statistical analyses were performed using Prism 10 (GraphPad Software). Comparisons

between two groups were performed by two-tailed unpaired t-tests (two groups), and three

or more groups were analyzed by ANOVA, followed by an appropriate post-hoc multiple

comparisons test.

3.3 Results

3.3.1 The In Vivo Effect of PrPC Expression on Endogenous A� Levels in

Transgenic Mice

To determine if the findings in the cell lines are observed in a more biologically relevant

in vivo system that does not overexpress APP, I measured A� levels in mouse brains from

WT and TgPrnp�/� mice using the sensitive MSD platform (Figure 3.1). Brain lysates

were prepared from an equal number of male and female mice between 60–70 days of age.

This time point was chosen to avoid the high levels of BACE1 that are present until ⇠ 60
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days of age when they normalize 5. The mean concentration of A�40 was 11.44 ± 0.6587

pg in WT mice and 12.54 ± 0.9743 pg in TgPrnp�/� mice (N=10 mice per group) (Figure

3.1 A), while that of A�42 (per mg of total protein) was 1.291 ± 0.06206 pg in WT mice,

compared with 1.216 ± 0.06293 pg in TgPrnp�/� mice (N=10 mice per group) (Figure 3.1

B). We further stratified the two mouse groups by by brain hemisphere and sex (Figure 3.1

C-D). We found no significant differences in A�40 levels between the right- and left- brain

hemispheres of either WT or TgPrnp�/� mice (Figure 3.1 C). There were also no significant

differences in A�40 levels between males and females in either mouse group (Figure 3.1 D).

The low concentrations of A�40 and A�42 in WT mice expressing only endogenous APP are

noteworthy and are likely to limit the ability to detect a further decrease (Figure 3.1).

3.3.2 The In Vivo Effect of PrPC Expression on the Levels of Endogenous

APP Fragments in Transgenic Mice

We then asked if the altered APP processing I observed in cultured cells following PrPC KD

was present in TgPrnp�/� mice compared with WT mice. We applied a previously described

method that separates cytosolic and extracellular proteins derived from brain into a diethy-

lamine (DEA) fraction and membrane proteins into a RIPA fraction 5. I then compared the

relative distributions of sAPP fragments, full-length APP, and APP CTFs in each mouse

line. As expected, full-length APP could be detected only in the RIPA fraction (Figure 3.3

A-B). Moreover, sAPP fragments were only detected in the DEA fraction (Figure 3.3 C). I

found no difference in the level of sAPP fragments the TgPrnp�/� and WT mice (Figure

3.3 A-B). We also found no difference in full-length APP within the membrane fraction of

the two mouse lines (Figure 3.3 A-B).

APLP1 and APLP2 belong to the same family of membrane proteins as APP and are pro-

cessed by similar secretases but lack the A� region (Figure 3.2).
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Figure 3.1: Brain homogenates derived from TgPrnp�/� and WT mice contain
similar levels of A�40 and A�42 A-B. MSD electrochemiluminescence quantification of
A�40 and A�42 levels in brain homogenates of WT mice and TgPrnp�/� mice (pg/mg). C.
A�40 levels grouped by brain hemisphere. D. A�40 levels grouped by mouse sex. N=10 mice
per group. Each data point is the average of 2 technical replicates. Data were analyzed by
a two-tailed, unpaired t-test: ns = not significant.
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Figure 3.2: Isoforms and homologs of APP. APP is a large transmembrane protein
with three major isoforms generated through the alternative splicing of exons 7 and 8 9

- APP770, APP751, and APP693. Amyloid precursor like-proteins 1 and 2 (APLP1 and
APLP2) are shown for size comparison. The A� peptide sequence (in orange) starts within
the ectodomain and ends within the transmembrane domain (TMD) of APP. APLP1 and 2
do not contain the A� peptide sequence.

APLP1 and 2 have shared synaptic functions and, as such, partial redundancy 25, however

there were no differences in the levels of either protein between the two mouse lines (Figure

3.3 D-E). The loss of PrPC in an endogenous APP-expressing mouse did not affect the overall

levels of APP, APLP1, and APLP2 or APLP1/2 in the mice, as a group (Figure 3.3 D-E).

However, when the data were analyzed according to sex, a clear and significant increase in

APP CTFs, specifically ↵-CTF and +11 �-CTF fragments, within the RIPA fraction was

observed only in female TgPrnp�/� mice compared to female WT mice (Figure 3.3 B).
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Figure 3.3: RIPA-soluble brain homogenates show increased ↵-CTF and +11 �-
CTF levels in TgPrnp�/� females compared to WT mice.
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Figure 3.3: (continued). A. i. 65-day-old from TgPrnp�/� and wild-type (FVB) mouse
brains were separated into a soluble protein fraction (0.2% DEA) and a detergent-soluble
membrane protein fraction (RIPA). Aliquots of each fraction were analyzed by immunoblot-
ting with a C-terminal antibody to APP (C1/6.1) to confirm the separation of soluble and
membrane-bound proteins. ii. Analysis of the RIPA fraction with a C-terminal antibody
to APP (C1/6.1) confirms that there is no change in FL APP levels between TgPrnp�/�

and WT mice or males and females. B. Separation of RIPA-soluble proteins using a 16.5%
Tris-tricine gel reveals an increase in ↵-CTF and +11 �-CTF levels in TgPrnp�/� females
compared to WT mice. C. Analysis of the DEA fractions with the AB-9 antibody to sAPP
reveals no difference in sAPP between TgPrnp�/� and WT mice. D-E. Analysis of the
DEA fractions with antibodies to APLP1 or APLP2 reveals no differences in sAPLP1 or
sAPLP2 between the genotypes. The results are representative blots from N=12 gPrnp�/�

and N=12 WT mice. Protein molecular weight ladders are measured in kDa. The levels of
indicated proteins in the RIPA and DEA homogenates (normalized to actin) were quantified.
The data were analyzed by a two-tailed unpaired t-test, * p<0.05.

This finding agrees with the cell results which showed an increase in intracellular CTFs via

immunofluorescence staining and Western Blotting (Figures 2.7 and 2.8), without any dis-

cernable change in total cellular levels of full-length APP (Figure 2.4) in female but not in

male mice. However, this assay did not show an increase in sAPP↵, a decrease in sAPP�,

or an increase in plasma membrane APP. These results should be weighed carefully, since

stably transfected cells overexpress human APP at much higher relative levels than endoge-

nous mouse APP. Nonetheless, the finding supports the idea that, in the absence of PrPC ,

CTFs are generated and intracellularly retained through similar mechanisms in both female

mice and the stably modified cell lines.

3.4 Discussion

Previous research from Parkin et al. 2007 108 found that A� levels increased in a PrPC

knockout (KO) mouse model compared to wild-type (wt) mice 108. In contrast, I observed

that the deletion of PrPC in mice did not change the levels of A�42 or A�40. I have not

re-examined the rate of plaque formation in vivo. My findings suggest the abasence of PrPC
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does not influence the accumulation of these specific A� peptides. These results contrast

with expectations on a proposed protective role of PrPC in sporadic Alzheimer’s disease

(AD) and its interaction with the APP processing pathway.

These discrepancies may be partly explained as follows. The previous study, Parkin et

al. 2007 108 noted an increase in A� peptides in PrPC KO mice, but it utilized a genetically

different PrPC KO mouse strain (129OlaPrP�/�) and examined the mice at 4 weeks of age

— a time when BACE1 expression is notably high. Thus, the prior studies might not have

taken a potentially important variable into account. Moreover, this previous study relied

on immunoblotting for brain fraction analysis, whereas I employed the more sensitive MSD

platform for my measurements.

In my examination of brain fractions expressing endogenous mouse APP and PrPC , I found

no significant changes in A� levels between PrPC KO and wild-type (wt) mice at 65 days of

age, although I did note increases in CTFs in female mice. These findings suggest that the

impact of PrPC on A� levels may be more complex than previously thought and highlights

the need for further investigation into the nuanced role of PrPC in AD pathogenesis.

In the future, I am planning to carry out similar experiments in vivo in transgenic AD

mice that carry the APPswe modification, as well as a PS1 deletion in exon 9 (TgAD),

crossed with TgPrnp�/� mice. Based on our prior results, I expect to see a reduction in

A�40 or A�42 in TgAD/TgPrnp�/� mice, compared with just the TgAD mice. We also ex-

pect intracellular CTF accumulation in the TgAD/TgPrnp�/�, and possibly a reduction in

sAPP/beta, which was seen in the N2a-APPswe cells. These results would confirm that the

effects of PrPC on APP processing, trafficking, and subsequent A� generation is heightened

in an APP-overexpressing model, and perhaps more pronounced in an AD model.
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CHAPTER 4

CHAPTER 4: GENERAL DISCUSSION

4.1 A Historical Overview of the Field of Neurobiology

The field of neurobiology has undergone a remarkable evolution over the centuries, signif-

icantly enhancing our understanding of the brain’s functioning in health and disease. In

the early days, our understanding of neurobiology came from the dissections and theoretical

insights of ancient scholars like Alcmaeon of Croton, who discovered the optic nerve and

suggested that the brain is the seat of thought and sensation 24. This idea was a significant

departure from earlier beliefs that attributed cognitive functions to the heart.

By the 19th century, figures like Paul Broca and Carl Wernicke had advanced the understand-

ing of language-related brain regions, giving rise to theories of localized brain functions 16.

This era also saw the development of the theory of phrenology by Franz Joseph Gall 131;

although later debunked, it influenced the focus on the brain’s anatomy for determining

function. Various foundational theories and techniques have deeply influenced the field of

neurobiology. Histological techniques such as the Golgi stain, introduced in the late 19th

century, have been crucial for visualizing the architecture of neurons and their networks 106.

This technique was instrumental in developing the "neuron doctrine," first articulated by

Santiago Ramón y Cajal, which posits that the neuron is the fundamental unit of the brain 89.

This concept has shaped our understanding of neurological function 16, 128, 129.

In the latter half of the 21st century, renowned behavioral neuroscientist Richard F. Thomp-

son eloquently described the transition from focusing purely on behavioral aspects to a

more integrated approach that included molecular, cellular, and systemic levels of neurobiol-

ogy 146. Thompson’s work emphasized using model systems, ranging from invertebrates to
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mammals, to elucidate the neural circuits involved in memory and learning, highlighting the

cerebellum’s role in motor learning and the hippocampus in memory processes 146. Overall,

the 20th and 21st centuries have been influenced heavily by technological advances in neu-

roimaging and molecular biology, with the goal of understanding and treating neurological

conditions.

For example, the theory of the Developmental Origins of Health and Disease (DOHaD),

which links early life conditions to the risk of developing various chronic conditions later in

life, has broadened our perspective on how early life interventions can influence long-term

health outcomes 16, 61, 139.

Furthermore, the Amyloid Cascade Hypothesis, which I have discussed previously, has been

pivotal in framing our current understanding of Alzheimer’s disease. Proposed by Hardy

and Higgins in 2017 56, this hypothesis suggests that the accumulation of amyloid-� pep-

tides in the brain is the initial trigger in the pathogenesis of Alzheimer’s disease, leading to

tau pathology, neuronal death, and, ultimately, cognitive decline.

These concepts and tools have collectively enriched the field of neurobiology, providing

insights into the normal functioning of the nervous system and the pathological bases of

neurological diseases. This historical context underscores a trajectory of increasing complex-

ity and specificity in our understanding of brain science, reflecting a field as dynamic as the

organ it studies.
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4.2 A Historical Overview of Fields of Neurological Disease and

Molecular and Cellular Neuroscience

4.2.1 A Historical Overview of Neurological Disease

The recognition and categorization of neurological diseases have evolved significantly over the

centuries. Early work focused on symptomatic observations without understanding the un-

derlying causes. In the 19th century, figures like James Parkinson and Jean-Martin Charcot

made landmark descriptions of neurological disorders like Parkinson’s disease and multi-

ple sclerosis, linking clinical symptoms with post-mortem brain pathology, establishing a

foundation for modern neurology 37, 92, 109.

4.2.2 The Birth and Evolution of Neuroscience

Neuroscience emerged as a formal discipline in the mid-20th century, particularly through the

efforts of pioneers like Stephen W. Kuffler 36. Kuffler’s work at Harvard laid the groundwork

for the first neuroscience research program, which emphasized a holistic approach to under-

standing the nervous system, integrating neurophysiology, neuroanatomy, and biochemistry

into a cohesive field 36.

4.2.3 Molecular and Cellular Contributions

Advances in molecular and cellular neuroscience have drastically changed our approach to

neurological diseases. The use of molecular genetics in the late 20th and early 21st centuries

has been crucial in identifying the specific genetic alterations associated with different forms

of neurological disorders, such as mutations linked to Alzheimer’s disease (AD), Hunting-

ton’s disease (HD) and Parkinson’s disease (PD) 119. These advancements have improved

diagnostic accuracy and opened up new avenues for targeted gene therapies. The molecular

genetics aspect of neurobiology has been greatly enhanced by the use of model organisms like
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flies and mice, which have facilitated significant breakthroughs in understanding the genetic

bases of neurological diseases 36. These model systems have allowed for detailed studies of

gene expression and the resultant phenotypic changes associated with genetic mutations 36.

4.2.4 Molecular Genetics in Neurology

The field of molecular genetics in neurology has seen profound advancements that promise to

revolutionize our understanding and treatment of neurological disorders, potentially exceed-

ing the transformative impacts of technologies like magnetic resonance imaging (MRI) and

positron emission tomography (PET), that made it possible to measure brain activity in alert

patients for the first time 36. This rapid progression in genetic analysis is poised to provide a

new intellectual framework for neurology, shifting the focus from traditional symptom-based

and neuropathological classifications to a more nuanced understanding based on underlying

molecular and cellular mechanisms.

The Role of Molecular Genetics in Huntington’s Disease (HD)

Notably, the pioneering work of Botstein and colleagues in 1980 fundamentally changed ge-

netic research by introducing restriction fragment length polymorphism (RFLP) analysis 13.

This method allowed for a detailed mapping of genetic markers across the human genome,

facilitating the localization of genes associated with inherited diseases, even in noncoding

regions of the genome 13. This was a significant step forward, making it easier to identify

the genetic bases of diseases like sickle-cell anemia, as demonstrated by Kan and colleagues

in the late 1970s and early 1980s 72, 73.

Anthony Monaco’s and Louis Kunkel’s groundbreaking work exemplifies the power of molec-

ular genetics in neurology. Using the RFLP approach, Monaco and Kunkel identified the

genetic locus for Duchenne’s muscular dystrophy, an X-linked neuromuscular disease pre-
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dominantly affecting young males 98. Their discovery linked the disease to the area flanking

the Xp region of chromosome 21 98. This finding not only pinpointed the genetic basis of

Duchenne’s muscular dystrophy but also paved the way for further genetic and cellular stud-

ies to understand the disease’s pathophysiology.

The Role of Molecular Genetics in Channelopathies and Mitochondrial Disorders

The identification, cloning, and sequencing of genes related to channelopathies and mito-

chondrial disorders illustrate the significant potential of molecular genetics in neurology.

Channelopathies, which involve dysfunctions in ion channel genes, and mitochondrial dis-

orders, which affect cellular energy metabolism, represent areas where genetic insights have

dramatically altered our understanding 36. Previously, many of these conditions were indis-

tinguishable or unrecognized until the responsible genetic mutations were identified 36. This

genetic revelation has enhanced diagnostic accuracy and opened new avenues for targeted

treatments.

Drosophila Models

Research utilizing Drosophila Melanogaster(fruit flies) has proven invaluable, particularly

in exploring the genetic influences on behavior and neurological diseases. Flies, with their

simple genetic makeup and short life cycle, provided an ideal model for studying complex

behaviors and their genetic underpinnings. Drosophila research has contributed significantly

to our understanding of diseases like Huntington’s. Zipursky and colleagues expressed n of

an amino-terminal fragment of the human huntingtin protein with expanded polyglutamine

tracts in Drosophila, which led to observable neurodegenerative changes that parallel HD in

humans 69. This model demonstrated that the length of polyglutamine repeats correlates

with the age of onset and severity of neuronal degeneration, mimicking the human condition

of HD 69.
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Mouse Models

Mice have also played a critical role in studying various neurological conditions. A no-

table study involved expressing the first exon of the mutant human huntingtin protein in

transgenic mice, which recapitulated many of the neurological phenotypes associated with

HD 91. These mice developed neurological signs, such as tremors and uncoordinated move-

ments, and had shortened lifespans, providing a valuable model for further investigation into

disease mechanisms and potential therapies 91.

4.2.5 Cellular Biology in Neurological Disorders

Cellular biology has provided critical insights into how cells and intracellular structures func-

tion and interact in the nervous system. This includes understanding the life cycle of cells,

intracellular trafficking, and the role of various cellular organelles in maintaining neuronal

health. For example, studies on the endoplasmic reticulum (ER) have shown how ER stress

is marked by alterations in specific proteins that result in reduced translation, increased

production of ER chaperones, and the elimination of misfolded proteins 86. If ER stress is

severe or prolonged, it can trigger cellular pathways that lead to cell death 86. ER stress

has been implicated in several human neurological conditions, including Parkinson’s disease,

Alzheimer’s disease, and prion disease, among others 86. Similarly, investigations into the

role of lysosomes have elucidated their critical function in clearing cellular debris, a process

that, when disrupted, leads to cellular dysfunction. In neurons, lysosomes are trafficked via

dynein-mediated axonal transport of lysosomes, which is critical for synaptic functionality 85.

Unique disruptions in lysosomal trafficking across different neurodegenerative conditions lead

to distinct patterns of auto/endolysosomal mistrafficking 85.

Protein Studies in Neurology
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Protein studies, particularly those involving the structure and function of proteins within

neural cells, have significantly advanced our understanding of neurological diseases. For in-

stance, research into tau proteins and A� in Alzheimer’s disease, the latter of which is the

focus of my dissertation, has shown how abnormalities in protein folding and aggregation

can lead to cell death and disease progression. Furthermore, the study of receptor proteins

and ion channels has revealed how alterations in their structure or expression can lead to

dysfunctions in neuronal signaling, as seen in various channelopathies 36.

4.2.6 Integration of Cellular Biology with Molecular Genetics

The integration of cellular biology and protein studies with molecular genetics creates a

robust framework for neurology. This interdisciplinary approach allows researchers to un-

derstand the genetic blueprint of diseases and how these genetic changes manifest at the

cellular and protein levels. For example, genetic mutations that lead to the production of

dysfunctional proteins can now be studied in the context of how these proteins interact

with cellular organelles and signaling pathways, offering a comprehensive view of disease

mechanisms 36.

4.2.7 A Convergence of Neurology and Psychiatry

Discoveries in the neurobiological underpinnings of psychiatric disorders have significantly

propelled the integration of neurology and psychiatry. For instance, studies on the role

of neurotransmitters like serotonin and dopamine have elucidated their impact on mood

disorders and schizophrenia, bridging gaps between behavioral symptoms and molecular

pathways 92. This convergence can be illustrated in modern treatments targeting these

molecular pathways, such as selective serotonin reuptake inhibitors (SSRIs), which offer

more effective management of psychiatric conditions 92.
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4.2.8 Future Directions in Neurology

Clinicians are increasingly considering the dysfunction of specific neuronal organelles, such as

lysosomes, the endoplasmic reticulum, or the cytoskeleton, and classes of molecules, including

receptors, ion channels, intracellular signaling pathways, and transcription factors, in their

diagnostic and therapeutic approaches 36. This shift is underpinned by the growing ability

of molecular genetics to elucidate the intricate biological pathways that underlie neurological

diseases 36.

4.2.9 Implications for Therapeutic Development

As our understanding of cellular and molecular neuroscience deepens, developing new thera-

pies will likely focus on molecular and cellular targets. The potential for creating treatments

that precisely address the genetic root causes of disorders offers hope for more effective and

personalized medical interventions. This evolution in neurology not only represents a shift

in scientific understanding but also heralds a new era in patient care, where treatments are

tailored to the specific molecular dysfunctions within each individual. We are experiencing

a shift in the paradigm of broad symptomatic classifications to a more precise, mechanistic

understanding of neurological diseases that aligns with their underlying cellular, molecular,

and genetic causes.

4.3 My Ph.D. Thesis’s Contribution to the Fields of Neurological

Disease and Molecular and Cellular Neuroscience

In recent years, there has been considerable interest in the potential and somewhat varied

functions of cellular prion protein (PrPC) in Alzheimer’s disease (AD) 162. Some groups

have implicated PrPC as central to the toxicity of amyloid-� (A�) in AD 34, 117. For in-

stance, PrPC traps A� in an oligomeric form, facilitating its uptake and spread via toxic
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signaling of �-sheet-rich conformers, thereby contributing to the neurotoxicity observed in

AD 8, 41, 120. Research suggests that the interaction between PrPC and A� has been linked

to synaptic impairment in AD, highlighting the significance of PrPC in A�-induced neu-

rotoxicity 10, 22, 67, 80, 104, 134. Moreover, PrPC acts as a common ligand and downstream

effector of neurotoxic species of various proteins involved in neurodegeneration, including

A�, ↵-synuclein, and tau 34, 125.

Other research suggests that PrPC may have a protective role in certain forms of AD

through its interaction with the pro-domain of immature BACE1 49, 50. This interaction

influences the localization of BACE1, thereby affecting amyloid precursor protein (APP)

processing. Specifically, the presence of PrPC seems to increase BACE1 localization within

the trans-Golgi network (TGN), where BACE1 is more likely to cleave the Swedish mutant

form of APP (APPswe) 49. This relocalization potentially prevents BACE1 from reaching

the plasma membrane and endosomes, the sites where wild-type APP (APPwt) would typ-

ically be cleaved 49. Consequently, the expression of PrPC should theoretically reduce the

cleavage of APPwt by BACE1, while its absence would diminish the cleavage of APPswe by

BACE1. However, contrasting findings from the same group have indicated that PrPC -null

mice exhibit increased levels of A�, which does not align with the protective role hypothe-

sis 108.

My data add to the discussion, revealing that the absence of PrPC reduces the cleavage

of both APPswe and APPwt by BACE1 in early compartments. This results in increased

levels of full-length APP (FL APP) at the plasma membrane, increased endocytosis of FL

APP, and decreased levels of sAPP� secreted into the media. To the best of my knowledge,

we are the first group to trace the products of APP processing and trafficking in the presence

or absence of PrPC .
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In this dissertation, I not only reaffirm our previous observations that PrPC facilitates the

release of A� in N2a-APPswe cells, but I also provide new evidence that PrPC has a sup-

pressive effect on APP trafficking to the plasma membrane which normally promotes its

exposure to BACE1 cleavage within early compartments. Thus, in the absence of PrPC ,

APP levels increase at the plasma membrane and less A� is produced. In effect, PrPC

promotes the amyloidogenic pathway by increasing the exposure of APP to BACE1 within

early secretory compartments. These processing events are not direct, but are predicted to

be due to the differences in cellular localization of BACE1, which is primarily localized to

the acidic lumen of the Golgi apparatus, TGN, and endosomes 52, 53, 76 and ↵-secretase,

which primarily resides on the plasma membrane 52. My research contributes to the broader

field of cellular neuroscience by delineating how cellular components like PrPC can influ-

ence crucial pathways in neurodegenerative diseases, specifically AD. This study not only

explores the pathogenic interactions involving PrPC and APP processing but also integrates

cellular trafficking mechanisms that can significantly influence disease outcomes. Through

detailed cellular and molecular analyses, my work underscores the dynamic nature of protein

interactions within cellular compartments that contribute to neurodegenerative pathology.

By illustrating how PrPC influences APP’s subcellular localization, and function and by

exploring the subsequent alterations in APP processing dynamics that lead to A� genera-

tion, my thesis expands our understanding of the molecular underpinnings of AD beyond the

traditional amyloid-centric view. This research highlights the complexity of intracellular pro-

tein trafficking and its regulation, providing insights into the cellular basis of proteinopathies.

The findings presented offer potential new targets for therapeutic interventions that could

modify the course of disease by altering protein processing pathways at the cellular level.
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Furthermore, this work contributes to a nuanced understanding of neurodegenerative dis-

eases by demonstrating that changes in the localization and function of critical proteins like

PrPC and APP can lead to significant variations in disease phenotypes. This emphasizes the

importance of cellular context in the pathogenesis of neurological diseases and underscores

the potential of targeting specific cellular pathways to mitigate disease progression. Such

insights are vital for developing next-generation therapeutics aimed at modulating disease at

the molecular and cellular levels, potentially offering more effective and targeted approaches

to treatment.

4.4 My Ph.D. Thesis’s Major Takeaways

I first confirmed the direct relationship between PrPC expression and A�42 release in N2a-

APPswe cells using the MSD platform. I found that a ⇠ 70% knockdown of PrPC led to a

⇠ 20% reduction in A�42 release in the media. Moreover, this relationship extended beyond

A�42 to involve A�40 and possibly A�38; the other two major species of A�, were similarly

decreased. These findings support a general effect of PrPC on APP delivery to specific cel-

lular compartments rather than a specific effect on its processing. Since N2a-APPswe cells

generate high levels of A�42 and the subcellular locations of APPswe processing differs from

that of APPwt, I questioned whether the effect of PrPC on A� was unique to N2a-APPswe

cells. A�42 was barely detectable in N2a-APPwt cells; prelimary results suggested reduced

levels after PrPC KD, but were not statistically significant. In contrast, A�40 and A�38,

which were present at higher levels than A�42, were significantly reduced.These findings ar-

gue against an A� isoform-specific or APP modification-specific effect of PrPC on A� release

in N2a cells.

Based on the ability of PrP to regulate release of all major species of A� in both cell

lines, I questioned whether PrPC expression has an effect on APP processing. We looked
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for changes in the relative levels of sAPP↵ and sAPP�, which reflect the activity of ↵-

secretase and BACE1 cleavage of APP, respectively. PrPC KD significantly reduced the

level of sAPP� in both cell lines, consistent with the observed reduction in A�. In con-

trast, whereas sAPP↵ was unchanged in N2a-APPswe cells, it was markedly increased in

N2a-APPwt cells, suggesting a distinct difference in the way APP is processed in these two

cell lines. Both APPwt and APPswe are equally susceptible to cleavage by ↵-secretase 144,

which would suggest that sAPP↵ fragments should increase in both cell lines in the absence

of PrPC . Since N2a-APPswe cells express the APPswe modification at ⇠ 2.5 times the

level of APPwt, it is possible that any moderate increase in sAPP↵ fragments in APPswe

expressing cells is diluted by the expression level of the modification. Moreover, levels of

secreted sAPP↵ increase significantly in N2a-APPwt cells, but not in N2a-APPswe cells.

Pulse-chase experiments have demonstrated that while there was no difference between the

APPswe and APPwt modifications in their rate of arrival to the plasma membrane (in FL

form), ⇠ 80% of APPswe never made it to the cell surface 144. A large fraction of APPswe

is cleaved by BACE1 on its way through the secretory pathway, and labeled CTFs resulting

from this cleavage end up in the endosomes 144.

As mentioned previously, N2a-APPswe cell line, in which the "Swedish" mutation

(K595N/M596L) in the amyloid precursor protein (APP) is expressed, serves as a crucial

model for studying AD pathology 144. This specific mutation significantly enhances the

cleavage of APP by �-secretase, leading to an increased production of A� peptides, which

are central to the development of AD 144. While this cell line is an incredibly useful tool

for studying A� release, there are some limitations in the use of this model. For example,

since there is a substantial difference in the amount of APPswe and APPwt that ends up

on the plasma membrane under normal conditions, it is likely that even in the absence of

PrPC , I might not see a significant change in secreted sAPP↵ levels in the N2a-APPswe cells.
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Therefore, this result might not be reflective of AD cases that are not linked to this mutation.

I attempted to confirm these differences by assessing the levels of CTFs generated following

↵- and �-secretase cleavage. We hypothesized that the APP CTFs derived from ↵- and �-

secretase cleavage of FL APP would mirror the observed changes in sAPP↵ and sAPP� for

each cell line. Thus, I predicted reduced �-CTF in both cell lines to correspond with reduced

A� release and sAPP� in each line and an increase in ↵-CTF, at least in N2a-APPwt cells.

Despite differences in sAPP↵ levels in N2a-APPwt (increase) and N2a-APPswe cells (no

change), I found an increase in total CTFs after PrPC KD due to increases in ↵-CTF in

both cell lines. This suggests a disconnect between the retention of CTFs and the initial

cleavage of APP by either ↵- or �- secretases.

The above findings raised two possibilities that are not mutually exclusive: 1) APPwt and

APPswe are processed differently, as previously suggested by others 54, 141 and 2) the de-

crease in sAPP� in both cell lines suggests there are shared aspects of processing and traf-

ficking between APPwt and APPswe. Differences in PrPC modulation of sAPP↵ and sAPP�

secretion between the cell lines might be explained by differences in the potential influence

of PrPC on secretase activities (i.e., �- secretase cleaves APPswe ⇠ 20 times more efficiently

than ↵-secretase in my study, based on relative sAPP levels; (Figure2.6). Nevertheless, it is

striking that the CTF fractions were increased in both cell lines. One possible explanation

for these observations might be that the reduction of PrPC impairs �-secretase processing,

leading to CTF accumulation. While it appears that ↵-CTF levels increase significantly

in cell lysate following PrP KD, which would be in line with the increase in sAPP↵ level

changes, alterations in the predominant BACE1-derived fragments (+1 and +11 �-CTFs)

were more variable from experiment to experiment.
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One way to explain my findings is that PrPC expression might directly or indirectly en-

hance retention of nascent APP within early secretory compartments, where BACE1 activ-

ity predominates. With PrPC KD, APP may be more efficiently trafficked to the plasma

membrane. Our immunofluorescence staining and biotinylation studies, which revealed an

increase in FL APP on the plasma membrane after PrPC KD in both cell lines, support this

idea. This effect, with or without a direct impact on ↵- or �- secretase, could explain the

differences I observed in APP cleavage products among the two cell lines.

I also investigated whether PrPC KD alters either ↵- or �- secretase expression levels. West-

ern Blotting of cell lysates from N2a-APPwt and N2a-APPswe cells using specific antibodies

against ADAM10 and BACE1 revealed no significant changes in on ↵- or �- secretase ex-

pression levels after PrPC KD (data not shown). Using secretase expression levels as a proxy

for enzymatic activity, my findings suggest that the observed effects on APP processing in

the absence of PrPC are not a result of changes in secretase levels and reinforce the notion

that PrPC may modulate the trafficking of APP within the cell.

Moreover, I found an increase in the fraction of APP that underwent endocytosis at the

plasma membrane following PrPC KD. Retention of CTFs with a reduction in PrPC could

relate to a differential effect of PrPC at this stage of APP trafficking. Based on prior work

conducted in our laboratory and that of others, which suggests PrPC can bind to A�, PrPC ’s

presence at the plasma membrane may be required to promote the release of A� derived from

�-CTFs. Thus, PrPC ’s absence could lead to accumulation. This possibility was not ad-

dressed in the current work.

We considered two scenarios to explain the increase in the fraction of plasma membrane

APP that undergoes endocytosis after PrPC KD in either cell line. Since both PrPC and
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a subset of FL APP reside in lipid rafts 136 and PrPC has a longer half-life and membrane

residence than APP, its absence on the plasma membrane could affect critical signaling

processes that subsequently enhance the internalization of surface APP, leading to its pro-

cessing by BACE1 and intracellular CTF accumulation. Alternatively, the increase in plasma

membrane APP after PrPC reduction might simply be sufficient to increase its endocytosis.

Since my data show that similar fractions of plasma membrane APP are endocytosed from

the plasma membrane in both N2a-APPwt and N2a-APPswe cells, it appears that the frac-

tion of APP endocytosed is directly related to the amount of APP on the cell surface.

Although various studies have established the interaction between A� oligomers (A�O) and

PrPC 14, 117, 122, 165, the exact role of PrPC in AD pathophysiology remains under debate.

A significant focus has been on the N-terminal polybasic region of PrPC , identified as a

key site for A� oligomer binding. This region was also considered crucial for its proposed

interaction and inhibition of BACE 108. Parkin et al. 2007 suggested that overexpressing

PrPC could inhibit BACE1 activity, leading to decreased A� production 108. However, my

findings appear to contradict those findings; I observed that reducing PrPC decreases the

degree to which APP is cleaved by BACE1 and this leads to a reduction in the steady-state

levels of secreted A�. Moreover, Parkin, et al. 108 found that A� levels increased in a PrPC

knockout (KO) mouse model compared to wild-type mice. We found that the deletion of

PrPC in wild-type FVB mice did not change the levels of A�42 or A�40. This finding sug-

gests that, in our mouse model, the absence of PrPC does not influence the accumulation

of these specific A� peptides, contrasting with expectations based on the proposed protec-

tive role of PrPC in sporadic AD mediated by its direct interaction with the pro-domain of

BACE1 that subsequently changes its localization and reduces A� peptide generation.

Moreover, I found an increase in vivo in intracellular CTFs in the absence of PrPC in female
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mice. This finding agrees with the data from N2a cells showing an increase in the levels of

CTFs without any discernable change in total cellular levels of full-length APP (Figure 2.4

A-B), using immunofluorescence staining and Western blotting (Figure 2.7 and Figure 2.8).

However, the DEA/RIPA fractionation did not show changes in sAPP↵ or sAPP�, both of

which were observed in the N2a cell lines. One possibility to explain my findings is that the

stability of the soluble fragments of APP could be different in brains than in cell lines, such

that the soluble fragments are more prone to degradation in the brain. Moreover, there is

spatial separation between APP cleavage and eventual ectodomain secretion in neurons that

is difficult to observe in a cell model. Specifically, APP is primarily processed in somato-

dendritic compartments before its fragments are secreted from axons 102. The spatial and

temporal components involved in this process may occlude significant, observable changes in

sAPP fragments and plasma membrane APP levels. Intracellularly retained CTFs, on the

other hand, may be more resistant to lysosomal degradation in the brain or possibly take

longer to reach the lysosomes due to the spatial separation of cellular functions, ultimately

allowing for their detection in my experiments. As a result, it is possible that ectodomain

secretion can be uncoupled from the fate of CTFs in vivo.

Despite the experimental differences described above, my examination of mouse brain frac-

tions expressing endogenous mouse APP and PrPC found no significant changes in A� levels

between PrPC KO and WT mice at 65 days of age. However, I did note increases in CTFs

for female mice. To study the interaction effects of variable PrPC levels on AD progression,

other groups have crossed the APPswe/PS1�E9 mouse model of AD with mice overexpress-

ing or lacking PrPC 105. Ordóñez-Gutiérrez et al. 2013 105 found that A� deposits were, in

fact, influenced by PrPC levels, with more prion protein resulting in increased A� aggrega-

tion in aged mice. Moreover, there was no difference in APP or BACE1 levels among older

animals of different genotypes, suggesting that the changes in A� deposition are not due to
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variations in the expression of these proteins 105. These findings support my data in vitro

and suggest that I would see a more pronounced effect in A� deposition and APP processing

in an APP-overexpressing model.

Another report focused on the direct interaction of PrPC with BACE1 in the TGN and

differential effects on APP cleavage 49. We did not specifically examine the relationship be-

tween PrPC and BACE1. APPwt and APPswe processing within subcellular compartments

differ significantly. BACE1 cleaves nascent APPswe as early as in the TGN 53, 144, and

the sAPP� fragment released from this cleavage is trafficked through the secretory path-

way where it is released into the media 144. APPwt is mainly cleaved by ↵-secretase at

the plasma membrane, although BACE1 cleavage of internalized APP occurs during transit

through the endocytic pathway, resulting in low levels of A� 144. Griffiths et al. 49 found,

in stably-transfected human embryonic kidney (HEK) cells, that PrPC inhibited BACE1

cleavage of APPwt but not APPswe 49. In contrast, I found that reducing PrPC levels de-

creased sAPP� in both cell types, indicating that the absence of PrPC might impair BACE1

activity or its access to APP. Griffiths et al. 49 proposed that PrPC confines BACE1 to

membrane subcompartments separate from those containing APPwt. However, my results

suggest a different mechanism: PrPC promotes BACE1 cleavage of APP in the secretory and

endocytic pathways. The absence of PrPC , therefore, likely hinders early BACE1 cleavage,

resulting in a greater amount of APP being transported to the plasma membrane in both

N2a cells expressing APPwt and APPswe.

Differences in cell models, the sensitivity of the assays used, and the types of experiments

performed can potentially explain the discrepancies between my results and prior results

from other laboratories. Our results still fit with the mechanism proposed by Griffiths et

al. 49 that suggest PrPC interacts with the pro-domain of BACE1 resulting in BACE1 local-

81



ization to the TGN. The primary difference is that I saw an increase in both FL APPwt and

APPswe on the plasma membrane (PM) in the absence of PrPC . This suggests, in turn, that

both APPwt and APPswe trafficking is similarly affected by the absence of PrPC , thereby

suggesting both a direct and indirect influence of PrPC on APP processing. Our data are

not necessarily at odds with previous findings, but rather, indicate the complexity of PrPC ’s

role in APP processing and trafficking.

One consistency in my data across the experiments in vitro and in vivo is that the ab-

sence of PrPC leads to APP CTF accumulation. Our findings point towards a new dual role

for PrPC . PrPC may facilitate both the conversion of CTFs to A� and the degradation of

CTFs in lysosomes. In the absence of PrPC , CTFs are neither converted to A� nor degraded,

leading to CTF accumulation, an effect that may be more robust in vivo. This suggests a

possible impact on �-secretase cleavage of APP CTFs or lysosomal degradation of CTFs by

PrPC . Previous research indicates that the use of �-secretase chemical inhibitors, along with

loss-of-function mutations and deletions in presenilin 1 (PS1), leads to significant alterations

in the glycosylation and trafficking of APP 20, 28, 81. These changes manifest by accumu-

lating APP, C-terminal fragments (CTFs), and other membrane proteins on the plasma

membrane 81. This accumulation signals a bottleneck in endocytic trafficking due to an

overload of substrates, with CTFs monopolizing essential trafficking molecules like clathrin

and dynamin on the cell surface. Despite the trafficking congestion, cellular processes such

as division continue; cells do not undergo apoptosis, but rather reach steady-state 81. Con-

sidering the challenges associated with investigating �-secretase activity—specifically, the

potential for severe interference with protein trafficking and degradation pathways—we have

determined that evaluating the impact of PrPC on the �-secretase-mediated cleavage of APP

falls outside the scope of my current work.
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My findings suggest that the impact of PrPC on A� levels may be more complex than

previously thought and highlights the need for further investigation into the nuanced role of

PrPC in AD pathogenesis.
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APPENDIX A

APPENDIX: SUPPLEMENTARY

A.1 Western Blots

Figure A.1: Original, uncropped Western blot images from Figure 3.3: RIPA-
soluble brain homogenates show increased ↵-CTF and +11 �-CTF levels in
TgPrnp�/� females compared to WT mice.
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Figure A.1: (continued). A. i. 65-day-old from TgPrnp�/� and wild-type (FVB) mouse
brains were separated into a soluble protein fraction (0.2% DEA) and a detergent-soluble
membrane protein fraction (RIPA). Aliquots of each fraction were analyzed by immunoblot-
ting with a C-terminal antibody to APP (C1/6.1) to confirm the separation of soluble and
membrane-bound proteins. ii. Analysis of the RIPA fraction with a C-terminal antibody
to APP (C1/6.1) confirms that there is no change in FL APP levels between TgPrnp�/�

and WT mice or males and females. B. Separation of RIPA-soluble proteins using a 16.5%
Tris-tricine gel reveals an increase in ↵-CTF and +11 �-CTF levels in TgPrnp�/� females
compared to WT mice. C. Analysis of the DEA fractions with the AB-9 antibody to sAPP
reveals no difference in sAPP between TgPrnp�/� and WT mice. D-E. Analysis of the
DEA fractions with antibodies to APLP1 or APLP2 reveals no differences in sAPLP1 or
sAPLP2 between the genotypes. The results are representative blots from N=12 gPrnp�/�

and N=12 WT mice. Protein molecular weight ladders are measured in kDa. The levels of
indicated proteins in the RIPA and DEA homogenates (normalized to actin) were quantified.
The data were analyzed by a two-tailed unpaired t-test, * p<0.05.
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A.2 APP Antibody Epitopes and Secretase Cleavage Sites

Figure A.2: Schematic representation of APP antibody epitopes and secretase
cleavage sites. Made with BioRender.com.

A.3 List of Primary and Secondary Antibodies
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Antibodies Target Company Catalog
Number

Concentration Notes

Primary Antibodies
�-Actin
antibody

Actin SantaCruz
Biotechnol-
ogy, Dallas,

TX

sc-
47778

1:1000

Anti-
GAPDH
antibody

(6C5)

GAPDH Invitrogen,
Carlsbad,

CA

AM4300 1:10000

anti-APP
22C11

anti-mouse
mAb

APP
(ma-
ture,

imma-
ture,

sAPP)

eBioscience,
San Diego,

CA

14-
9749-82

1:1000 Cross reacts with
APLP2

NTH452
anti-rabbit
pAb 5, 28

APP
(FL and
soluble)

Kindly
provided by
Dr. Gopal
Thinakaran

- 1:1000 Generated against
a fusion protein
corresponding to
APP ectodomain
residues 45 to 265

NTG449
anti-rabbit

pAb 29

APP
(FL PP

and
sAPP)

Kindly
provided by
Dr. Gopal
Thinakaran

- 1:1000 Generated against
human APP
ectodomain

residues 306 to
600

Amyloid
precursor
protein

anti-mouse
(mAbP2-1)

APP Invitrogen,
Carlsbad,

CA

OMA1-
03132

1:1000 Specific for
native,

non-denatured
APP

C1/6.1,
purified

anti-APP
C-terminal
fragment
antibody

APP
(CTFs,

FL)

BioLegend,
San Diego,

CA

SIG-
39152

1:1000

Recombinant
anti-APP
antibody,

Y188

APP
(CTFs,

FL
APP)

Abcam,
Waltham,

MA

ab32136 1:2000

Table A.1: List of primary antibodies 1
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Antibodies Target Company Catalog
Number

Concentration Notes

Primary Antibodies
Purified

anti-�-amyloid,
1-16 antibody,

6E10

APP
(FL
APP,

sAPP↵,
�-CTF,

�-
amyloid)

BioLegend,
San Diego,

CA

IG-39320 1:1000

C-terminal pAb
CTM1 5, 28

APP
(CTFs,

FL
APP)

Kindly
provided by
Dr. Gopal
Thinakaran

- 1:1000

Mouse
monoclonal

(AB9) antibody
to �-amyloid

APP, �-
amyloid

BioTechne,
Minneapo-

lis, MN

NBP2-
50055

1:1000

AINT10
(GSTA1-1/
GSTA1-2)

rabbit pAb 145

APLP1 Kindly
provided by
Dr. Gopal
Thinakaran

- 1:1000 Generated against
a fusion protein
corresponding to
mouse APLP1
ectodomain

residues 293 to
583

Ectodomain
rabbit pAb

D2II49

APLP1 Kindly
provided by
Dr. Gopal
Thinakaran

- 1:1000 Generated against
a fusion protein
corresponding to
mouse APLP1
ectodomain

residues 293 to
583

C-terminal pAb
CT12 143

APLP2 Kindly
provided by
Dr. Gopal
Thinakaran

1:1000

Ectodomain
rabbit pAb
D2II 142

APLP1 Kindly
provided by
Dr. Gopal
Thinakaran

- 1:1000

Table A.2: List of primary antibodies 2
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Antibodies Target Company Catalog
Number

Concentration Notes

Primary Antibodies
SAF-32

anti-PrPC

mouse mAb

PrPC Bertin
Bioreagent,
Montigny
le Breton-

neux,
France

A03202 1:1000 Recognizes
octarepeat
region in

N-terminal
of PrPC

D-13 chimeric
human-mouse

Ab 121

PrPC Kindly
provided by
Dr. Stanley

Prusiner

- 1:1000 Recognizes
PrPC aa
94-105

Recombinant
anti-ADAM10

antibody
[EPR5622]

ADAM10 Abcam,
Waltham,

MA

ab124695 1:1000

Biotin
Antibody (33)

Biotin SantaCruz
Biotechnol-
ogy, Dallas,

TX

sc-101339 1:1000

Anti-NrCAM
(N-terminal)
anti-rabbit

pAb

NrCAM
(N-

terminal)

Abcam,
Waltham,

MA

ab24344 1:500

Anti-NrCAM
(C-terminal)
anti-rabbit

pAb

NrCAM
(C-

terminal)

Cell
Signaling

Technology,
Danvers,

MA

55284 1:1000

Human/mouse
NCAM-
1/CD56
antibody,

anti-goat pAb

NCAM-1
(N-

terminal)

BioTechne,
Minneapo-

lis, MN

AF2408 1:500

Anti-neural
cell adhesion

molecule
antibody,
anti-rabbit

pAb

NCAM-1
(C-

terminal)

Sigma
Aldrich, St.
Louis, MO

AB5032 1:1000

Table A.3: List of primary antibodies 3
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Antibodies Target Company Catalog
Number

Concentration

Secondary Antibodies for Immunofluorescence
Donkey

anti-mouse
AlexaFluor 555,

highly cross
adsorbed

- Invitrogen,
Carlsbad,

CA;
Thermo
Fisher

Scientific,
Inc.

A-31570 1:1000

Donkey
anti-rabbit

AlexaFluor 488 -
highly cross
adsorbed

- Invitrogen,
Carlsbad,

CA;
Thermo
Fisher

Scientific,
Inc.

A-21206 1:1000

Donkey
anti-rabbit

AlexaFluor 647 –
highly cross
adsorbed

- Invitrogen,
Carlsbad,

CA;
Thermo
Fisher

Scientific,
Inc.

A-31573 1:1000

Table A.4: List of secondary antibodies for immunofluorescence
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Antibodies Target Company Catalog
Number

Concentration

Secondary Antibodies for Western Blotting (Fluorescent)
LICOR IRDye®

800CW Goat
anti-Mouse IgG

Secondary
Antibody

- NetaScientific,
Marlton, NJ

LIC-926-32210 1:5000

LICOR IRDye®
680RD Donkey
Anti-Rabbit IgG
(H + L), Highly
Cross-Adsorbed

- NetaScientific,
Marlton, NJ

LIC-926-68073 1:5000

LICOR IRDye®
680RD Goat

anti-Mouse IgG
(H + L) Highly
Cross-Adsorbed

- NetaScientific,
Marlton, NJ

LIC-926-68070 1:5000

Secondary Antibodies for Western Blotting (HRP)
Goat anti-Mouse

IgG (H+L)
Secondary

Antibody, HRP

- Invitrogen,
Carlsbad,

CA; Thermo
Fisher

Scientific,
Inc.

31430 1:10000

Goat anti-Rabbit
IgG (H+L)
Secondary

Antibody, HRP

- Invitrogen,
Carlsbad,

CA; Thermo
Fisher

Scientific,
Inc.

31460 1:10000

Mouse
anti-Human IgG
(H+L) Secondary
Antibody, HRP

- Invitrogen,
Carlsbad,

CA; Thermo
Fisher

Scientific,
Inc.

31420 1:10000

Donkey
anti-Goat
IgG-HRP

- SantaCruz sc-2020 1:1000

Table A.5: List of secondary antibodies for Western Blotting
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A.4 Abbreviations

A�: Amyloid-� protein

AD: Alzheimer’s disease

ADAM10: A disintegrin and metalloproteinase 10 (one of the ↵-secretases)

AICD: APP intracellular domain

APP CTFs: Amyloid precursor protein C-terminal fragments

APP: Amyloid precursor protein

BACE1: �-site APP-cleaving enzyme 1 (�-secretase)

CSF: Cerebrospinal fluid

FAD: Familial Alzheimer’s disease

FL APP: Full-length amyloid precursor protein

LTP: Long-term potentiation

NFTs: Neurofibrillary tangles

PM: Plasma membrane

PrPC : Cellular prion protein

PrPSc: Scrapie form of prion protein

PS1/2: Presenilin 1/2 (components of � secretase)

RIPA: Radioimmunoprecipitation

sAPP↵: Soluble ↵-secretase-generated amyloid precursor protein ectodomain

sAPP�: Soluble BACE1-generated amyloid precursor protein ectodomain

sAPP: Soluble APP fragment

SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis

siRNA: Short/small interfering ribonucleic acid
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