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ABSTRACT 
 

Alzheimer’s disease (AD) is a complex neurodegenerative disorder believed to be 

triggered by the accumulation of β-amyloid (Aβ)-related peptides derived from the 

proteolytic processing of amyloid precursor protein (APP). Research over the last two 

decades has shown that alterations in the levels and/or subcellular distribution of 

cholesterol can influence Aβ metabolism and development of AD pathology, but the 

underlying mechanisms remain unclear. A number of recent studies have shown that AD 

exhibits some striking parallels with Niemann-Pick Type C (NPC) disease – an 

autosomal recessive disorder caused primarily by loss-of-function mutations in the NPC1 

gene. NPC disease, which is neuropathologically characterized by the intracellular 

accumulation of cholesterol, exhibits tau-positive neurofibrillary tangles and increased 

levels of Aβ-related peptides that are also the hallmarks of AD brains. To determine how 

alteration of the intracellular cholesterol level/distribution in the brain can influence the 

development of AD-related pathology, we have developed a new line of bigenic mice 

(ANPC) by crossing heterozygous Npc1-deficient mice with a well-established line of 

APP-transgenic mice (TgCRND8) overexpressing mutant human APP. The bigenic 

ANPC mice exhibited decreased life-span, accelerated cognitive and motor deficits and 

exacerbated glial as well as neuronal pathology including tau hyperphosphorylation/ 

cleavage, lysosomal dysfunction and neurodegeneration compared to littermates of other 

genotypes. Interestingly, reversal of cholesterol accumulation by 2-hydroxypropyl-β-

cyclodextrin treatment was found to attenuate the observed behavioral and pathological 

abnormalities in ANPC mice, thus establishing the significance of cholesterol in the 

development of the pathology. Additionally, using ANPC mice and a complementary 



 

stable cell line, we have demonstrated that intracellular cholesterol accretion can 

influence APP processing and the autophagic-lysosomal degradation pathway, causing 

progressive accumulation of Aβ-related peptides which can render the cells vulnerable to 

oxidative injury. In summary, our results suggest that alterations in cholesterol 

homeostasis can influence a wide spectrum of behavioral and neuropathological 

abnormalities observed in AD-related pathology. 
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1.1 Cholesterol and Brain 

Cholesterol subserves a diverse array of functions in all mammalian tissues including the 

brain. However among all the tissues, the brain is the most cholesterol-rich organ in the 

body, containing approximately 25% of the total body cholesterol, despite representing 

only ~2% of the body mass (1, 2). Most of the brain cholesterol is unesterified [>99.5%, 

from (3)] which is present primarily (~70-80%) in the specialized membrane of myelin 

and to a lesser extent in the neurons and glial cells. Experimental work in both animals 

and humans has indicated that brain cholesterol is largely independent and unaffected by 

the serum levels, as the blood-brain barrier (BBB) is impermeable to circulating 

cholesterol. Functionally, cholesterol plays a critical role in neuronal development and 

maintenance of synaptic plasticity as well as functions such as formation of synapse, 

neurite outgrowth, synaptic vesicle transport and regulation of neurotransmitter release 

(4). As an essential component of the plasma membrane of all cells, it is involved in a 

tight control of ionic homeostasis, endocytosis and intracellular signaling mechanisms. In 

addition, cytoplasmic cholesterol serves as a precursor for the synthesis of steroid 

hormones, vitamin D and oxysterols (5, 6). With such functional pleiotropism, it is 

evident that cholesterol is a major regulator of neuronal activity and any imbalance in 

brain cholesterol levels will have severe consequences on brain function. It is thus 

absolutely essential that brain cholesterol levels are maintained under a tight regulation 

and harnessed in certain forms, locations and concentrations for normal functioning of 

the brain. 

 

1.2 Brain cholesterol metabolism 

In the peripheral tissues, cholesterol requirement is covered by de novo synthesis in the 

endoplasmic reticulum (ER) and by cellular uptake of dietary cholesterol in the form of 

lipoprotein complexes. However in the brain, under normal physiological conditions, the 

BBB prevents the entry of the lipoprotein complexes from the peripheral circulation. 

Thus, practically all (>95%) cholesterol present in the brain is synthesized de novo within 

this organ. Neuronal cholesterol is only synthesized in cell bodies and transported to 

axons for incorporation into their plasma membranes (7). In addition, unesterified 

cholesterol synthesized in the glia and complexed with the cholesterol trasporter 
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Apolipoprotein E (ApoE) is delivered to neurons by receptor-mediated endocytosis to 

supplement their endogenous need for the sterol. Based on the presence of many different 

lipoprotein receptors, and their involvement in neurite growth and repair of damaged 

neurons, there is a good agreement that sterol pools are constantly recycled within the 

brain between the different cell types mainly through the endosomal-lysosomal (EL) 

system. The turnover of brain cholesterol is relatively low compared to that within the 

periphery, with a half-life estimated to be 4-6 months in rodents (8) and 5 years in human 

(9). The excess cholesterol is exported from the brain in the form of 24S-

hydroxycholesterol into the plasma. Therefore cholesterol homeostasis in the brain is 

maintained by the dynamic equilibrium of de novo synthesis, transport, storage and 

removal as described in greater details in the following paragraphs (see Fig. 1.1). 

 

1.2.1 De novo synthesis of cholesterol in the brain 

Essentially both neurons and glial cells can synthesize cholesterol de novo. 

Oligodendrocytes which govern the synthesis of myelin sheaths have the highest capacity 

to synthesize cholesterol, followed by astrocytes that synthesize at least 2-3 times more 

cholesterol than neurons (1, 10). Cholesterol is synthesized from acetate in a multi-

enzyme cascade requiring more than 20 reactions mediated in five major stages (Fig. 

1.2). The precursor acetyl CoA are first converted to 3-hydroxy-3-methylglutaryl-CoA 

(HMG-CoA) and then to mevalonate. Mevalonate is phosphorylated to isopentyl 

pyrophosphate and other active isoprenoids, which condense and combine to form 

squalene. Squalene is converted to lanosterol which is finally converted to cholesterol. 

Although various enzymes dictate the rate of each of these stages, the rate limiting step of 

cholesterol biosynthesis is the conversion of HMG-CoA to mevalonate catalyzed by the 

ER-bound 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR). The activity of this 

enzyme is controlled by the levels of cholesterol via two distinct mechanisms. First, a 

high cholesterol level exerts a feedback inhibition by activating HMGCR ubiquitination 

and subsequent proteasomal degradation. Secondly, HMGCR levels are also regulated by 

ER-bound transcription factors called sterol regulatory element binding proteins 

(SREBPs), which in turn are controlled by a sterol sensitive SREBP cleavage-activating 

protein (SCAP) (11). In the presence of sterols, full-length SREBP is restricted to the ER. 
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Figure 1.1. Brain cholesterol metabolism. In adult brain, the mature neurons mostly rely on the astrocytes 
for their cholesterol requirement. Apart from de novo synthesis, astrocytes can also internalize cholesterol 
derived from degenerating nerve terminals. The free cholesterol in the astrocytes provides negative 
feedback to HMGCR and the Insig-SREBP-SCAP complex to regulate endogenous synthesis of 
cholesterol. The excess free cholesterol is transported out of the cells by ABCA1, a membrane protein that 
facilitates the formation of ApoE-cholesterol-phospholipid complex in an ATP-dependent manner. Upon 
secretion from the astrocyte, the complex may bind to LDLR (or other members of the LDL receptor 
family) to be taken up by neurons. Following internalization and subsequent delivery to the late-
endosomes/lysosomes, the lipoprotein complexes are hydrolysed to free cholesterol. This free cholesterol is 
then exported out of the late-endosomal/lysosomal compartment in an NPC1/2 dependent manner for its 
delivery to other cellular compartments such as the plasma membrane, ER and mitochondria where it can 
be actively used by the cell. Excess cholesterol can be stored as cholesterol esters in the form of lipid 
droplets in the cytosol, formed by ACAT, or packaged with ApoAI and phospholipids and secreted out of 
the cell by ABCA1. Cholesterol stored in the lipid droplets can be liberated by a cholesterol ester hydrolase 
(CEH) and used when required by the cell. Excess cholesterol can also be removed from neurons through 
its conversion into 24S-OH cholesterol mediated by cholesterol 24S-hydroxylase in the mitochondria. This 
sterol can now freely cross lipophilic membranes of the BBB, which usually prevents direct transport of 
cholesterol, for elimination. The 24S-OH cholesterol in neurons or when internalized by astrocytes can also 
induce LXR-regulated gene transcription.  
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Upon sterol depletion, SREBP interacts with SCAP and is transported from ER to the 

Golgi apparatus, where SREBP is proteolytically cleaved by two proteases, Site-1 

protease (S1P) and Site-2 protease (S2P), and the released N-terminal domain acts as a 

transcription factor to subsequently enhance the levels of HMGCR (11, 12). Thus, ER 

appears to serve as a key site regulating cholesterol metabolism according to cellular 

demand.  

 

1.2.2 Transport and storage of cholesterol in the brain 

It is known that during development neurons synthesize most of the cholesterol required 

for growth and synaptogenesis, whereas mature neurons progressively lose such ability 

and become dependent on availability of exogenous cholesterol from astrocytes. The 

supply of cholesterol by astrocytes is also an energy saving process for neurons as more 

than 100 molecules of ATP are required to synthesize one molecule of cholesterol (1, 4, 

13). Apart from its de novo synthesis, astrocytes can also internalize and recycle the 

cholesterol released from degenerating nerve terminals and deliver it back to neurons 

(14). The transport of cholesterol from astrocytes to neurons requires binding to one of 

the variants of ApoE, the most prevalent lipoprotein in the central nervous system (CNS) 

(15). First, cholesterol forms complexes with ApoE resembling the plasma high-density 

lipoprotein (HDL) particles, which are then secreted in a process involving ATP-binding 

cassette (ABC) membrane transport protein family members such as ABCA1 and 

ABCG1 (16, 17). The secreted ApoE-cholesterol complex is then internalized into 

neurons via a member of the low-density lipoprotein receptor (LDLR) family, mainly the 

LDLR itself and the low-density lipoprotein receptor related protein (LRP), but also to 

some extent via very low-density lipoprotein receptor (VLDL), ApoE receptor 2 and 

megalin (15, 18, 19). At present, the relative importance of various receptors in the 

internalization of cholesterol remains unknown which may contribute to the considerable 

redundancy in these systems. The receptor bound ApoE-cholesterol complexes following 

internalization are delivered to the late-endosomes/lysosomes (LE/L) where acid lipase 

hydrolyses the cholesterol esters within the lipoprotein complexes, resulting in the release 

of intracellular free cholesterol. This unesterified cholesterol subsequently exits the LE/L 

via Niemann Pick type C (NPC) 1 and 2 protein-dependent mechanism and is distributed 
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Figure 1.2. Schematic representation of the main steps involved in cholesterol biosynthesis from precursor 
Acetyl-CoA. All major enzymes in each metabolic reaction are shown in blue. The rate-limiting enzyme of 
the pathway is HMG-CoA-reductase which catalyzes the synthesis of mevalonate from HMG-CoA. The 
post-lanosterol steps of cholesterol biosynthesis have been divided into Bloch and Kandutsch–Russell 
pathways, which share the same enzymatic steps but differ by the stage at which the C24 double bond is 
reduced. The pathway is controlled at the HMG-CoA-reductase catalyzed rate-limiting step by feedback 
inhibition of cholesterol (broken red line) and positive regulation by SREBP2 (solid red arrows).  
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primarily to the plasma membrane as well as to the ER, which serves as a negative 

feedback sensor for the cholesterol homeostasis genes such as HMGCR and LDLR. 

Excess cholesterol, on the other hand, is esterified in the ER by the enzyme acyl-

coenzyme-A cholesterol acetyltransferase (ACAT) and stored in cytoplasmic lipid 

droplets as a reserve pool (20-22). This intracellular pool of cholesterol serves as the 

source for synaptic and dendritic formation and remodeling (4). 

 

1.2.3 Efflux of cholesterol from the brain 

Since brain neurons and glial cells cannot degrade cholesterol, they rely on exporting 

cholesterol to the peripheral circulation for its disposal by the liver as bile. This helps to 

maintain a steady-state level of cholesterol in the brain. At present two different 

mechanisms exist for cholesterol elimination from the brain. The major mechanism by 

which cholesterol is excreted from the brain is by conversion to 24S-hydroxylcholesterol 

- an oxidised lipophilic metabolite that can freely cross the BBB (23). The conversion of 

free cholesterol to 24S-hydroxycholesterol is mediated by the cytochrome P450-

containing enzyme cholesterol 24-hydroxylase, which is encoded by the Cyp46a1 gene 

expressed rather selectively in the brain (24). High levels of this enzyme are found in 

certain neuronal cells such as pyramidal neurons of the hippocampus and cortex, Purkinje 

cells of the cerebellum, thalamic neurons and in hippocampal and cerebellar interneurons 

(25). Interestingly, some cholesterol 24-hydroxylase immunoreactivity has also been 

detected in glial cells from brains of Alzheimer’s disease (AD) patients (23). It is 

estimated that about 40% of the total cholesterol turnover is mediated by cholesterol 24-

hydroxylase (9, 25). Indeed, deletion of the Cyp46a1 gene encoding cholesterol 24-

hydroxylase leads to ~50% reduction in brain cholesterol excretion. This decrease, 

however, is compensated by the reduction in de novo synthesis thus suggesting a close 

relationship between synthesis and metabolism of cholesterol in the brain. The other 

mechanism of cholesterol elimination, called reverse cholesterol transport pathway, 

involves translocation of a fraction of brain cholesterol to the blood by membrane 

transport proteins such as ABCA1 (26, 27). The level of ABCA1 is partly regulated by 

cholesterol-derived ligand oxysterols (e.g., 24S-hydroxylcholesterol) of the liver X 

receptor (LXR), which has been shown to influence transcription of multiple genes 
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involved in cholesterol metabolism (28-32). It thus appears that both synthesis and 

elimination of cholesterol, especially in the adult brain, are not only tightly regulated but 

also compartmentalized. Astrocytes are responsible for majority of cholesterol synthesis 

but contribute relatively little to its elimination, whereas neurons with reduced synthetic 

ability can eliminate about two thirds of the cholesterol from the brain (27).  

 

1.3 Cholesterol in neurodegenerative diseases 

Michael S. Brown and Joseph L. Goldstein in their Nobel lecture for Physiology or 

Medicine in 1985 described cholesterol as a “Janus faced” molecule, having both positive 

and negative consequences. While their elegant comments at that time referred to 

cholesterol in the peripheral circulation, we now know that those comments apply to 

brain cholesterol as well. Thus, while cholesterol plays many important roles in the brain 

and is required for its optimal functioning, altered regulation of this sterol can lead to 

various pathological abnormalities. The metabolism of cholesterol in the brain and its 

implications for neurologic diseases have been extensively reviewed in recent years (27, 

33, 34). Accumulating evidence suggests that aberrant brain cholesterol metabolism 

contributes to the pronounced and progressive neurodegeneration that occurs in AD, 

Huntington’s disease and Parkinson’s disease (PD). Moreover, cholesterol is an 

indispensable component of myelin membranes that insulates and protects nerves, and its 

availability in oligodendrocytes subserves as a rate-limiting factor for brain maturation. 

Thus a disturbance in brain cholesterol homeostasis is most likely to affect the growth, 

maintenance or repair of the myelin sheath, ultimately disrupting fast nerve signaling that 

has been implicated in a large number of neurodegenerative demyelinating diseases, the 

most common one being Multiple Sclerosis. Apart from these well-known diseases, 

prominent neurologic manifestations also occur in many hereditary diseases such as 

Niemann-Pick type C (NPC) disease, Smith-Lemli-Opitz syndrome, Tangier disease, 

neuronal ceroid lipofuscinosis, lathosterolosis, desmosterolosis and cerebrotendinous 

xanthomatosis which have been attributed to accumulation and/or aberrant metabolism of 

cholesterol. Table 1.1 presents a summary of some of these neurodegenerative disorders 

that are associated with altered cholesterol metabolism. In this thesis, our primary 

objective is to understand the role of cholesterol in the development of AD pathology, 
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Table 1.1: Neurodegenerative disorders associated with an altered sterol metabolism/levels 

Disease Mutated Gene (s) 1Inheritance Sterol disturbances Neurological phenotype 

     
Alzheimer's disease Polygenic: APP, PS1 or 

PS2 
AuD and sporadic Cholesterol homeostasis Senile dementia with impairements in 

short-term memory and executive 
cortical functions 
 

Huntington’s disease  HTT AuD Cholesterol biosynthesis Progressive motor, psychiatric and 
cognitive dysfunctions 
 

Parkinson’s disease  Polygenic: PARK2, 
PARK, PINK1, SNCAor 
LRRK2 

AuD (SNCA, LRRK2), 
AR (PARK2, PARK, 
PINK1) and sporadic 

Cholesterol homeostasis Neuropsychiatric disorder including 
speech, cognition, mood, behaviour, 
psychotic, balance and movement 
disturbances  
 

Niemann-Pick type C NPC1 and NPC2 AR Cholesterol transport and 
homeostasis; accumulation of 
unesterified cholesterol in LE/L 

Cerebellar ataxia, vertical supranuclear 
gaze palsy, dysarthria, dysphagia, 
dystonia, dementia, seziures and 
psychiatric disturbances 
 

Smith-Lemli-Opitz 
syndrome 

DHCR7 AR Cholesterol biosynthesis; elevated 7-
dehydrocholesterol levels 

Mental retardation, microcephaly, 
developemental delay, autism, learning 
and behavioural problems 
 

Tangier disease ABCA1 AR HDL deficiency; dimished ability to 
transport cholesterol out of cells 

Small fibre-type neuropathy and 
syringomyelia 
 

Cerebrotendinous 
xanthomatosis  

CYP27A1 AR Loss of mitochondrial sterol 27-β-
hydroxylase function; abnormal 
accumulation of 7-α cholesterol and 
cholesterol 
 

Dementia, seizures, hallucinations, 
depression and difficulty with 
coordinating movements and speech 

Table contd…….. 
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Table 1.1 continued ..... 

Disease Mutated Gene (s) 1Inheritance Sterol disturbances Neurological phenotype 

     
Lathosterolosis SC5DL AR Cholesterol biosynthesis Psychomotor retardation, 

microcephaly 
 

Desmosterolosis DHCR24 AR Cholesterol biosynthesis; elevated 
desmosterol levels 

Psychomotor retardation, 
microcephaly, spasticity with severe 
convulsions 
 

Neuronal ceroid 
lipofuscinosis 

Polygenic: PPT1, 
TPP1, CLN3, CLN5, 
CLN6, DNAJC5, 
MFSD8, CLN8, or 
CTSD 

AR (PPT1, TPP1, CLN3, 
CLN5, CLN6, MFSD8, 
CLN8, and CTSD) and 
AuD (DNAJC5) 

Cholesterol homeostasis; enhanced 
cholesterol synthesis and accumulation 
of cholesteryl esters 

Progressive intellectual and motor 
deterioration, seizures and visual 
impairement 

1AuD: Autosomal Dominant; AR: Autosomal Recessive 
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which exhibits some intriguing parallels with the NPC disease. Hence, a review of the 

current literature focusing on the involvement of aberrant brain cholesterol metabolism in 

AD and NPC pathologies is provided in the following two sections. 

 

1.4.1 Alzheimer’s disease (AD) etiology 

AD, the most common cause of dementia affecting the elderly, is a progressive 

neurodegenerative disorder. It is characterized by a global deterioration of intellectual 

function that includes memory impairment, loss of language function and visuospatial 

deficits. Motor abnormalities are uncommon until the late phases of the disease and basic 

activities of daily living are gradually impaired as the pathology enters advanced phases. 

Psychosis and agitation also develop during middle or later phases of the disease. The 

average course of AD is approximately a decade, but the rate of progression is variable 

(35-37). Epidemiological data have shown that AD afflicts about 8-10% of the population 

over 65 years of age and its prevalence doubles every 5 years thereafter (38, 39). This 

fact, together with a steady increase in life expectancy, particularly in industrialized 

nations, makes AD one of the most serious health problems of this century (40). 

 

It has long been accepted that both genetic and environmental factors can 

contribute to the development of the disease. In the majority of cases, AD appears to 

occur as sporadic disease after the age of 65 years, but in a small proportion (~6-8%) of 

cases the disease is inherited as an autosomal dominant trait and appears as an early-onset 

form prior to 65 years of age. To date, mutations within three genes – the amyloid 

precursor protein (APP) gene on chromosome 21, the presenilin 1 (PSEN1) gene on 

chromosome 14 and the presenilin 2 (PSEN2) gene on chromosome 1 – have been 

identified as the cause of early-onset familial AD (FAD) (41-44). While these findings 

are of importance in elucidating the biological pathogenesis of AD, it is vital to recognize 

that mutations in these three genes may only account for 30-50% of all autosomal 

dominant early-onset cases. The inheritance of late-onset AD is more complex than that 

of the early-onset form. However, association studies have identified candidate genes that 

significantly increase the risk for late-onset disease. The ε4 allele of the ApoE gene, on 

chromosome 19, is one such risk factor. Possessing a single copy of the allele may 
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increase the chance of developing AD two- to five-fold, whereas having two ε4 alleles 

raises this probability to more than five-fold (13, 20, 41-43, 45, 46). Additional genome-

wide association studies have shown that variants in some novel susceptibility genes such 

as clusterin [ApoJ on chromosome 8; (47, 48)], phosphatidylinositol-binding clathrin 

assembly protein [PICALM on chromosome 11; (47, 48)], complement receptor 1 [CR1 

on chromosome 1; (48)], bridging integrator 1 [BIN1, located on chromosome 2; (49)] 

and sortilin-related receptor 1 [SORL1 on chromosome 11; (50)] may be associated in 

enhancing the risk of AD, but these need to be validated in future studies (51, 52). Other 

major factors that may play an important role in the pathogenesis of AD include aging, 

whereas prior head trauma and oxidative stress are also believed to enhance the risk of 

AD (53, 54). 

 

1.4.2 Neuropathological features of AD 

Neuropathological features associated with both familial and sporadic AD include 

intracellular neurofibrillary tangles (NFTs), extracellular parenchymal amyloid deposits 

and loss of neurons and synaptic integrity in specific brain areas (55). Structurally, NFTs 

consist of paired helical filaments (PHF) and occasional single straight filaments, that 

mainly contain a hyper/abnormal phosphorylated form of microtubule associated protein, 

tau. Under normal condition, tau binds and stabilizes microtubule by reversible 

phosphorylation and dephosphorylation process mediated via protein kinases and 

phosphatases, respectively. Phosphorylated tau, if not dephosphorylated, is unable to bind 

microtubules, undergoes polymerization into straight filaments and then is cross-linked 

by glycosylation to form PHF-tau (56-58). Evidence suggests that NFTs are generally 

found in large numbers, particularly in cortex, hippocampus, amygdala and certain 

subcortical nuclei in the AD brain. The formation of PHF-tau reduces the ability of tau to 

stabilize microtubules, leading to disruption of neuronal transport and eventual death of 

the affected neurons (56-60). The extent of neurofibrillary pathology, particularly the 

number of cortical NFTs, correlates positively with the severity of dementia observed in 

patients, but it should be emphasized that NFTs are found in a variety of other 

neurodegenerative disorders without any evidence of neuritic plaques such as 

frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17), 
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progressive supranuclear palsy, Pick’s disease and corticobasal degeneration (57, 58, 61-

64). 

 

Neuritic plaques are multicellular lesions containing a compact deposit of amyloid 

peptides in a milieu of reactive astrocytes, activated microglia and dystrophic neurites. 

The major amyloid peptides that are found in the plaques are β-amyloid1-42 (Aβ1-42) and 

Aβ1-40, peptides that are generated by proteolytic cleavage of APP. These plaques are 

most prominent in areas affected by neurodegeneration such as entorhinal cortex, 

hippocampus and association cortices (64-66). The number of plaques does not correlate 

with the severity of dementia, albeit a clinical correlation between elevated levels of Aβ 

peptide in the brain and cognitive decline has been reported (67). Several lines of 

evidence suggest that accumulation of Aβ peptides in the brain may, over time, initiate 

and/or contribute to AD pathogenesis. These include the association of some AD cases to 

inherited APP mutations (41, 43, 64),  the elevation of Aβ peptides and appearance of 

amyloid plaques in advance of other pathology in AD brains (68, 69), the increased 

production of Aβ1-42 in vivo and in vitro, by pathogenic mutations in PSEN1 and PSEN2 

(43, 64) and the in vitro neurotoxic potential of fibrillar Aβ peptides (64, 70, 71). Over-

production and/or reduced clearance of Aβ peptides are likely key to amyloid 

aggregation, which in turn contributes to the development of NFTs and subsequent 

neuronal degeneration (65, 72, 73). 

 

Selective synapse loss along with neuronal dysfunction and death are part of the 

elemental lesions associated with AD pathology. Regions that are severely affected in 

AD brains include the hippocampus, entorhinal cortex, amygdala, neocortex, some 

subcortical areas such as basal forebrain cholinergic neurons, serotonergic neurons of the 

dorsal raphe and noradrenergic neurons of the locus coeruleus (74-76). Biochemical 

investigations of autopsy tissues indicate that various neurotransmitters/modulators, 

including acetylcholine, serotonin, glutamate, noradrenaline and somatostatin, are 

differentially altered in AD brains (64, 77). One of the most consistent observations is a 

profound reduction in the activity of the acetylcholine synthesizing enzyme choline 

acetyltransferase in the neocortex that correlates positively with the severity of dementia 
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(76, 78). Interestingly, other cholinergic neurons which are located in the brainstem or in 

the striatum are found to be relatively spared or affected during late stages of the disease 

(76, 77, 79). At present, neither the cause of selective degeneration of neurons nor the 

mechanisms associated with the development of pathological features in AD brains have 

been clearly established. However, an increasing amount of evidence derived from 

genetic, epidemiological and biochemical studies over the past decade has suggested a 

critical role for cholesterol in AD pathogenesis. It is believed that increased cholesterol 

levels can enhance the risk of developing AD by influencing multiple pathways, but the 

mechanisms by which cholesterol can regulate these events need to be addressed in order 

to better understand its role in AD pathology.  

 

1.4.3 Link between AD pathology and cholesterol 

The major risk factor for late-onset AD, as mentioned earlier, is the presence of ε4 allele 

of ApoE gene located on chromosome 19. This gene which codes for a 229 amino acid 

protein involved in cholesterol transport exists in three different isoforms i.e., ε2, ε3 and 

ε4. Individuals carrying one or two copies of the ε4 allele have three and eight times 

higher risk of developing AD respectively, compared to individuals with the ε3 (the most 

common) or ε2 forms (80, 81). Inheritance of ApoE ε4 allele also lowers the age of onset 

of dementia by as many as 7-9 years per allele in a gene-dose-dependent manner (80, 82). 

The ε4 variant differs from ε2 and ε3 by having arginine residues instead of cysteine at 

positions 158 and 112, respectively. The amino acid substitutions have a critical role in 

determining the three-dimensional structure of ApoE leading to changes to its protein 

binding properties. Therefore the proposed mechanism by which ApoE appears to impact 

AD is through its effect on Aβ binding. ApoE has been shown to accelerate the formation 

of Aβ fibrils (83), with the ApoE ε4 isoform being most efficient in promoting 

fibrillogenesis in vitro (84). This is further supported by in vivo studies showing that mice 

expressing ApoE ε4 and APP have accelerated Aβ deposition compared with mice 

expressing the other ApoE isoforms or no ApoE (85, 86). Additionally, blocking Aβ and 

ApoE interaction using a synthetic peptide not only reduces Aβ fibril formation in vitro 

but also reduces Aβ plaque load in a mouse model of AD (87). ApoE is also involved in 

promotion of Aβ clearance from the brain. Consistent observations have shown that 
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ApoE causes the proteolytic break-down of the Aβ peptide in an isoform-specific fashion, 

and in particular, the ε4 isoform being not very effective, resulting in increased 

vulnerability to AD in individuals with the ε4 genotype (88-92). 

 

Other genes related to cholesterol metabolism have also been linked to AD, albeit 

none as unequivocally as ApoE. These include genes encoding ApoJ (involved in the 

transport of cholesterol) (47, 48, 60), LRP (a major receptor for ApoE in the brain) (93), 

the enzyme cholesterol 24-hydroxylase (responsible for the catabolism of cholesterol to 

24S-hydroxycholesterol) (93-97), ABCA1 (involved in the efflux of cholesterol from the 

brain) (36, 98, 99) and the enzyme ACAT1 (responsible for the esterification of 

cholesterol) (41). Clearly, the identification of an escalating number of probable 

associations between AD and other genes linked to cholesterol metabolism in the recent 

years shows the potential importance of cholesterol metabolism in the etiology of AD. 

However, many of these associations have not been replicated by other studies (41), and 

therefore the strength of these associations remain to be established.  

 

Several epidemiological studies have shown that high cholesterol levels in mid-

life correlate strongly with amyloid deposition and the risk of developing AD in later life 

(100-103). Levels of plasma LDL at post-mortem have also been found to be higher in 

AD patients than in control populations (104). Conversely, patients taking cholesterol 

lowering drugs such as statins have been reported to have a lower incidence of AD than 

the general population, albeit more recent prospective studies have produced conflicting 

results (103, 105-108). There is evidence that cholesterol levels may influence AD 

neuropathology, as neurons bearing NFTs contain higher levels of free cholesterol than 

tangle free neurons (101, 109). More recently, using comparative lipidomic analysis of 

brain tissues from AD and commonly used AD mouse models revealed significant 

changes in many lipids in the affected (i.e., prefrontal cortex and entorhinal cortex) vs. 

unaffected (cerebellum) regions of the brain, thus reinforcing the potential link between 

lipid anomalies and AD pathogenesis (110). 
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A number of biochemical studies have provided a strong link between cholesterol 

level and generation/deposition of Aβ peptides. Animals recapitulating AD pathology 

when fed with high cholesterol diets showed increased levels/accumulation of Aβ 

peptides, whereas treatment with cholesterol lowering drugs resulted in lower Aβ levels 

and/or deposition. The influence of cholesterol on Aβ production/levels have been 

replicated in cultured cells by removal of existing cholesterol or addition of exogenous 

cholesterol (27, 100, 103). Whether the generation of Aβ peptides simply reflects 

responsiveness to cholesterol levels, metabolism and/or distribution within subcellular 

compartments remains unclear. Since the peripheral and central cholesterol pools are not 

readily interchangeable (1, 10), it is critical to determine the molecular mechanisms by 

which altered regulation of cholesterol in the periphery can influence Aβ 

production/deposition in the brain. In this part of the introductory chapter, an overview of 

the recent findings on how levels of cholesterol and its distribution can influence Aβ 

production, clearance, aggregation and toxicity, and their potential implications in AD 

pathology is presented.  

 

1.4.4 The Amyloid Precursor Protein (APP) and Animal models of AD 

APP, localized on chromosome 21 at 21q21.2 was the first gene to be identified in 

association with inherited susceptibility to AD (111-114). It is a member of a larger gene 

family that includes the amyloid precursor-like proteins (APLP1 and APLP2) in 

mammals (115, 116). APP, together with APLP1 and APLP2, are highly conserved in 

evolution and have substantial homology in their structure (except for the Aβ region) and 

also share similar functions (117, 118). The APP gene encodes 8 alternatively spliced 

transcripts of which 3 are most common: APP695, APP751 and APP770. The APP695, 

the most abundant form in the brain, is expressed predominantly in neurons. The longer 

APP751 and APP770 isoforms that harbor an additional domain homologous to the 

Kunitz-type serine protease inhibitor (KPI) motif are present mostly in glial cells and 

other non-neuronal tissues (64, 119, 120). Structurally, APP is a type I integral membrane 

protein with a large N-terminal extracellular/luminal domain, a short membrane-spanning 

domain and a small cytoplasmic C-terminal tail. The Aβ region is partially embedded 

within the transmembrane domain and includes 28 amino acids of the ectodomain and 12 
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to 14 amino acids of the adjacent membrane-spanning domain. In neurons, APP is 

cotranslationally translocated into the ER via its signal peptide and then 

posttranslationally modified (“matured” via N- and O-glycosylation, sulfation and 

phosphorylation) through the secretory pathway (64). Its acquisition of N- and O-linked 

sugars occurs rapidly after biosynthesis, and the mature APP is then transported in 

membrane vesicles along the axon by fast axonal transport to synaptic terminals (121-

123). Both during and after the trafficking through the secretory pathway, APP itself can 

mediate certain functions within the cells and also can simultaneously undergo 

proteolytic processing to release secreted derivatives into vesicle lumens and/or the 

extracellular space (see below).  

 

The precise physiological role of full-length APP is enigmatic but a plethora of 

functions have been attributed to this molecule including cell survival/death, regulator of 

neuronal processes (such as neurite outgrowth, dendritic arborization, synaptogenesis, 

synaptic plasticity and neuronal excitability), calcium and metal homeostasis, cell 

adhesion and as a cell surface receptor (124-126). Additionally, APP isoforms containing 

the KPI domain can act as potent inhibitors of serine proteases. Despite the multitude of 

functions, deletion of the App gene did not significantly affect the phenotype or life 

expectancy of mice (127). App knockout mice display only minor weight loss, reduced 

forelimb grip strength, decreased locomotor activity and reactive gliosis in the cortex 

later in adult life. One study reported that synaptic markers are also reduced in App 

knockout mice which correlate rather well with deficits in learning and memory as well 

as synaptic plasticity (128). Interestingly, App/Aplp2 and Aplp1/Aplp2, but not App/Aplp1 

double knockout mice, show early postnatal lethality, indicating that members of the APP 

gene family exhibit partial overlapping functions (129). This is further supported by the 

fact that triple knockouts involving App, Aplp1, and Aplp2 genes lead to death shortly 

after birth (130). Abnormal developments in the CNS and peripheral nervous system 

(PNS) have been repeatedly observed in both App/Aplp2 double and App/Aplp1/Aplp2 

triple knockout animals (131-134). In the PNS, App/Aplp2 double knockout mice exhibit 

a mismatch between presynaptic and postsynaptic markers at the neuromuscular junctions 

along with excessive nerve terminal sprouting and defective neurotransmitter release 
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(133, 134). App/Aplp1/Aplp2 triple knockouts, on the other hand, show scattered cortical 

migration abnormalities (130). Taken together, these knockout studies clearly suggest an 

essential role for the APP family of proteins in the development of the nervous system 

relating to the synapse structure and function as well as in neuronal migration.  

 

The importance of APP in AD pathogenesis relates predominantly to its role as a 

precursor to the potentially cytotoxic Aβ fragment, which has been shown to have a 

central role in the amyloid hypothesis (135). The pathogenic APP mutations reported thus 

far in early-onset FAD (see http://molgen-www.uia.ac. be/ADMutations) all occur within 

or near the Aβ region and act by either altering APP processing, leading to increased Aβ 

production, or altering the propensity of Aβ to aggregate into β-sheet amyloid fibrils. To 

validate the in vivo role of Aβ in AD pathogenesis, several lines of transgenic (Tg) mice 

have been developed with a variety of promoters and APP FAD mutations on different 

genetic backgrounds of the mouse strain. Some of the most commonly used APP-Tg 

models are described in Table 1.2. The early efforts to create Tg mouse models of AD 

emphasized on the APP FAD mutations as these were the first genetic link to be 

identified in AD (136-139). These early APP-Tg mice exhibit high levels of mutant 

human APP and Aβ, and progressively reproduce many of the pathological hallmarks of 

AD including extracellular Aβ deposition, gliosis, dystrophic neurites containing 

hyperphosphorylated tau and loss of synaptic density with regional specificity resembling 

that seen in human AD (Table 1.2). Most of these models have also been shown to 

develop cognitive deficits in a variety of behavioural paradigms including the Morris 

water maze test (Table 1.2) (136, 138, 140, 141). Moreover, the morphology of the 

extracellular Aβ deposits in aged APP-Tg mice parallels the amyloid pathology in human 

AD brains, with plaques spanning a continuum from diffuse to dense core of Aβ deposits 

surrounded by dystrophic neurities and reactive gliosis. Crossing of the mutant APP-Tg 

mice with mice over-expressing mutant PS1 transgene demonstrated dramatic 

acceleration of Aβ1-42 production and extracellular Aβ deposition, suggesting a critical 

role for Aβ1-42 in driving AD pathology (142, 143). However, none of these APP and/or 

APP/PS1-Tg mouse models recapitulate the complete spectrum of AD neuropathology in 

the absence of neuronal loss and/or development of NFT lesions that characterize AD 
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pathology (144-146). To understand the functional inter-relationships between Aβ and 

tau proteins in AD pathogenesis, APP-Tg models were crossed with well-established tau-

Tg models, which are known to develop florid neurofibrillary pathology in the absence of 

any extracellular Aβ deposition (147-149). The APP-tau double transgenic mice were 

found to develop enhanced NFT pathology when compared to single tau-Tg littermates. 

These studies were further extended by Oddo and colleagues who developed a triple 

transgenic mouse model (3xTg-AD) harbouring mutant APP, PS1 and tau transgenes 

which showed accelerated development of tau pathology compared to the single tau-Tg 

littermates (150). This model also demonstrated that the NFT pathology developed 

several months after the extracellular Aβ deposition, supporting the hypothesis that Aβ 

accumulation can accelerate, if not initiate, the development of NFT lesions – a notion 

consistent with the proposed amyloid hypothesis for AD pathogenesis.  

 

Despite the failure of the earlier Tg models to recapitulate the widespread loss of 

neurons seen in human AD brains, some of the recently developed APP-Tg mice exhibit 

robust loss of neurons in brain areas affected in AD pathology. For example, the recently 

developed APPSLPS1KI line (151, 152) and 5XFAD (153) mice show significant loss of 

hippocampal CA1/2 neurons and the pyramidal neurons of cortex, respectively. In both 

these models, neuron loss precedes intraneuronal Aβ accumulation, suggesting potential 

involvement of intraneuronal Aβ in AD pathology (154-156). A more recent regulatable 

transgenic model (rTg3696AB) of AD, which generates both human Aβ and tau in the 

brain, displays a striking degree of neuronal loss in the hippocampus and cortex, as 

observed in AD pathology (157). Why most of the APP-Tg models do not exhibit 

significant loss of neurons in spite of a robust Aβ pathology remains unclear, but may 

relate to the different combinations of FAD mutants, expression levels of mutant proteins, 

promoters used in each line and/or up-regulation of survival mechanisms to protect 

neurons against Aβ-induced toxicity. Regardless of the phenotypes, these models provide 

evidence for the role of Aβ peptides in AD neuropathology and also are found to be 

invaluable, to some extent, in the development of future therapeutics. 
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Table 1.2: Summary of the widely used APP-Tg mouse models of AD 

Transgenic 
line 

Mouse 
strain 

Transgenic 
Construct Gene Mutation Promoter 

Transgene 
Expression 

level 

Age of Onset 
of Aβ 

deposits 
Neuropathology Refs. 

         
PD-APP C57BL6 x 

DBA2 x 
Swiss 
Webster 

Human APP770 
minigene 
expressing APP 
695, 751 and 770 
isoforms 

APP: V717F Human 
PDGF-β 

10x 6 months High Aβ42 levels, age-
dependent Aβ deposits (mostly 
diffuse plaques), dystrophic 
neurites, gliosis, synaptic  loss, 
impaired spatial memory but 
no neuronal loss or NFTs 
 

(137, 
140, 145) 

Tg2576 C57BL6 x 
SJL 

Human APP695 
cDNA 

APP: 
KM670/671NL 

Hamster 
PrP 

5.5x  9 months Impaired learning and memory 
deficits accompanying 
increased Aβ40 (5-fold) and 
Aβ42 (14-fold) levels, diffuse 
and dense cored Aβ plaques, 
dystrophic neurites, tau 
hyperphosphorylation, gliosis, 
vascular amyloidosis without 
any neuron loss or NFTs 
 

(138) 

APP23 C57BL6 x 
DBA/2 

Human APP751 
cDNA 

APP: 
KM670/671NL 

Murine Thy1 7x 6 months High Aβ42 levels, limited 
hippocampal CA1 neuronal 
loss correlated with Aβ 
plaques, age-dependent 
cognitive decline prior to 
amyloid deposition, cerebral 
vascular amyloidosis, 
hyperphorylated tau in 
distorted neurites surrounding 
the congophilic plaques but no 
NFTs 
 

(139, 
144) 

 
Table contd…….. 
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Table 1.2 continued …... 

Transgenic 
line 

Mouse 
strain 

Transgenic 
Construct Gene Mutation Promoter 

Transgene 
Expression 

level 

Age of Onset 
of Aβ 

deposits 
Neuropathology Refs. 

         
TgCRND8 C3H/He x 

C57BL6 
Human APP695 
cDNA 

APP: 
KM670/671NL, 
V717F 

Hamster 
PrP 

5x 3 months Early-onset Aβ plaques and 
neuritic pathology, high Aβ42 
levels associated with early 
cognitive deficits, gliosis and 
tau hyperphosphorylation  but 
no neuronal loss or NFTs 
 

(136) 

PSAPP C57BL6-
SJL x 
Swiss 
webster/B6
D2F1 

HuAPP695 
cDNA; PS1 
cDNA 

APP: 
KM670/671NL;  
PS1: M146L 

APP: 
Hamster 
Prp; PS1: 
rat PDGF-β 

APP: 5.5x; 
PS1:2-3x 

6 months Incresed Aβ42(43) levels, 
accelerated Aβ plaques, 
gliosis, reduced performance 
in a Y-maze reflecting 
hippocampal dysfunction 
 

(143) 

3xTg-AD 129 x 
C57BL6 

Human APP695 
and 4R0N$-Tau 
cDNA in PS1 
knockin 
background 

APP: 
KM670/671NL; 
Tau: P301L; 
PS1: M146V 

APP & Tau: 
Murine 
Thy1.2 

APP & Tau: 
2-4x in 
hemizygous 
and 4-8x in 
homozygous  

6 months Age-dependent Aβ plaques, 
followed by the developement 
of NFTs (12 months), synaptic 
dysfunction including LTP 
deficits appearing before 
plaque and tangle pathology 

(150) 

5xFAD C57BL6 x 
SJL 

Human 
APP695and PS1 
cDNA 

APP: 
KM670/671NL, 
I716V, V717I; 
PS1: M146L, 
L286V 

Murine Thy1 APP: <5.5x; 
PS1: not 
mentioned 

2 month Increased Aβ42 level, 
intraneuronal Aβ accumulation 
preceeding amyloid 
deposition, gliosis, synaptic 
and neuronal loss, spatial 
learning deficits, no NFTs 
 

(153) 

rTg3696AB FVB/N x 
129S6 

Human APP695 
and 4R0N-Tau 
cDNA 

APP: 
KM670/671NL, 
V717I; Tau: 
P301L 
 

CAMKII APP & Tau: 
3x 

4 months Age-dependent Aβ plaques, 
followed by NFTs, gliosis and 
neuron loss 

(157) 

$4R0N : four repeat tau without amino terminal inserts  
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1.4.5 Cholesterol and APP metabolism  

The first evidence that cholesterol may impact Aβ production in the brain was provided 

in 1994, when Sparks et al. (158) demonstrated that dietary cholesterol increases amyloid 

production in rabbits. Since then a great deal of work has been carried out to investigate 

the influence of cholesterol on APP processing and/or Aβ generation. Cholesterol, being 

an integral part of the membrane, can influence multiple functions including endocytosis 

and translocation of substrates to proteins embedded in the membrane. The distribution of 

cholesterol within membrane, however, is not uniform and its content increases as the 

membranes move from the ER through the Golgi apparatus to the plasma membrane 

(159). There is also evidence of marked asymmetry in the dispersion of cholesterol 

between the two leaflets of the bilayer, with ~85% of the total membrane cholesterol 

residing in the cytofacial leaflet and ~15% in the exofacial leaflet. The importance of 

asymmetric distribution across the extracellular and cytoplasmic faces of the lipid bilayer 

is not fully understood, but its modification can influence membrane fluidity as well as 

normal functioning of the cell (160, 161). Interestingly, the lateral dispersion of 

cholesterol in any given part of the membrane is also not uniform as some patches, 

termed lipid-rafts, are more highly enriched with cholesterol than the neighboring non-

raft regions. Lipid-rafts are detergent-resistant dynamic assemblies of membrane proteins 

and lipids that float freely within the membrane bilayer and have been implicated in 

intracellular trafficking of proteins, transmembrane signaling, lipid and protein sorting 

and regulated proteolysis (162-164). Within these raft domains, cholesterol enables 

orderly packing of the sphingolipids and gangliosides along with certain types of proteins 

that tend to intercalate with the raft structure. Removal of cholesterol therefore results in 

dissociation, deregulation and/or inactivation of most raft proteins. Although lipid-rafts 

are highly abundant at plasma membrane, they are assembled first in the Golgi and are 

evident in the anterograde vesicles trafficking from the Golgi to the plasma membrane. 

These rafts are constantly endocytosed from the plasma membrane via endocytic pathway 

and then either recycled back to plasma membrane or returned to Golgi apparatus. 

Considering that APP and its processing enzymes are associated with lipid-raft domains 

(165, 166), it is likely that components of membrane cholesterol can modulate Aβ 

production, aggregation and clearance. Additionally, there is evidence that intracellular 
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cholesterol distribution within subcellular compartments can affect trafficking of APP 

and/or its processing enzymes, leading to altered levels of Aβ production. This has been 

demonstrated using both in vitro cell culture and mouse models having altered subcellular 

cholesterol distribution caused by genetic or pharmacologic manipulation of proteins 

involved in cholesterol metabolism like NPC1 and ACAT1. Although precise 

mechanisms remain to be established, we have herein provided, following a brief 

overview of APP proteolytic processing, the current understanding on how membrane 

and subcellular cholesterol levels/distribution can influence Aβ generation by regulating 

alternative APP processing pathways.  

 

1.4.5a APP processing and Aβ generation 

Aβ peptides, the principal component of neuritic plaques in AD brains, are a group of 

hydrophobic peptides containing 39-43 amino acid residues derived by sequential 

proteolytic processing of APP (111, 124, 135, 167, 168). Mature APP is proteolytically 

processed by either the non-amyloidogenic α-secretase or amyloidogenic β-secretase 

pathways (Fig. 1.3). The α-secretase activity cleaves the Aβ domain within Lys16 and 

Leu17 residues, thus precluding the formation of full-length Aβ peptide. This pathway 

yields a soluble N-terminal APPα (sAPPα) and a membrane tethered 10kD C-terminal 

fragment (α-CTF or C83) that can be further processed by γ-secretase to release an 

extracellular 3kD P3 peptide (i.e., Aβ17-40 or Aβ17-42) and the cytoplasmic APP 

intracellular C-terminal domain (AICD) fragment (Fig. 1.3A). The α-secretase cleavage 

occurs mostly at the cell surface, although it can be mediated to some extent during the 

secretory intracellular trafficking of APP (126, 135, 169, 170). The identity of α-secretase 

is somewhat complicated as several enzymes including three members of a disintegrin 

and metalloprotease (ADAM) family, namely ADAM9, ADAM10 and ADAM17, have 

been shown to cleave APP within Aβ domain (171, 172). However, the majority of 

studies suggest that ADAM10 can act as a major α-secretase in the brain (173, 174).  

 

  The amyloidogenic β-secretase pathway, which results in the formation of intact 

Aβ peptide, is mediated by the sequential actions of β-secretase and γ-secretase enzymes 

(Fig. 1.3A). The β-secretase cleavage generates a truncated soluble APPβ (sAPPβ) and a  
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Figure 1.3. (A) Alternate processing of APP. The α-secretase pathway (left) involves sequential cleavages 
by α- and γ-secretases resulting in the generation of a soluble N-terminal APP fragment (sAPPα) and C-
terminal fragments (p3 and AICD). The amyloidogenic β-secretase APP processing pathway (right) 
involves initial cleavage by β-secretase followed by γ-secretase resulting in the generation of a soluble N-
terminal sAPPβ fragment, full-length Aβ peptide and AICD. Aβ peptides oligomerize and provide the 
initial trigger to AD pathogenesis. (B) APP processing enzymes and their cleavage sites. The amino acid 
sequence of Aβ and the APP carboxy-terminal region are shown in single letter amino acid codes. The left 
orange arrows indicate the β- and β’-cleavage sites of BACE1. The middle purple arrow indicates the α-
secretase cleavage site, which precludes the formation of full-length Aβ. The right green arrows indicate 
the multiple cleavage sites for γ-secretase, which are located within the transmembrane region. The major 
products of the cleavages are mentioned at the bottom of the respective arrows. 
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membrane bound Aβ-containing C-terminal fragment (β-CTF or C99). Further 

proteolysis of the β-CTF by γ-secretase yields the full-length Aβ peptides and the AICD 

(64, 65, 175-179). The γ-secretase can cleave at multiple sites within the transmembrane 

domain of APP, generating Aβ peptides of various lengths (see Fig. 1.3B) (180, 181). 

Cell culture studies have suggested that the majority of Aβ is generated in the endosomal 

recycling pathway, while a minority of the peptides is produced in the secretory pathway 

within the ER and Golgi apparatus (Fig. 1.4) (168, 182-186). Under normal conditions 

~90% of secreted Aβ peptides are Aβ1-40, a soluble form of the peptide that can slowly 

convert to an insoluble β-sheet configuration. In contrast, ~10% of secreted Aβ peptides 

are Aβ1-42/43, species that are highly fibrillogenic and are more toxic to neurons than Aβ1-

40 (64, 65). β-secretase is an aspartyl protease called β-site APP cleaving enzyme 1 

(BACE1) that localizes predominantly in the late-Golgi/trans-Golgi network (TGN) and 

endosomes, consistent with amyloidogenic processing of APP during secretory and 

endocytic/recycling pathways (168, 179, 184, 187). The γ-secretase, on the other hand, 

comprises the aspartyl protease PS1/2 and three cofactors [i.e., nicastrin, presenilin 

enhancer protein 2 (PEN-2) and anterior pharynx defective 1 (APH-1)] that are required 

for substrate recognition, complex assembly and targeting the complex to its site of action 

(188-193). The assembly of γ-secretase complex starts with the stabilization of nascent 

PS1 by nascent nicastrin and APH-1 followed by PEN-2 to complete the assembly 

process (194). Gene knockout, knockdown and mutational studies have established that 

PS1 is the catalytic subunit of γ-secretase (178, 192, 195). There is also evidence that 

PS1, apart from being a part of the enzyme complex, may be involved in the acidification 

of lysosomes and regulation of neurotransmitter release from the brain (196, 197). Some 

studies suggested that α- and β-secretases may compete for APP substrate and thus 

increased activity of one pathway may result in decreased processing by the other. In 

normal cells the non-amyloidogenic pathway usually dominates over the amyloidogenic 

pathway, but the relative activities of these alternative pathways can be regulated by a 

variety of factors, including the stimulation of receptors for neurotransmitters and growth 

factors (198, 199). The influence of cholesterol on amyloid formation is of particular 

interest in view of the evidence that intracellular trafficking and localization of APP and 
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components of its processing enzymes are regulated by levels/distribution of cholesterol 

within the cells (Fig. 1.4).  

 

1.4.5b Cholesterol and Aβ production under in vitro paradigms 

A large number of experiments performed using primary neurons or peripheral cell lines 

show that increase in cellular cholesterol levels can enhance Aβ production and reduce α-

secretase cleavage of APP (200, 201). Conversely, reducing cholesterol levels by 

stripping off the membrane cholesterol with methyl-β-cyclodextrin or by treating with 

HMGCR inhibitors can enhance α-secretase cleavage and inhibit Aβ production (201-

205) (see Table 1.3). One possible explanation for the alteration of APP processing 

through the modification of cellular/membrane cholesterol levels is that the localization 

of APP and its secretases are differentially affected by lipid composition, thereby altering 

the cleavage of APP. Accumulated evidence clearly indicates that α-secretase ADAM10 

mostly resides in the low-cholesterol non-raft domains (204), whereas a subset of β-

secretase BACE1 and four components of γ-secretase are associated with lipid-raft 

domains of the membrane (206-209). APP, on the other hand, is believed to exist in two 

separate pools within the cell membrane, one associated with lipid-rafts and other in the 

phospholipid-rich domain (210). These observations raised the possibility that the 

amyloidogenic processing of APP occurs in cholesterol-rich lipid-rafts, while the non- 

amyloidogenic processing occurs mainly in the phospholipid-rich regions of the 

membrane outside the rafts, and that altering cellular cholesterol levels regulates the 

processing of APP through these two pathways. Under physiological conditions only very 

minor amounts of APP appear to be present in detergent-resistant rafts (165, 211), 

thereby making α-secretase pathway the predominant pathway. However, increasing 

membrane cholesterol levels may elevate the percentage of rafts in the membranes and 

consequently enhance the activity/contact between APP and their processing enzymes 

BACE1 and γ-secretase, leading to increased production of Aβ peptides. This notion is 

supported by three distinct lines of elegant experiments: i) targeting BACE1 exclusively 

to the lipid-rafts by adding glycosylphosphatidylinositol (GPI)-anchor strongly 

upregulates its activity (212), ii) antibodies cross linking APP and BACE1 showed that 

these two proteins copatched with raft markers and dramatically increase the production 
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Figure 1.4. Influence of altered cholesterol levels in different cellular compartments on APP processing. 
Newly synthesized APP molecules are trafficked in the constitutive secretory pathway (green arrow) 
following full maturation of the holoprotein in the endoplasmic reticulum (ER) and trans-Golgi network. 
Aβ can be generated during this transit within the ER and/or Golgi network and secreted as part of the 
constitutive secretory pathway. Alternatively, full-length APP can travel to the plasma membrane, where it 
is predominantly cleaved by α-secretase, precluding the generation of intact Aβ peptides. A subset of APP 
is reinternalized (red arrow) into the endocytic compartments from where some APP is subsequently 
trafficked (blue arrows) back to the cell surface or to the lysosomes. Amyloidogenic processing occurs 
during passage through the endocytic organelles, where APP encounters β- and γ-secretases. Transport of 
APP from the endosomes to the Golgi mediated by retromers can also occur prior to its cleavage. 
Cholesterol level/distribution in different cellular compartments including the ER, Golgi network, plasma 
membrane and endosomal-lysosomal system can influence the outcome of Aβ production.  
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of Aβ peptides in a cholesterol-dependent manner (210) and iii) inhibition or absence of 

γ-secretase activity can lead to increased accumulation of APP-CTFs in the lipid-raft 

microdomains (208).  

 

A decrease in cholesterol levels which may disrupt the integrity of lipid-raft 

domains, on the other hand, can increase the activity of α-secretase, leading to non-

amyloidogenic processing of APP. This mechanism may partly involve accumulation of 

APP at the cell surface and altered membrane fluidity (204). In contrast, selective 

removal of membrane cholesterol by methyl β-cyclodextrin was found to decrease 

soluble APPα levels in human embryonic kidney cells transfected with human APP751, 

indicating that cholesterol reduction may under certain conditions restrict the interaction 

between APP and α-secretase (200). Additionally, it has been demonstrated that a mild 

reduction in membrane cholesterol (<25%) in cultured hippocampal neurons can 

paradoxically increase Aβ production by promoting β-secretase cleavage of APP, 

whereas a significant depletion in membrane cholesterol (>35%) can lead to a marked 

decrease in Aβ production. It is suggested that moderate reduction in cholesterol level 

triggers displacement of BACE1 from raft domains and promotes its proximity to APP in 

non-raft domains, leading to increased amyloidogenic processing of APP (202). Thus, it 

is likely that the extent of cholesterol depletion may have a critical role in determining 

the outcome of Aβ production. The cholesterol lowering drugs statins also appear to have 

two opposing actions on Aβ metabolism. While reduced cholesterol levels as a 

consequence of statin treatment of cells favored the α-secretase pathway and decreased 

Aβ secretion, the cholesterol-independent effects of statins, decreasing isoprenoid levels, 

resulted in the accumulation of APP, amyloidogenic fragments and intracellular Aβ (201, 

203, 204, 213). Another critical issue that confounds proper interpretation of statin 

studies on Aβ production is the pleiotropic effects of cholesterol depletion on Golgi 

morphology and vesicular trafficking, which are consequences of changes in both 

membrane fluidity and curvature (214-216). Whether the responsiveness of APP 

processing to cholesterol metabolism reflects a role for cholesterol alone or the presence 

of other factor(s) in the lipid environment common to many membrane bound proteins 

remains to be determined.  
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In addition to the effect of cholesterol on membrane lipid ordering, defective 

transport and/or excess accumulation of cholesterol in the subcellular compartments have 

also been shown to regulate proteolytic processing of APP. This is supported by the 

evidence that a dose-dependent reduction in secreted Aβ species occurs in cultured 

neurons and neuroblastoma cells exposed to a cholesterol transport-inhibiting agent, 

U18666A (217, 218). It has been suggested that inhibition of cholesterol transport from 

the endocytic compartment to the ER may affect re-internalization of surface APP, 

leading to decreased production of Aβ-related peptides. On the other hand, retention of 

cholesterol in the EL compartment induced accumulation of γ-secretase along with β-

CTF and Aβ-related peptides in the vesicular organelles involved in cholesterol sorting 

(218, 219). Another intriguing observation was that cholesterol esters derived from free 

cholesterol by the action of the enzyme ACAT have also been shown to modulate Aβ 

production. Inhibiting ACAT function in cells by genetic or pharmacological means can 

suppress Aβ generation, whereas increasing the levels of cholesterol esters can have the 

opposite effects (21). These data, however, indicate that reduction of ACAT activity 

decreases both α- and β-CTF products simultaneously, thus suggesting an indirect 

modulation of APP processing. Indeed, recently it has been demonstrated that ACAT 

inhibition causes delayed maturation of full-length APP in the early secretory pathway, 

thus limiting its availability for processing by secretases (220). It appears that the ratio 

between free and total cholesterol regulated by the enzyme ACAT may have a critical 

role in influencing generation/secretion of Aβ peptides. There is evidence that increased 

cholesterol efflux mediated by ABCA1 decreases Aβ production by reducing BACE1 and 

γ-secretase cleavage of APP (221, 222). Sphingolipids, another major constituent of 

membrane raft domains, are also involved in the regulation of APP processing. Lowering 

sphingolipid levels either by inhibiting serine palmitoyltransferase, which is involved in 

an early step of sphingolipid biosynthesis or by mutating one of the serine 

palmitoyltransferase enzyme subunits, elevates α-secretase cleavage (223).  
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Table 1.3: Effects of modulating cholesterol levels on APP processing under in vitro conditions 

Cholesterol 
modulation  Cell type used Experimental condition Effects on APP processing References 

     
↑ Cholesterol HEK 293 cells stably transfected with APP751 Exogenous cholesterol solubilized 

in methyl-β-cyclodextrin or 
ethanol  

↑ mature and immature APP; 
↓ sAPPα  and total soluble 
APP production 
 

(200) 

↑ Cholesterol HEK cells transfected with APP695 Exogenous cholesterol solubilized 
in methyl-β-cyclodextrin added 

↑ intracellular β-secretase 
cleavage products; ↑secreted 
Aβ40 and Aβ42 
 

(201) 

↓ Cholesterol Rat hippocampal neurons Cholesterol depleted by 70% using 
methyl-β-cyclodextrin or lovastatin 

↓β-CTF and Aβ production; 
no change in total sAPP 
 

(205) 

↓ Cholesterol HEK cells transfected with APP695 Cholesterol depleted using 
lovastatin 

↓ intracellular β-secretase 
cleavage products; ↓secreted 
Aβ40 
 

(201) 

↓ Cholesterol Rat hippocampal and mixed cortical neurons 
expressing SFV-human APP 

Cholesterol depleted using  
simvastatin or lovastatin 

↓ β-CTF and secretory and 
intracellular Aβ production 

(203) 

↓ Cholesterol HEK 293 and SHSY5Y cells Cholesterol depleted using methyl-
β-cyclodextrin or lovastatin 
 

↑ sAPPα production; ↓ Aβ 
production 

(204) 

↓ Cholesterol 
(~30% ) 

Rat hippocampal neurons and CHO cells constitutively 
expressing human APP 

Moderate cholesterol reduction by 
mevilonin and methyl-β-
cyclodextrin 
 

↑ β-CTF  and Aβ production (202) 

↓ Cholesterol HEK293cells stably transfected with Swedish mutant  
human APP695; SH-SY5Y cells; Primary cortical 
neurons and astrocytes from Tg2576 mice 

Cells treated with lovastatin or 
simvastatin in presence or absence 
of mevalonate 
 

↑ sAPPα and C83 production; 
↓ Aβ secretion 

(213) 
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A number of recent studies have indicated that cholesterol can interact directly 

with β-CTF and possibly APP to form a complex, which may favor amyloidogenic 

pathway by promoting localization of APP/β-CTF to cholesterol rich membrane domains 

and organelles where γ-secretase and β-secretase reside (224). Earlier studies have shown 

that under the conditions of high cholesterol, cholesterol can bind APP and Aβ directly at 

the α-secretase cleavage site, which leads to the inhibition of the α-secretase activity and 

increased production of Aβ peptides (225). It has been suggested that a central 

hydrophobic cluster located on residues 17-21 (LVFFA) of Aβ peptide, which is critical 

in peptide aggregation, may participate in cholesterol binding. These results, taken 

together, suggest that cholesterol binding can also directly influence generation as well as 

aggregation of Aβ peptide (226, 227).  

 

1.4.5c Cholesterol and Aβ production under in vivo paradigms 

In keeping with data from in vitro experiments, numerous in vivo studies have provided 

cogent examples for the involvement of cholesterol in APP processing (see Tables 1.4, 

1.5). However, the results are somewhat equivocal and the underlying mechanisms have 

not been as well studied. The first experimental evidence of interplay between cholesterol 

and APP processing revealed that a high-cholesterol diet for as short as 4 weeks can 

increase Aβ immunoreactivity in rabbit hippocampal neurons (158). This result has been 

extended to guinea pigs (203), African green monkeys (228) and transgenic mice 

overexpressing mutant APP – all showing a strong correlation between plasma 

cholesterol and Aβ levels. Experiments with one line of APP transgenic mice showed that 

a high cholesterol diet can increase Aβ levels and plaques burden, while treating these 

mice with a cholesterol lowering drug can decrease serum cholesterol levels along with 

Aβ production and deposition in the brain (229, 230). Several additional studies in related 

transgenic mouse models have also supported the notion that elevated peripheral 

cholesterol levels can increase brain Aβ production and deposition (231-239). However, 

other studies have reported that increased plasma cholesterol may be associated with 

unchanged (240) or even reduced Aβ levels (241, 242), while lowering plasma 

cholesterol may either decrease (243), not affect (240) or even elevate (244) brain Aβ 

levels. Thus the impact of altering plasma cholesterol in vivo on brain Aβ remains 
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Table 1.4: Effects of increasing peripheral cholesterol levels on APP metabolism in vivo 

 

Table contd…… 

Animal Model Modulation of peripheral 
cholesterol Effect on Brain Cholesterol levels Effects on APP processing References 

     
Adult female rabbits Fed on 2% cholesterol diet for 4, 

6 or 8 weeks 
Not determined ↑ intraneuronal Aβ immunoreactivity 

and extracellular Aβ deposits 
 

(158) 

APPswe mice of 210-408 
days of age 

Fed on high-cholesterol diet 
(5%) for 8 weeks 

Increasing trend in total brain 
cholesterol although not significant 

↓ Aβ40 and Aβ42 levels; ↓ sAPPα and 
sAPPβ  production 
 

(242) 

PSAPP (Tg2576 x 
PS1M146V) mice at 5 wks 

Fed on 5% high-fat/high-
cholesterol diet for 7 weeks 

↑ total CNS cholesterol ↑ Aβ levels and deposits; ↑ β-CTF 
production; ↓ sAPPα production 
 

(229) 

Female APP-Tg (Tg2576) 
mice at 2 months of age 

Fed on high-fat/high-cholesterol 
diet for 7-9 months 

Not determined ↑ Aβ deposition (238) 

Male APPswe mice Fed on high fat/high cholesterol 
Western-type diet until 1 year 
  

↑ cerebral cholesterol levels ↑ Aβ levels (235) 

Male African green 
monkeys 

Fed on high saturated fat diet for 
5 years 

Not determined ↑ Aβ deposition (228) 

APP-Tg (B6Tg2576) mice 
at 7-9 months of age 

Fed on high- fat/high-
cholesterol diet for 4 months 
 

Not determined ↑ Aβ deposits (236) 

Female APP-Tg (Tg2576) 
mice at 12 months of age 

Fed on high-fat/high-cholesterol 
diet for 6 weeks 
 

↑ total brain cholesterol ↓ Aβ40 levels; ↓ sAPPα production;  
↑ AICD 

(241) 

Adult female rabbits Fed on 1% cholesterol diet for 7 
months 

No alteration in free cholesterol levels 
but ↑ cholesterol content of CA1 
neurons 
 

↑ β-CTF production; ↑ Aβ42 levels 
and deposition 

(231) 
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Table 1.4 continued ….. 

 

Animal Model Modulation of peripheral 
cholesterol 

Effect on Brain 
Cholesterol levels Effects on APP processing References 

     
New Zealand white male rabbits 
(1.5–2 years old) 

Fed with 2% (w:w) cholesterol for 
12 weeks 

Not determined ↑ hippocampal and cortical Aβ40/42 levels ; ↑ 
aggregated Aβ only in cortex 

(234) 

PDGFB-APPwt mice (4-months 
old) 

Fed on high fat/cholesterol diet for 
2 months 

Not determined  ↑ cortical levels of Aβ40 with no significant 
change in Aβ42; ↑ CTF level 
 

(239) 

Adult male Wister rats Fed on 2% cholesterol diet for 15 
days 

No alteration Aβ levels remained unaffected (240) 

APP/PS1 mice 
(6-months old) 

Fed on  high cholesterol diet for 
12months 

No alteration  ↑ plaque burden (232, 233) 

TgCRND8 mice (4-wks old) Fed on high fat diet from 4 wks 
until 18 wks of age 

Not determined ↑ brain levels of solubilizable Aβ; no effect on 
plaque burden 

(237) 
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Table 1.5: Effects of decreasing peripheral cholesterol levels on APP metabolism in vivo 

Animal Model Modulation of peripheral 
cholesterol Effect on Brain Cholesterol levels Effects on APP processing References 

     
Adult male guineapigs Treated with high dose of 

simvastatin (0.5%) for 3 weeks 
No alteration in total brain cholesterol 
levels; ↓ lathosterol : cholesterol, ↓ de 
novo brain cholesterol synthesis 
 

↓ Aβ40 and Aβ42 levels (203) 

8 week old male and 
female PSAPP (Tg2576 x 
PS1M146V) mice  
 

 Treated with a daily dose (250 
mg/kg) of cholesterol lowering 
drug BM15.766 for 5 weeks 

↓ Brain cholesterol levels ↓ Aβ load and levels and β-CTF 
production; ↑ sAPPα production 

(230) 

8 week old male and 
female PSAPP (Tg2576 x 
PS1M146V) mice  
 

Treated with Lipitor at 30 mg/kg 
b.wt.1/day, p.o.1, for 8 wks. 

No alteration of CNS cholesterol levels ↓ Aβ40 and Aβ42 levels and 
accumulation 

(243) 

12 month-old male and 
female APP-Tg (Tg2576) 
mice  
 

Treated with 0.2% (100 mg/kg per 
day) lovastatin for 3 weeks 

Not determined ↑ Aβ40/42 levels and deposition, 
sAPPβ and CTFβ in female mice; 
no change in male mice 

(244) 

Adult male Wister rats Simvastatin (10-20 mg/kg b.wt.) 
or atorvastatin (10-20 mg/kg b.wt.) 
for 15 days 
 

↓ Brain lathosterol and cholesterol 
synthesis rate  

Aβ levels remained unaffected (240) 

1b.wt.: body weight; p.o.: peroral (oral administration) 
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controversial and the reasons for the apparent discrepancy may reside in either the 

genetic background of the mice used, the transgenes present in mouse models, variability 

in age, gender of the animals and/or treatment conditions. More importantly, given the 

fact that cholesterol in the brain is synthesized de novo and little or none of the peripheral 

cholesterol can cross an intact BBB, the extent to which dietary/peripheral modulation of 

cholesterol can influence cerebral cholesterol homeostasis remains ambiguous. 

Unfortunately, many of these studies have reported effects of a high-cholesterol diet on 

levels of Aβ and other molecules in the brain without actually assessing whether brain 

cholesterol levels are changed by the same treatment (Tables 1.4, 1.5). Thus, it is unclear 

as to whether the alteration of cerebral APP processing was a direct consequence of 

alteration in brain cholesterol or some indirect mechanisms triggered by modulation of 

peripheral cholesterol.  

 

Apart from regulating serum cholesterol levels either by diet or pharmacological 

treatments, a number of studies have used genetic models of cholesterol loading or 

depletion to evaluate the potential role of brain cholesterol metabolism in APP processing 

(see Table 1.6). Some of the initial studies with APP transgenic mice where ApoE 

expression was knocked down showed a dramatic decrease in fibrillar Aβ levels and 

deposits (245-248). Modulation of expression of LDLR, the major ApoE receptor in the 

brain, however, generated inconsistent results, with LDLR downregulation leading to 

both unaltered or increased Aβ deposition and LDLR overexpression triggering decreased 

Aβ deposition (249-251). Surprisingly, however, lowering the peripheral cholesterol by 

deficiency of ApoAI, the primary plasma-lipoprotein in mice, which also resulted in 

reductions in brain cholesterol without any effect on brain ApoE levels, showed no 

difference in Aβ pathology (252). The reason for these inconsistent results from studies 

modulating cholesterol transport/uptake in the brain is not entirely clear but may be due 

to influences of ApoE on Aβ aggregation and clearance. Mice deficient in the cholesterol 

synthesizing enzyme seladin-1 showed lowered brain cholesterol levels and increased 

production of Aβ peptides through the amyloidogenic pathway, whereas opposite effects 

were found in seladin-1 overexpressing mice (253). Studies from AD patients also 

revealed that seladin-1 is down regulated in brain areas exhibiting high levels of amyloid 
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deposition (254, 255). Additionally, while hippocampal samples from normal human 

brains showed only a small pool of endogenous APP is colocalized with BACE1 in a 

detergent-soluble membrane fraction, samples from AD brains with a moderate reduction 

in membrane cholesterol levels demonstrated much higher levels of APP and BACE1 

colocalization. These results suggest that a mild reduction in membrane cholesterol levels 

may enhance the colocalization of APP and BACE1 in the detergent-soluble membrane 

fraction which can lead to increased production of Aβ peptides (202, 256). Interestingly, 

a 50% reduction of cholesterol synthesis in the brain caused by genetic deletion of the 

cholesterol 24-hydroxylase gene did not significantly affect APP expression and amyloid 

plaque deposition in the cortex and hippocampus of mutant APP-Tg mice. It is suggested 

that decreased cholesterol synthesis was balanced by an equivalent reduction in 

cholesterol turnover with no apparent change in the steady-state brain cholesterol levels 

(257). There is also evidence that deficiency in the cholesterol transporter ABCA1 can 

increase Aβ deposition in mutant APP transgenic mice with a significant reduction in 

total brain ApoE (28, 258, 259), whereas overexpression of the transporter can have the 

reverse effects (260). In a complementary approach, ACAT gene ablation in 3xTg-AD 

not only reduces amyloid plaques and Aβ1-42 levels but also ameliorates cognitive deficits 

(261). This is consistent with the results obtained with the in vivo inhibition of ACAT 

activity by the drug CP-113818 in mutant APP transgenic mice (262). However, given 

the evidence of an extremely high ratio between free and esterified cholesterol in the 

adult human brain, it is somewhat difficult to understand how ACAT could be capable of 

modulating APP processing under in vivo conditions (10). Additionally, down-regulation 

of ABCA2 has been recently demonstrated to reduce Aβ production by altering 

maturation and subcellular localization of nicastrin (263).  

 

Accumulation of free cholesterol within brain neurons caused by mutation of the 

NPC1 gene have shown to increase the intracellular levels of Aβ peptides (219, 264) 

along with redistribution of PS1 from ER to rab5-positive early endosomal compartments 

(265, 266). This is consistent with the observed increase in intraneuronal Aβ in human 

NPC brains (219). Using Npc1-deficient mice, we have also found that the levels and 

expression of APP and BACE1 are elevated in the more severely affected cerebellar  
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Table 1.6: Effects of genetic modulation of different cholesterol metabolism genes on APP and Aβ metabolism 

Approach  Model studied Effect on brain cholesterol 
metabolism Effect on APP metabolism References 

      
Modulating cholesterol 
synthesis 

 Seladin1+/- mice ↓ cholesterol levels and disorganized 
cholesterol-rich detergent-resistant 
membrane domains 

↑Aβ40 and Aβ42 levels (253) 

      

Modulating intracellular 
cholesterol trafficking/ 
distribution 

 Acat1-/- x 3xTg-AD ↑ 24S-OH cholesterol; ↓HMGCR; 
↓sterol synthesis 

↓ human APPsw, sAPPα, β-CTF and 
Aβ; ↓Aβ deposition 
 

(261) 

Npc1-/- mice Intracellular cholesterol accumulation ↑ Aβ40 and Aβ42; ↑APP-CTFs 
 

(266, 267) 

Npc1+/- x APP/PS1 Not determined ↑ Aβ42 levels; ↑Aβ deposition 
 

(268) 

 Abca2-/- mice Not determined ↓ Aβ generation by altered γ-
secretase processing 
 

(263) 

      

Modulating cholesterol 
removal/ efflux 

 Cyp46a1-/- x APPsw ↓ cholesterol turnover compensated by 
↓ de novo cholesterol synthesis 

↓ insoluble Aβ40 and Aβ42 but no 
alteration in plaque deposition 
 

(257) 

 Abca1-/- x APP23 ↓ lipidated-ApoE levels ↑Aβ deposition and cerebral amyloid 
angiopathy; no change in APP, sAPP 
or CTF levels 
 

(258) 

 Abca1-/- x APP-Tg-SwDI/B; 
Abca1-/- x APP/PS1 

↓ lipidated-ApoE levels ↑Aβ deposition only in APP-Tg-
SwDI/B; no alteration  in APP and 
Aβ levels  
 

(28) 

 Abca1-/- x PDAPP ↓ lipidated-ApoE levels ↑Aβ levels and deposition; no change 
in APP or CTF 
 

(259) 

 Abca1/PDAPP -Tg mice ↑ lipidated-ApoE levels ↓ Aβ levels and deposition; absence 
of thioflavine S-positive amyloid 
plaques 

(260) 
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Table contd… 

Table 1.6 continued….. 

Approach  Model studied Effect on brain cholesterol 
metabolism Effect on APP metabolism References 

      

Modulating cholesterol 
transport and uptake 

 ApoE-/- x Tg2576;  
ApoE-/- x PDAPP 

Not determined ↓ Aβ deposition; absence of 
thioflavine S-positive amyloid 
deposits; altered anatomical 
distribution of Aβ deposits; no 
alteration in total Aβ and Aβ42 levels 
 

(245-248) 

 ApoAI-/- x PDAPP ↓ brain cholesterol; unaltered ApoE 
levels 

No effect on Aβ40/42 levels or plaque 
load 
 

(252) 

 LDLR-/- x PDAPP No effect on brain cholesterol levels; ↑ 
ApoE levels 
 

No effect on Aβ levels or deposition (250) 

 LDLR-/- x Tg2576 ↑ ApoE levels ↑Aβ deposition 
 

(249) 

  LDLR x APP/PS1 Tg mice ↓ ApoE levels ↓ Aβ deposition and ↑ Aβ clearance 
 

(251) 
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region prior to changes in the relatively less affected hippocampus, whereas γ-secretase 

components are enhanced in both brain regions at the same time. Interestingly, a subset of 

reactive astrocytes, which under normal conditions do not express APP or its processing 

enzymes, are found to display high levels of APP as well as β- and γ-secretase 

components in the Npc1-deficient mouse brains. Additionally, the levels of α- and β-

CTFs were apparently increased in the cerebellum of Npc1-deficient mice (267), thus 

raising the possibility that enhanced levels and processing of APP may be associated with 

the development of pathology and/or degenerative events observed in brains. This is 

partly supported by a recent study which showed that partial depletion of cholesterol 

trafficking Npc1 protein in mice overexpressing mutant APP as well as PS1 can enhance 

Aβ levels and deposition (268). However, intracellular accumulation of cholesterol has 

not yet been established in this animal model of AD; thus it remains unclear whether the 

observed alterations were due to disturbances in cholesterol trafficking or the 

consequence of other effects. Collectively, these results suggest that cholesterol 

sequestration in neuronal cells can play a causal role in Aβ production, which can 

subsequently influence AD-related pathology. 

 

1.4.5d Cholesterol in Aβ aggregation and neurotoxicity 

In addition to its influence on APP processing, a number of studies using cultured cells 

and animal models have investigated the link between cellular cholesterol levels, Aβ 

aggregation and cell viability. Under normal physiological conditions, Aβ peptides are 

present mostly as a soluble monomeric isoforms without necessarily causing any 

dysfunction and/or death of neurons (269-271). In fact, some recent studies have 

suggested a neuroprotective role for monomeric Aβ1-42 in the brain (272). However, 

certain pathological conditions/stimuli can trigger a complex conformational re-

arrangement and self-assembly of Aβ peptides to form a heterogeneous mixture of higher 

molecular-weight oligomers, protofibrils and fibrils. The conversion of monomeric Aβ 

peptides to aggregated isoforms is necessary for the expression of its toxic effects and 

there is emerging evidence that soluble Aβ oligomers, but not the fibrils deposited in the 

neuritic plaques, are the proximate neurotoxin in AD pathology (273-279). This is 

substantiated by a number of studies demonstrating that levels of soluble Aβ oligomers in 
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the brain correlate much better than fibrils or plaques with the onset, progression and 

severity of AD pathology (67, 277, 278, 280-282). Although the mechanisms associated 

with abnormal aggregation of Aβ peptides under pathological conditions have not yet 

been determined, a growing body of evidence suggests that cholesterol-rich lipid-rafts 

may play a much more sinister role in catalyzing the conversion of the aggregation-prone 

Aβ peptide to its neurotoxic, oligomeric state. In fact, Aβ oligomers isolated from AD 

patients are found to be associated with the lipid-raft microdomains in a cholesterol-

dependent manner and depletion of cholesterol was found to reduce aggregation of Aβ 

peptides (283). However, it is currently unclear whether a direct interaction between Aβ 

and cholesterol, an overall depletion in lipid-raft domains or the subsequent changes in 

their composition/properties can lead to reduced peptide aggregation.  

 

It has been reported that cholesterol can facilitate Aβ aggregation through the 

structural modification of other lipid-raft components including gangliosides, which are 

glycosphingolipids with one or more sialic acid moieties attached to the sugar chain 

(284). Some studies have shown that ganglioside GM1 found predominantly in the CNS 

can bind and promote aggregation of Aβ peptides in lipid-raft microdomains (285, 286). 

Interaction between ganglioside sialic acid and Aβ induces a conformational re-

arrangement of the peptide chain from an α-helix-rich to a β-sheet-rich structure (285, 

287), leading to the generation of a GM1/Aβ complex, which acts as an endogenous seed 

to promote amyloid oligomerization and subsequent fibril formation (288-290). Amyloid 

fibrils formed in the presence of gangliosides have been shown to be the primary 

mediators of oxidative attack on plasma membranes (291). A recent study using 

reconstituted membranes revealed that cholesterol can either facilitate or inhibit the 

interaction of Aβ peptides with lipid-rafts through fine-tuning of the ganglioside 

conformation (292). This reinforces the notion that Aβ binding and aggregation within 

the neuronal lipid-raft domains is most likely mediated by multiple players rather than 

any single membrane component.  

 

Since Aβ toxicity is associated with the aggregation state of the peptide, many 

studies have investigated the relationship between cholesterol and the toxic effects of Aβ 
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peptides. Some studies have shown that decreasing cholesterol levels can be protective 

and increasing cholesterol levels can render the cells vulnerable to Aβ-induced toxicity. 

This is supported by the evidence that i) decreasing cholesterol levels in plasma 

membrane can reduce toxicity whereas an increase in cholesterol level can induce higher 

toxicity in cultured PC12 cells (293) as well as in mixed cultures containing hippocampal 

neurons and astrocytes (294), ii) potentiation of Aβ toxicity mediated by increased 

cholesterol levels in human neuroblastoma cells is found to be associated with a sustained 

elevation of reactive oxygen species production (295), iii) depletion of cholesterol and 

membrane-associated sialic acid residue or inhibition of cholesterol and ganglioside 

synthesis can protect cultured PC12 cells from Aβ toxicity (296), iv) increasing 

membrane cholesterol levels in mature hippocampal neurons render them more 

vulnerable to Aβ-induced toxicity than immature neurons (297), v) mitochondrial 

cholesterol accumulation in cultured neurons as well as in brain of mice with SREBP 

overexpression or deletion of the NPC1 gene can enhance the toxic effects of Aβ peptides 

(298) and vi) rats fed with a high-cholesterol diet exhibit a greater increase in neuronal 

vulnerability to Aβ toxicity than the rats fed with high fat or standard diet (299).  

 

A number of studies, in contrast to the aforementioned results, have reported 

contradictory effects i.e., increasing cholesterol levels can protect the cells against Aβ 

toxicity, whereas decreasing cholesterol levels can enhance toxic potency of the peptide. 

This is substantiated by data which showed that i) high membrane cholesterol resulting 

from seladin-1 overexpression or treatment with polyethylene glycol-cholesterol 

significantly protects cells against Aβ toxicity, whereas low membrane cholesterol in 

cells treated with the seladin-1 inhibitor 5,22E-cholestadien-3-ol or with methyl-β-

cyclodextrin results in cell vulnerability to Aβ peptide (300), ii) cultured PC12 cells and 

neurons with high membrane cholesterol levels are resistant but those with low 

cholesterol levels are vulnerable to Aβ toxicity (301-304). Evidence from rat primary 

cortical cultured neurons further indicates that increased cholesterol levels can protect 

neurons from toxicity induced by soluble oligomeric Aβ peptide but not from that of 

fibrillar Aβ peptide (302). These results, taken together, suggest that interactions between 

cholesterol and Aβ peptide are rather complex and subtle changes in the levels and/or 
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distribution of cholesterol in various cell compartments may have contrasting effects on 

Aβ toxicity, possibly due to its influence on the state of aggregation, production or 

degradation of the peptide. Additionally, it is likely that a fluctuation in cholesterol levels 

may alter the physical properties of lipid-rafts, thereby modulating Aβ binding as well as 

cell viability.  

 

1.4.5e Cholesterol and Aβ internalization 

Several lines of experimental evidence suggest the existence of distinct pools of 

extracellular and intracellular Aβ peptides in the brain. The precise origin of intracellular 

Aβ is not clear but appears to derive from endogenous synthesis as well as uptake from 

the extracellular source. The extracellular Aβ peptide, depending on the cells, can either 

lead to a cascade of events including toxicity or can be degraded via endosomal-

lysosomal pathways (305-312). The molecular events mediating internalization of Aβ 

peptide rely not only on the cell types but also on the conformation state of the peptide. 

There is evidence that glial cells internalize Aβ peptide via phagocytosis, pinocytosis as 

well as endocytosis. Neurons, on the other hand, are considered to mediate Aβ 

internalization mostly via clathrin-dependent endocytosis, but many other endocytic 

processes independent of clathrin may also mediate cellular uptake of Aβ peptide (309, 

313). It has been reported that Aβ endocytosis precedes its aggregation at the membrane 

and internalization of oligomeric Aβ isoform occurs more efficiently than fibrillar peptide 

(311, 313-316). Given the evidence that Aβ peptide can bind lipid components of the 

membrane, more recent studies have suggested a role for lipid-rafts in Aβ internalization 

albeit a raft-independent mechanism seems to occur under certain conditions (309, 313).  

 

Studies involving cervical sympathetic cultured neurons clearly depicted that 

internalized Aβ oligomers co-localized with cholera toxin subunit B (CTxB), a lipid-raft 

marker that specifically binds ganglioside GM1, suggesting that internalization occurs at 

lipid-raft possibly via GM1 binding. Additionally, simultaneous reduction of both cellular 

cholesterol and sphingolipid levels were found to decrease Aβ uptake into sympathetic 

neurons. This event occurs selectively in neuronal axons (and not in cell bodies) and is 

independent of clathrin but requires dynamin which is responsible for the cleavage of the 
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invaginated vesicles from the plasma membrane (317). A more recent study using mouse 

neuroblastoma cells also showed co-localization of internalized Aβ with CTxB and 

pharmacological inhibition of lipid-raft-dependent endocytosis decreased uptake of 

soluble Aβ peptide (318). Collectively, these results suggest a critical role for cholesterol 

in the internalization of Aβ-related peptides in specific cell types/conditions, but it is yet 

to be determined whether the lipid component or the associated receptor proteins present 

in the membrane are involved in the internalization of the peptide. This is because Aβ 

peptide, in addition to lipids, is known to bind/interact with a number of membrane 

receptors including LRP1, nicotinic acetylcholine receptors, glutamatergic N-methyl-D-

aspartate receptors and receptors for advanced glycation end products which may act as 

endocytosis carriers of the Aβ-receptor protein complex (309, 313). Thus it would be of 

interest to determine from future studies not only the contributions of lipid-raft vs non-

raft pathways in Aβ endocytosis but also the role of the putative receptors, if any, 

regulating the internalization of the peptide in neurons that are vulnerable in AD brains.  

 

1.4.5f Cholesterol and Aβ degradation 

A number of recent studies have indicated that cholesterol may have a critical role in the 

clearance of Aβ-related peptides by regulating the level and/or activity of their degrading 

enzymes. Multiple proteases within the brain, including insulin-degrading enzyme (IDE), 

neprilysin, endothelin converting enzymes (ECE1 and ECE2) and plasmin, have been 

shown to degrade Aβ peptide [reviewed in (319, 320)]. IDE is a zinc 

metalloendopeptidase expressed predominantly in neurons but also evident in glial cells 

(321, 322). After synthesis IDE is transported via the secretory pathway to either become 

associated with the cell surface membrane or to be secreted outside of the cell. Both of 

these scenarios predict significant extracellular degrading activity for Aβ applied into the 

cell medium. Thus, it is possible that an alteration in cholesterol levels/distribution can 

compromise the transport and release of this protease into the extracellular space and 

hence its Aβ-degradaing activity. Alternatively, given the evidence that a subset of IDE is 

localized in a lipid-raft microdomain (323), a change in membrane cholesterol level can 

directly influence Aβ-degrading activity of the enzyme. Neprilysin is a type II membrane 

protein that has been shown to degrade intracellular, cell surface and extracellular Aβ 
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(324). Interestingly, a subset of neprilysin, especially the mature form, has been found to 

be associated with rafts (325), but some studies targeting neprilysin to rafts failed to 

efficiently degrade Aβ in this fraction (326). In contrast, plasmin is a raft-resident serine 

protease generated from the inactive precursor plasminogen by tissue-type or urokinase-

type plasminogen activator (256). The levels of plasmin are lower in AD brains than in 

age-matched controls, possibly due to lower membrane cholesterol content and raft 

disorganization (256). This is supported by the observation that the mice deficient in 

cholesterol-synthesizing enzyme seladin-1 exhibit disorganized lipid-rafts with impaired 

plasmin activation, whereas opposite effects were seen in seladin-1-overexpressing mice 

(253, 327). There is also evidence that ApoE can trigger the proteolytic break-down of 

the Aβ peptide in an isoform-specific fashion (91). More recently, it has been shown that 

ApoE promotes intracellular Aβ clearance by reducing cellular cholesterol levels which 

triggers the trafficking of Aβ to lysosomes for degradation (328). The multiplicity of Aβ-

degrading enzymes within the brain, together with the existence of other possible ways to 

influence the production and clearance of Aβ peptides, could probably limit the 

phenotypic impact of the deficiency of any single Aβ-degrading enzymes on Aβ levels in 

the brain.  

 

1.4.6 Cholesterol homeostasis as a potential target for reducing Aβ 

Although the complexity of the link between cholesterol and AD is only beginning to be 

appreciated, a myriad of studies over the last 15 years have nonetheless provided 

tantalizing indications that reduction of Aβ levels by altering cholesterol 

levels/distribution may be of therapeutic relevance. In fact, the first reported clinical 

studies based on retrospective epidemiological data showed a strong inverse relationship 

between AD and treatment with the cholesterol lowering drugs statins – competitive 

inhibitors of the cholesterol synthesizing enzyme HMGCR used widely in the treatment 

of hypercholesterolemia in humans (329, 330). This work was rapidly replicated by other 

investigators (108, 331, 332) and confirmed in some clinical studies showing that statins 

reduce the levels of 24S-hydroxycholesterol (an indicator of cerebral cholesterol 

metabolism) as well as Aβ peptides (333, 334). This is further supported by a number of 

in vitro studies demonstrating that statins can reduce Aβ production (203, 230, 335), 
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formation of Aβ oligomers (336) as well as toxicity induced by Aβ peptide (337-339). 

These results are substantiated with some in vivo studies which reported a statin-induced 

attenuation of Aβ plaque formation in transgenic mice overexpressing Aβ peptide albeit 

gender may have a role in regulating the effects of statins (230, 244, 340). 

Notwithstanding these data, evidence from prospective clinical studies is somewhat 

inconsistent, with some studies showing reduced incidence of AD with statin use (105-

108, 332), while others report no benefits (341-344). The discrepancy in the clinical 

results may relate to the time point of statin exposure, early adult life vs late life, dose and 

duration of statin use or certain limitations of prospective trials such as the shorter 

periods of statin use, lack of dementia classification, not controlling for other vascular 

factors and lack of monitoring of statin compliance (345).  

 

The evidence that all types of statins tested seem to have a similar impact on risk 

of AD and brain cholesterol despite the fact that more lipophilic drugs such as lovastatin 

and simvastatin can cross the BBB much more easily than the more hydrophilic 

pravastatin and atorvastatin raise the possibility that the effects of this class of drugs may 

be indirect, perhaps through a peripheral action. It is possible that statin-induced 

reductions in peripheral cholesterol may affect brain cholesterol via the degradation 

product 27-hydroxycholesterol which can cross the BBB and is actively taken up by the 

brain (346). There is also evidence that statins may have cholesterol-independent 

pleiotropic properties such as inhibition of isoprenoid production (213), clearance of Aβ-

related peptides (347), immunological effects on microglia (348, 349), antioxidant (350), 

anti-apoptotic (351, 352) as well as anti-inflammatory (353) effects which may account 

for some of the mechanisms of action of these drugs in AD patients. Alternatively, it is 

likely that statins may reduce the levels of ApoE and cholesterol in the brain, leading to 

subsequent decreases in Aβ levels and deposition. This is supported by findings that brain 

cholesterol levels do not respond to lovastatin in ApoE knockout mice (354). Thus, more 

animal and clinical studies are required not only to clarify the current contradictions but 

also to define the direct and indirect beneficial effects of statins, if any, in the treatment 

of AD patients. 
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A plethora of other cholesterol-modifying strategies that have been shown to 

attenuate Aβ production/deposition include alterations in the level and/or activity of 

seladin1, ACAT, ABCA1 and Cyp46, all of which are known to function at different 

steps of cholesterol homeostasis (Fig. 1.1). Preventing the down-regulation of the 

cholesterol synthesizing enzyme seladin1 appears to be a sound therapeutic strategy on 

account of its ability to attenuate apoptosis and the loosening of membrane 

compartmentalization and thus amyloid accumulation/impaired signaling (27). Some 

recent therapeutic approaches include small molecule inhibitors of ACAT such as 

CP113,818 and CI-1011, which do not affect the cellular cholesterol levels, but re-

distribute cholesterol from inert cytosolic lipid droplets to free membrane cholesterol. 

These inhibitors were found to reduce both soluble and insoluble Aβ levels, decrease 

amyloid burden and improve spatial learning in mutant APP transgenic mice (262, 355, 

356), thus making them promising preclinical candidates for the treatment of AD. 

Modulation of brain cholesterol efflux by regulating the ABCA1 expression appears to be 

another potential therapeutic approach. While deletion of ABCA1 increased amyloid 

deposition in the absence of any changes in total or cleaved APP products, 

overexpression of the transporter over six fold virtually eliminated the formation of 

mature amyloid plaques without altering APP processing in mutant APP transgenic mice 

(28, 258-260). These findings indicate that excess ABCA1 possibly mitigates in vivo 

amyloid deposition by promoting ApoE-mediated Aβ clearance (321). Furthermore, 

ABCA1 is partially regulated by LXRs and it has been shown that the LXR agonist TO-

901317 can reduce Aβ generation and improve cognitive functions in animal models of 

AD (221, 357-359), whereas mice lacking LXR exhibit exacerbated AD-related 

pathology (360). Understanding which of the LXR target genes confer the beneficial 

effects for AD may provide an underlying basis for the development of effective LXR 

agonists as therapeutic agent for AD. In addition to LXR agonists, activation of the 

Cyp46 gene, which encodes the enzyme responsible for most of the cholesterol removal 

from the brain, represents another potential target for modulating brain cholesterol levels. 

Histone deacetylase inhibitors (e.g., valproate and vorinostat) are the only class of 

compounds known to enhance mRNA expression of the enzyme (361), although it is 

likely that such reagents would induce global changes in the transcriptome. Treatment of 



 

47 
 

AD mouse models with valporate reduced Aβ production, neuritic plaque formation and 

behavioral deficits (362), thus suggesting a potential role for the enzyme in AD 

pathogenesis. Thus, taken together, these studies indicate that cholesterol homeostasis 

offers multiple untapped targets that can be modulated to develop potential therapeutic 

strategies for the treatment of AD. 

 

1.5.1 Niemann-Pick type C (NPC) disease etiology and neuropathology 

NPC disease is a fatal, neurodegenerative, lysosomal lipid-storage disorder with an 

autosomal recessive mode of inheritance. It is a relatively rare disease with a prevalence 

of about 1 in 120,000-150,000 live births (363). The majority of cases result from 

mutations in the NPC1 gene (95%) while the remainder (5%) is caused by mutations in 

the NPC2 gene. Loss of function mutations in either of these genes results in an 

indistinguishable biochemical and clinical phenotype. The clinical presentation of NPC is 

extremely heterogeneous, with age of onset ranging from the perinatal period to adult 

age, occasionally as late as the seventh decade of life (363). Typically, clinical 

manifestations become evident in early childhood and death usually occurs during the 

teenage years. NPC is classically a neurovisceral condition where visceral involvement 

and neurologic manifestations arise at different times and follow completely independent 

courses (363). The typical neurologic phenotype includes cerebellar ataxia, vertical 

supranuclear gaze palsy, dysarthria, dysphagia, and a progressive dementia. Cataplexy, 

seizures and dystonia are other quite common features and psychiatric disturbances are 

frequent especially in late-onset patients. The progression of the disease in the periphery 

is characterized by enlargement of the liver and spleen and sometimes lung, which results 

from the infiltration of lipid-laden macrophages termed foam cells (364). At the 

biochemical level, NPC disease is characterized by an accumulation of unesterified 

cholesterol and other lipids, including sphingomyelin, sphingosine and gangliosides 

(GM2 and GM3) within the LE/L of various tissues including the CNS. In the neurons, 

these lipid disturbances are accompanied by considerable neuroaxonal dystrophy with the 

formation of axonal spheroids and meganeurites, ectopic dendritogenesis as well as 

NFTs. The tangles are usually present in the the hippocampus, medial temporal lobes, 

cingulate gyrus and entorhinal region without any evidence of amyloid deposition. 
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However, NPC patients with two copies of ApoE ε4 alleles display conspicuous 

neurofibrillary pathology along with detectable deposition of Aβ-related peptides (365). 

These changes are accompanied by activation of astrocytes and microglia, progressive 

demyelination of the white matter and cerebral atrophy. Severe degeneration of neurons 

is also evident in the cerebellar Purkinje layer, whereas other areas that are affected to 

some extent include the brain stem, pons, thalamus and cortex (7, 364). At present very 

little is known about the basis of this selective neuronal vulnerability but some recent 

studies have begun to unravel the molecular mechanisms associated with NPC 

pathogenesis. 

 

1.5.2 Functions of NPC1 and NPC2 proteins 

Despite identification of the two human NPC genes (NPC1 located on 

chromosome18q11-q12 and NPC2 on 14q24.3) more than a decade ago, the molecular 

functions of the NPC proteins are just recently being unraveled. It has long been known 

that both of these proteins are ubiquitously expressed and function in exporting LDL-

derived unesterified cholesterol from the LE/L. The fact that deficiency of either protein 

results in virtually identical cellular and clinical phenotypes indicates that these proteins 

act sequentially in the same pathway in regulating intracellular cholesterol transport.  

 

Human NPC1 is a 1278 amino acid integral polytopic protein that is primarily 

localized to the LE/L, but also cycles through the trans-Golgi network (366, 367). This 

protein contains 13 putative transmembrane regions that are separated by luminal 

glycosylated loops (368, 369). Five of the transmembrane domains contain a putative 

sterol-sensing domain (SSD) that exhibits sequence homology to those identified in other 

proteins involved in sterol metabolism, such as HMGCR and SCAP (368). The role of the 

SSD in NPC1 is not yet clear. Although mutations in this region of the protein prevented 

the binding of a photoactivatable analog of cholesterol to NPC1, direct binding of 

cholesterol to this domain has yet not been demonstrated (370). Other domains of the 

NPC1 protein include a C-terminal di-leucine lysosomal targeting motif, a cysteine-rich 

loop located C-terminal to the SSD (a mutation hot-spot), and an N-terminal luminal 

leucine zipper motif suggesting that NPC1 might interact with other, as yet unidentified, 
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proteins (369, 371-375). Recently, Kwon et al. reported the crystal structure of the N-

terminal domain of NPC1 and revealed that this domain binds to cholesterol so that the 

3β-OH group of the cholesterol molecule is buried within the binding pocket and the iso-

octyl side-chain is exposed on the surface (376). Moreover, binding and dissociation of 

cholesterol to NPC1 appear to be accelerated by the presence of NPC2 (377). 

 

NPC2 (previously called HE1), on the other hand, is a 151-amino acid, soluble 

lysosomal glycoprotein protein that uses mannose-6-phosphate (M6P) reorganization 

marker for targeting to the EL system (378). NPC2 binds cholesterol and a subset of other 

sterols at submicromolar affinity with a 1:1 stochiometry (379-381). NPC2 has been 

previously shown to transfer cholesterol in vitro between model membranes which were 

found to be accelerated by the presence of an acidic environment such as that 

encountered in the LE/L lumen (379). High-resolution crystal structure (381, 382) and 

mutational studies (383) have identified a hydrophobic cholesterol-binding pocket in 

NPC2. Interestingly, NPC2 appears to bind cholesterol in an orientation opposite to that 

of NPC1 with the iso-octyl chain buried in the cholesterol binding pocket of NPC2 and 

the 3β-OH group exposed to the LE/L lumen. Recently, NPC2 has been shown to transfer 

cholesterol from membranes to N-terminal domain of NPC1 (376). 

 

Based on these findings, a “hydrophobic hand-off” model has been recently 

proposed for the concerted action of the two NPC proteins in transferring unesterified 

cholesterol out of the LE/L (Fig. 1.5) (376). According to this model, unesterified 

cholesterol derived from hydrolysis of endocytosed LDL-cholesterol is initially bound by 

NPC2 which subsequently transfers the cholesterol to the N-terminal domain of NPC1 

(376). Although this model predicts that NPC1 and NPC2 proteins physically interact, no 

such interaction has yet been demonstrated (384). This model further predicts that NPC1 

inserts the iso-octyl sidechain of cholesterol into the lysosomal outer membrane from 

where it can be transported across the cytosolic compartment of the cell to the ER and 

plasma membrane (376). 
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Figure 1.5: Suggested mechanisms for concerted action of NPC1 and NPC2 proteins in mediating 
cholesterol efflux from late-endosomes/lysosomes (LE/L). (1) Cholesterol esters in the endocytosed 
lipoprotein complex are hydrolyzed by lysosomal acid lipase (LAL) to unesterified cholesterol. (2) NPC2 
(LE/L luminal protein) binds unesterified cholesterol with the iso-octyl chain in the binding pocket. (3) 
NPC2 transfers cholesterol to the N-terminal domain of NPC1 (LE/L limiting membrane protein), which 
binds cholesterol with its hydroxyl group buried in the binding pocket. (4) NPC1 delivers the unesterified 
cholesterol to the luminal leaflet of the LE/L limiting membrane, (5) from where it can spontaneously flip 
to the cytosolic side and (6) then be carried to various destinations such as endoplasmic reticulum (ER), 
trans-Golgi network (TGN) and plasma membrane (PM) within the cell by an yet unknown mechanism. 
 

1.5.3 Animal models of NPC disease  

Animal models of NPC disease include two well-characterized murine NPC1 models, 

namely BALB/c-npc1nih and C57BL/KsJ-npc1spm, each of which arose due to 

spontaneous null-mutation in the Npc1 gene (364, 385-387). An Npc2 hypomorphic 
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mouse model also exists, which expresses 0-4% residual Npc2 protein in various tissues 

and exhibits a phenotype identical to that in Npc1-null mice (388). In addition, a feline 

model with a mutation in NPC1 that recapitulates the human NPC disease (389-391) 

along with fruit fly (392) and yeast (393, 394) models have been used to study NPC 

disease. However, the most widely used and best-characterized model of NPC disease is 

the BALB⁄c-npc1nih mouse (Npc1-null) that completely lacks the Npc1 protein (385). 

Mice that are homozygous for the mutation in Npc1 are asymptomatic at birth, but 

recapitulate many aspects of the human disease, including accumulation of unesterified 

cholesterol in the LE/L system, activation of microglia and astrocytes as well as loss of 

the myelin sheath throughout the CNS. Progressive loss of neurons is also evident in the 

cerebellum, prefrontal cortex, thalamus and brainstem. However, unlike the human 

disease, intracellular NFTs have not been detected in the Npc1-null mouse model, 

although site-specific hyperphosphorylation of tau protein has been reported. The cellular 

changes in Npc1-null mice are accompanied by behavioral impairments paralleling the 

neurological and systemic symptoms of the human disorder, including abnormal gait and 

rotarod performance, cognitive deficits, weight loss and early death occurring between 12 

and 15 weeks (364, 395). 

 

1.5.4 Cellular abnormalities in NPC-deficient cells 

The most classical interpretation of NPC disease is a defect in trafficking of LDL-derived 

cholesterol resulting in an overall cellular dysfunction. Although the endocytic uptake of 

LDL and the subsequent hydrolysis of LDL-derived cholesteryl esters to unesterified 

cholesterol in LE/L are normal in NPC1-deficient cells, the transport of unesterified 

cholesterol from LE/L to the ER, Golgi and plasma membrane is impaired (396-398). 

Thus, despite having abnormally higher amount cholesterol in LE/L, the cell senses a 

lack of cholesterol in the ER and up-regulates cholesterol synthesis, production of LDL 

receptors and markedly reduces cholesterol esterification by ACAT (397, 399-401). In 

contrast to the LDL-derived cholesterol, intracellular transport of endogenously 

synthesized cholesterol to the plasma membrane is not disrupted (398, 402), nor is the 

trafficking of HDL-derived cholesterol affected by NPC1-deficiency (403). The 

endogenously synthesized cholesterol can, however, also become trapped in the LE/L 
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following re-endocytosis from the plasma membrane, albeit much more slowly than 

LDL-derived cholesterol (398, 402). Furthermore, cholesterol that is taken up through 

bulk-phase endocytosis also gets trapped within the LE/L compartment of NPC1-

deficient cells (404). Thus, it appears that an initial sequestration of cholesterol taken up 

via the endocytic pathway might subsequently induce further accumulation of cholesterol 

and a variety of other lipids, including sphingomyelin, sphingosine, 

bis(monoacylglycero)phosphate, and complex glycosphingolipids (particularly the 

gangliosides GM2 and GM3) within the LE/L of NPC1-deficient cells (405, 406). 

However, there are some data which point towards the accumulation of these “other 

lipids” as the primary defect in NPC1-deficient cells although their precise role in 

mediating the cellular dysfunction underlying NPC disease still needs further 

investigation (406). 

 

While it is well established that defects in either NPC1 or NPC2 protein may 

cause a “traffic jam” of lipids in LE/L, there is also evidence that general vesicular 

trafficking pathways that are regulated by the Rab family of GTPases are severally 

affected in these cells (407-410). Under normal conditions, M6P receptors usually carry 

newly synthesized lysosomal enzymes from the TGN to endosomes, and then return to 

TGN for another round of transport. Transport of the M6P receptors from late endosomes 

to the TGN is coordinated by Rab9 - a member of the Rab family (>60 members) of 

GTPases, which are involved in intracellular vesicular transport (408-410). Altered levels 

of cholesterol have been shown to influence distribution/trafficking of cation-independent 

M6P receptors (Igf2r) within cells (411-413). Earlier studies using cultured cells have 

demonstrated that cholesterol accumulation induced by treatment with U18666A or 

siRNA-mediated NPC1 depletion can cause redistribution of the Igf2r to endosomes and 

impair its retrograde transport from late endosomes to the trans-Golgi network (411, 

414). In a recent study it has been shown that cholesterol enrichment not only disrupts 

trafficking of the Igf2r receptor but also causes accumulation of Rab9 in late-endosomes, 

thus suggesting that targeting of a variety of proteins is likely to be impaired in NPC-

deficient cells (408). Interestingly, overexpression of Rab9 or increasing the amount of 

Rab9 by protein transduction was found to attenuate cholesterol accumulation in NPC1-
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deficient cells (415-417). Similar results were obtained when some other members of the 

Rab family of proteins such as Rab4, Rab7 and Rab8 (but not Rab11) were overexpressed 

in NPC1-deficient cells, thus suggesting that increased expression of these proteins may 

partially bypass a deficiency of NPC1 (415, 416, 418). This is supported in part by an in 

vivo study which showed that overexpression of Rab9 can increase the life-span of Npc1-

null mice by 22% along with delaying the onset of disease symptoms (419). Some recent 

studies have indicated that fusion and fission events between late endosomes and 

lysosomes that are essential for egress of lysosomal cargo are severely impaired in 

NPC1- and NPC2-deficient cells (420). It appears that NPC1 and NPC2 work 

independently of one another in different aspects of this process. While NPC2 plays a 

role in membrane fission events required for reformation of new lysosomes and release of 

lysosomal cargo-containing membrane vesicles, NPC1 is involved in retrograde fusion of 

lysosomes with late-endosomes that is important for egress of certain membrane-

impermeable lysosomal cargo out of the cell (420). Impairment of these events might 

cause a build-up of toxic metabolites in the LE/L by inhibiting the release of molecules 

from NPC1-deficient cells (367, 420, 421). Thus, lipid accumulation within the LE/L can 

severely disrupt the trafficking of a variety of molecules via the endocytic pathway in 

NPC-deficient cells. 

 

Accompanying the impaired vesicular trafficking, the levels of the lysosomal 

enzymes were found to be up-regulated in NPC1-deficient cells (422) and also in Npc1-

null mice (423, 424). Furthermore, a previous study from our lab has demonstrated that 

the up-regulation in the cytosolic levels/activity of the lysosomal enzymes cathepsin B 

and D was significantly higher in the affected cerebellum (which shows extensive 

neuronal death) than  the unaffected hippocampus (which does not exhibit 

neurodegeneration), thereby indicating the possible involvement of lysosomal leakage in 

determining the neuronal vulnerability observed in NPC pathology (423). 

 

Accumulated evidence suggests that LE/L cholesterol sequestration in NPC1-

deficient cells also affects mitochondrial cholesterol distribution (425). Mitochondria are 

crucial for providing cells with energy in the form of ATP, and also play a role in 
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signaling, steroidogenesis, cellular growth, differentiation and death. Thus, mitochondrial 

dysfunction has been implicated in a variety of neurodegenerative disorders including 

AD, PD and NPC pathologies (426). In contrast to the ER and plasma membrane, the 

cholesterol content of mitochondrial membranes appears to be increased in Npc1-null 

brains (425, 427). This is most likely due to the increased amounts of unesterified 

cholesterol that are available for export out of the LE/L to different cell compartments in 

the absence of the NPC proteins. Indeed, RNA silencing of the LE/L membrane protein 

MLN64, which has been implicated in the mobilization of lysosomal cholesterol into 

mitochondria (428), decreased the mitochondrial cholesterol content, suggesting that in 

NPC1-deficient cells a greater export of cholesterol from LE/L occurs via this pathway 

(427). Since cholesterol regulates membrane fluidity, an increase in mitochondrial 

membrane cholesterol adversely affects its function and stability, triggering 

mitochondria-mediated apoptotic cell death. Concomittantly, the mitochondrial 

membrane potential, the activity of ATP synthase, the levels of ATP and mitochondrial 

antioxidant glutathione are all decreased in NPC1-deficient neurons (425) making these 

cells more vulnerable to toxicity induced by Aβ42, tumor necrosis factor-α and Fas (298, 

429). Npc1-null brains have also been reported to have disrupted neurosteroidogenesis 

that can affect neuronal growth and differentiation and modulate neurotransmitter 

functions, raising the possibility that neurosteroid treatment may be useful in 

ameliorating progression of the disease pathogenesis (430). 

 

1.5.5 Reversal of cholesterol accumulation as treatment for NPC 

Although several therapeutic strategies have been attempted (405, 431), none of them 

have yet been approved for effective treatment of NPC disease. Cholesterol reducing 

approaches including those of statins, low-cholesterol diet and ezetimibe, while reducing 

peripheral cholesterol burden, failed to ameliorate NPC disease neuropathology and 

clinical outcomes (432, 433). This is probably because the peripheral and the brain 

cholesterol are largely maintained as two distinct pools and most lipid-lowering drugs do 

not successfully permeate the BBB to mediate their effects. However, some exciting new 

findings indicate that oral or intrathecal delivery of cholesterol-mobilizing cyclodextrins 

might provide the basis for an effective treatment for NPC disease. 
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Cyclodextrins are a family of cyclic oligosaccharides that bind cholesterol in their 

hydrophobic core and are frequently used experimentally to deplete cholesterol from the 

plasma membrane of cells (434) as well as to solubilize various pharmaceuticals (435). A 

number of recent studies have shown that a single subcutaneous injection of 2-

hydroxypropyl-β-cyclodextrin (2-HPC) into 7-day-old Npc1-null mice reduced 

cholesterol accumulation in LE/L, significantly delayed neurodegeneration and prolonged 

their life-span (436). In addition, 2-HPC markedly improved liver function (436) and 

excretion of sequestered cholesterol into bile from the Npc1-null mice (437). 

Surprisingly, the lungs of Npc1-null mice were resistant to the beneficial effects of 2-

HPC (437). Administration of 2-HPC to older (49-day-old) Npc1-null mice was found to 

be less effective, possibly due to closure of the BBB and/or the progressive nature of the 

disease. While the hepatic and neurological functions of these animals were improved, 

their life-span was not extended, suggesting that administration of 2-HPC early in life 

provides the most benefit. Repeated injections of 2-HPC over several weeks were found 

to be more effective in reducing pathology and prolonging life-span of Npc1-null (438, 

439). Additionally, 2-HPC was found to be equally beneficial to both Npc1-null and 

Npc2-hypomorphic mice (438). 

 

The mechanism underlying the beneficial effect of 2-HPC has not yet been 

completely elucidated. The current model suggests that 2-HPC enters the endocytic 

pathway of NPC-deficient cells through bulk-phase endocytosis and releases cholesterol 

and other lipids from the LE/L to the metabolically active pool in the ER (440). This 

notion is supported by three distinct lines of evidence: (i) 2-HPC treatment significantly 

reduced the levels of the mRNAs encoding SREBP2 and its target genes (HMGCR and 

LDLR), decreased cholesterol synthesis and increased cholesteryl ester levels in NPC1-

deficient mouse brains and livers, (ii) the mRNAs encoding LXR target genes (ABCA1 

and ABCG1) were increased by 2-HPC administration, indicating greater cholesterol 

efflux from the cell (436, 441) and (iii) ACAT-mediated cholesterol esterification in 

NPC1-deficient cultured human fibroblasts were increased following 2-HPC treatment, 

suggesting mobilization of the sequestered cholesterol from the LE/L to the ER (442). 
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Thus, 2-HPC appears to bypass the essential requirement for NPC2–NPC1 interaction by 

some unknown mechanism and release the sequestered cholesterol from the LE/L in 

NPC-deficient cells.  

 

These observations suggest that reversing the cholesterol accumulation by 2-HPC 

might be useful for treating NPC pathology. Cyclodextrins are relatively non-toxic and 

have long been approved for human use as a vehicle for drug delivery (435, 443). An 

“Orphan Drug Designation” to treat eight-year old identical twins with NPC disease upon 

request of their parents with the support of Children’s Hospital Oakland has also been 

sought recently for 2-HPC from the US Food and Drug Administration (see 

http://www.nnpdf.ca/Cyclodextrin.html). However, translation of most of these studies to 

human patients is not straightforward as the exact nature of 2-HPC’s mode of action 

remains unclear. Although subcutaneous injection of 2-HPC markedly improves the 

neurodegeneration and prolongs life-span of Npc1-null mice, the amount of 2-HPC that 

enters the brain from the peripheral circulation has not been clearly established (444). 

Another major obstacle, considering the delay in diagnosis of NPC patients, is the early 

treatment strategy (usually long before the onset of overt neurodegenerative symptoms) 

that seems to have the most beneficial effects (445). Nonetheless, the recent 

demonstration that 2-HPC administration can reverse the NPC pathology and extend the 

life span of Npc-deficient mice clearly raises the possibility of a novel therapeutic 

intervention of individuals with NPC disease. 

 

1.6 Cholesterol, amyloid and neurodegeneration: is there a link? 

A number of recent studies have shown that NPC and AD, despite being distinct diseases, 

exhibit some striking similarities including altered cholesterol levels/metabolism, 

endosomal/lysosomal abnormalities, presence of NFTs, mitochondrial dysfunction and 

glia-mediated neuroinflammation. The NFTs observed in most juvenile/adult NPC 

patients are structurally and immunologically indistinguishable from the tangles in AD 

brains (446-450). Moreover, the neurofibrillary pathology is reported to be more 

pronounced in the brains of NPC patients, who are homozygous for ApoE ε4 alleles, the 

most consistent genetic risk factor that has been associated with AD (365). Interestingly, 
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these NPC patients also exhibit Aβ deposits in selected brain regions in the form of 

diffuse plaques. Some recent studies from NPC patients as well as animal models have 

shown that levels of Aβ-related peptides are increased in the vulnerable brain regions 

(219) and/or cerebrospinal fluid (451), thus raising the possibility of a functional role of 

Aβ-related peptides in NPC pathogenesis.  

 

Although cholesterol is not sequestered in AD as observed in NPC pathology, 

there is evidence that high cholesterol levels increase the risk of AD and that the levels of 

NPC1 mRNA/protein are altered in the vulnerable regions of AD brains (100, 102-104, 

452-454). In addition, neurons bearing NFTs have been shown to exhibit higher levels of 

unesterified cholesterol in AD brains than do the neighboring tangle-free neurons (109). 

More recently, comparative lipidomic analysis of brain tissues from AD patients and 

commonly used mutant APP-Tg mouse models has revealed significant changes in many 

lipids including cholesterol in the affected (i.e., prefrontal cortex and entorhinal cortex) 

vs unaffected (cerebellum) regions, thus reinforcing the potential link between lipid 

anomalies and AD pathogenesis (101, 110). Additionally, as mentioned above, many 

lines of experimental evidence suggest that alteration in cholesterol homeostasis can 

influence APP metabolism including Aβ production, aggregation, clearance and toxicity, 

which may be of relevance in the development and/or progression of AD pathogenesis. 

These results, taken together, not only suggest of a functional inter-relationship between 

cholesterol, APP metabolism and neurodegeneration, but also raise the possibility that a 

better understanding of the exact nature of this relationship may be of relevance for the 

development of more effective strategies in preventing/attenuating AD pathology. 

 

1.7 Thesis objectives 

A number of earlier studies, as summarized above, have indicated that enhanced 

cholesterol levels can have deleterious effects on the development of AD pathology by 

altering APP processing that favors increased production of Aβ-related peptides (203, 

205, 229, 230). In contrast to the amyloidogenic processing of APP, some studies have 

found that increased plasma cholesterol may be associated with unchanged (250) or 

reduced (241, 242) brain Aβ levels, while lowering plasma cholesterol can have opposite 
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effects (202, 244, 252). These paradoxical results were obtained either under in vitro 

conditions or using in vivo models where cholesterol levels were modulated by dietary 

intake. Since cholesterol in the brain is synthesized de novo and plasma-lipoproteins are 

unable to cross the BBB, it is important to determine how alterations in cholesterol levels 

and its subcellular distribution within neurons can influence production and/or 

degradation of Aβ-related peptides. Under normal conditions, mature neurons mostly rely 

on cholesterol secreted from astrocytes as lipoprotein complexes to maintain their 

function. The lipoprotein complexes taken up by neurons are first delivered to the EL 

system where they are hydrolysed to release free cholesterol and subsequently exported 

via a NPC1-NPC2 protein-dependent mechanism and distributed to the other cellular 

compartments including ER and plasma membrane. Given the evidence that the EL 

system acts as a major site for Aβ production and exhibits marked changes in “at risk” 

neurons in both AD and NPC brains, it is of critical relevance to establish how alteration 

in the cholesterol levels within the EL system can influence production and clearance of 

Aβ peptides. Additionally, convergence of factors that promote parallels between NPC 

and AD indicate that tau-positive NFTs, which may have a role in the loss of neurons, 

possibly lie downstream of abnormal cholesterol and APP metabolism in both diseases. 

However, very little is currently known about the functional interaction between altered 

cholesterol and APP metabolism and their significance in the development of tau 

pathology and neurodegeneration. We hypothesize that, “altered neuronal 

levels/distribution of cholesterol can play an important role in modulating APP 

metabolism and is causally linked to abnormal tau phosphorylation/cleavage, which in 

turn can have a deleterious impact on the overall neuronal function, leading to cell 

death”. To address this hypothesis, we have established the following three objectives: 

 

1. To study the influence of intracellular cholesterol accumulation on the development 

of AD-related pathology by genetic manipulation of the intracellular cholesterol 

transport in a mouse model overexpressing human APP. To do so, we have developed 

a novel bigenic mouse line (ANPC) by crossing mutant human APP-Tg (TgCRND8) 

mice (136) with mice deficient in Npc1 protein (385). Using the ANPC mice and the 

littermates of other genotypes we have first evaluated how intracellular cholesterol 
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accumulation in the presence of human APP expression can influence the expression 

profiles of some selected genes involved in APP and cholesterol metabolism, 

intracellular trafficking and cell death mechanisms in the cerebellum vs. the 

hippocampus. This study will help us to understand the selective changes in the 

expression profile of molecules that may be involved in the development and/or 

progression of the pathology. (Chapter 2) 

 

2. To determine the age-related behavioural and neuropathological abnormalities with a 

special focus on tau phosphorylation/cleavage and neurodegeneration in the 

cholesterol accumulating APP-Tg mice (ANPC) compared to its littermates. To 

further establish the significance of cholesterol in the disease pathogenesis, we treated 

the ANPC mice with 2-HPC to reverse the intracellular accumulation of cholesterol 

and then evaluated the effects on the pathological changes. This study was designed 

to understand how intracellular accumulation of cholesterol can influence the 

pathological features other than Aβ levels/deposition in AD brains. (Chapter 3)  

 

3. To determine the influence of intracellular cholesterol accumulation on APP 

metabolism and its significance in the development of the pathological changes. We 

have addressed this objective by using our ANPC bigenic mice which provide a 

suitable platform to evaluate how accumulation of cholesterol within the EL system 

can regulate APP levels and processing under in vivo conditions. In parallel, we have 

generated a stable cell line by knocking down Npc1 expression in mouse 

neuroblastoma (N2a) cells overexpressing mutant human APP to define the molecular 

mechanisms by which cholesterol accumulation can influence APP metabolism at the 

cellular level. This study is designed to understand the underlying mechanisms by 

which intracellular cholesterol accumulation can influence APP metabolism in in 

vitro and in vivo models of APP overexpression. (Chapter 4)  

 

More details on the objectives of each of these studies and their results are presented 

in a series of three manuscripts, following which a general discussion of the results is 

presented in the last chapter.  
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2.1 Introduction 

Niemann-Pick type C (NPC) disease is an autosomal recessive neurovisceral disorder 

caused predominantly by mutations in the NPC1 gene and less frequently in the NPC2 

gene. The NPC1 gene encodes for a 1278 amino acid polytopic membrane protein 

harboring a sterol sensing domain, whereas the NPC2 gene encodes for a soluble 

cholesterol binding protein. The loss of function of either protein leads to intracellular 

accumulation of unesterified cholesterol and glycosphingolipids in many tissues, 

including the brain. These defects in cholesterol sequestration trigger widespread 

neurological deficits such as ataxia, dystonia, seizures and dementia, leading to premature 

death (1-3). In addition to cholesterol accumulation, NPC disease is neuropathologically 

characterized by the presence of tau-positive neurofibrillary tangles, gliosis, 

demyelination and loss of neurons in selected brain regions (2, 4, 5). Moreover, NPC 

patients carrying Apolipoprotein E (APOE) ε4 alleles develop extracellular cerebral 

deposition of β-amyloid (Aβ) peptides (6), a characteristic pathological feature of 

Alzheimer’s disease (AD), the most common type of senile dementia affecting the elderly 

(7, 8). Some recent studies have also reported increased levels of Aβ-related peptides in 

vulnerable neurons as well as in the cerebrospinal fluid of NPC patients (9, 10). Although 

overall increase in the level or intracellular accumulation of cholesterol is known to 

trigger generation of Aβ peptides by proteolytic processing of amyloid precursor protein 

(APP), the functional significance of these peptides in NPC pathology remains unclear 

(11-13).  

 

Earlier studies have shown that BALB/c-Npc1nih mice, which do not express 

Npc1 protein (Npc1-null) due to a spontaneous mutation in the Npc1 gene, can 

recapitulate most of the pathological features associated with human NPC disease, with 

the exception of neurofibrillary tangles (14-17). These Npc1-null mice are usually 

asymptomatic at birth but gradually develop tremor and ataxia, and die prematurely at ~3 

months of age. At the cellular level, these mice exhibit intracellular accumulation of 

cholesterol, activation of microglia and astrocytes as well as loss of myelin sheath 

throughout the central nervous system. Progressive loss of neurons is also evident in 

selected brain regions including cerebellum, whereas the hippocampus is relatively 
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spared (17-19). These mice exhibit increased levels of intracellular Aβ-related peptides in 

distinct brain regions (9), but the significance of Aβ in the development and/or 

progression of NPC disease pathology remain unclear. To evaluate the potential role of 

Aβ peptides in pathological abnormalities related to NPC disease, we have recently 

developed a new line of bigenic ANPC mice by crossing heterozygous Npc1-deficient 

mice with mutant human APP transgenic (APP-Tg) mice which exhibit extracellular Aβ 

deposits and spatial learning deficits but no overt loss of neurons in any brain region. 

These bigenic mice clearly show that APP overexpression can increase the rate of 

mortality and exacerbate behavioral as well as neuropathological abnormalities 

associated with Npc1-null phenotype (20). Thus, these mice provide a model system to 

evaluate how expression of human APP in the absence of functional Npc1 protein can 

influence pathological abnormalities related to AD and NPC disease. Here, we used a 

gene expression profiling approach to probe the molecular basis underlying the 

accelerated development of pathological abnormalities in ANPC mice. Specifically, we 

focused on the expression of 86 selected genes that are involved in APP and Aβ 

metabolism, cholesterol homeostasis, intracellular vesicular trafficking and cell death 

mechanisms in the affected cerebellar and relatively spared hippocampal regions of 

ANPC, Npc1-null, APP-Tg and double heterozygous (Dhet) mice compared to wild-type 

(WT) controls. The alterations in gene expression profiles were validated using Western 

blotting. Our results clearly show that Npc1-null and ANPC mice exhibit marked 

alterations in the expression profiles of a number of genes in both hippocampus and 

cerebellum, while the changes in APP-Tg and Dhet mice are limited to only few genes, 

mostly in the hippocampus, compared to WT mice. Furthermore, the alterations in Npc1-

null and ANPC mice, consistent with the severity of disease pathology, are more 

pronounced in the affected cerebellar region than the hippocampus. 
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2.2. Materials and Methods 
Materials: 4-12% NuPAGE Bis-Tris gels, Prolong Gold Antifade and Alexa Fluor-

488/594 conjugated secondary antisera were purchased from Life Technologies Corp. 

(Burlington, ON, Canada). The bicinchoninic acid protein assay kit and enhanced 

chemiluminescence (ECL) kit were obtained from Thermo Fisher Scientific (Montreal, 

QC, Canada). DNA isolation kit, RNeasy lipid tissue mini kit, SABiosciences’ RT2 First 

Strand Kit, RT2 SYBR Green/Fluorescein qPCR master mix and 96-well RT2 Custom 

ProfilerTM PCR Array were all from Qiagen Inc. (Mississauga, ON, Canada). Sources of 

all primary antibodies used in the study are listed in Table 2.1. All horseradish 

peroxidase-conjugated secondary antibodies were from Santa Cruz Biotechnology, Inc 

(Paso Robles, CA). All other chemicals were from Sigma-Aldrich or Thermo Fisher 

Scientific. 

 

Generation of Transgenic mice: Mutant human APPKM670/671NL+V717F Tg mice (APP-Tg) 

maintained on a C3H/C57BL6 background (21) and heterozygous Npc1-null mice (16) 

maintained on a Balb/cNctr-Npc1m1N/J background were from our breeding colony. These 

mutant mice were first crossed to produce APP+/0Npc1+/- and APP0/0Npc1+/- off-springs, 

which were subsequently crossed to generate the following five lines of mice: bigenic 

APP+/0Npc1-/- (ANPC), APP+/0Npc1+/+ (APP-Tg),  APP0/0Npc1-/- (Npc1-null), 

APP+/0Npc1+/- (Dhet) and APP0/0Npc1+/+ (wildtype: WT). All animals were bred and 

housed with access to food and water ad libitum in accordance with the Institutional and 

Canadian Council on Animal Care guidelines. Different lines of transgenic mice were 

genotyped by PCR analysis of tail DNA as described earlier (16, 21).   

 

Histology and Immunohistochemistry: WT, APP-Tg, Dhet, Npc1-null and ANPC mice 

(n = 4-5 per genotype) of 7 weeks of age were transcardially perfused and the brains 

fixed in 4% paraformaldehyde. Brains were sectioned on a cryostat (20 μm) and then 

processed as described earlier (18). To determine cholesterol accumulation, hippocampal 

and cerebellar sections from all five genotypes were incubated with 25 µg/ml of filipin in 

phosphate-buffered saline (PBS) for 30 min in the dark under agitation (18). For 

immunohistochemistry, brain sections were incubated overnight at 4oC with anti-
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Calbindin-D-28k or anti-NeuN antibodies at dilutions listed in Table 2.1. Subsequently, 

sections were processed with Alexa Fluor 488/594 conjugated secondary antibodies 

(1:1000) for immunofluorescence methods and examined using a Zeiss Axioskop-2 

microscope (Carl Zeiss Canada Ltd.). 

 

RNA extraction for PCR array: Total RNA was isolated from hippocampal and 

cerebellar tissues of 7 week old ANPC, Dhet, Npc1-null, APP-Tg and WT mice (4 

animals per genotype for each brain region studied) using RNeasy lipid tissue mini kit 

following manufacturer’s instructions (Qiagen Inc., Mississauga, ON, Canada) and stored 

at -80°C. RNA concentrations were determined using a Nanodrop 1000 

spectrophotometer (Thermo Fisher Scientific) and 260/230 nm and 260/280 nm 

absorbance ratios were analyzed to determine RNA purity. 

 

RT2 ProfilerTM PCR Array: At first 1μg of total RNA was treated with genomic DNA 

elimination buffer at 42°C for 5 mins to remove possible genomic DNA contamination. 

Following the elimination step, reverse transcription was carried out using the RT2 First 

Strand Kit in accordance with the manufacturer’s protocol (SuperArray Biosciences 

Corp., MD). The resulting complementary DNA (cDNA) was diluted and combined with 

RT2 SYBR Green/Fluorescein qPCR master mix and loaded onto a 96-well RT2 Custom 

ProfilerTM PCR Array designed to profile the expression of 84 genes representative of 

biological pathways involved in cholesterol and APP metabolism, intracellular trafficking 

and cell death. All real-time PCR reactions were performed in a final volume of 25μl 

using a MyiQTM Real-Time PCR Detection System (Bio-rad Laboratories, Inc., Canada) 

using a two-step cycling program: 10 min at 95°C (one cycle), 15 s at 95°C, followed by 

1 min at 60°C (40 cycles). Data collection was performed during the annealing step 

(58°C) of each cycle and data were PCR-baseline subtracted and curve fitted. Threshold 

cycle (Ct) values were calculated using the instrument’s MyiQ optical software (Bio-rad 

Laboratories, Inc.). 

 

PCR Data Normlization and Analysis: The data were analyzed using the 

SABiosciences’ PCR Array Data analysis software based on the comparative Ct method 
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and expressed as relative fold differences in APP-Tg, Dhet, Npc1-null or ANPC mice 

compared to WT mice. All Ct values ≥35 were considered a negative call. Quality control 

tests for PCR reproducibility, reverse transcription efficiency, and level of genomic DNA 

contamination were included in each plate and monitored as per the supplier’s 

instructions. The expression level of three housekeeping genes included in the PCR array: 

Hprt1, Gapdh and Actb were used for normalization. The ∆Ct for each gene in each plate 

was first calculated by subtracting the Ct value of the gene of interest from the average Ct 

value of the three housekeeping genes. Then, the average ∆Ct value of each gene was 

calculated across the four replicate arrays for each animal group within the same brain 

region and ∆∆Ct values were obtained by subtracting the ∆Ct values of WT group from 

the respective ∆Ct values of APP-Tg, Dhet, Npc1-null or ANPC mice. The fold change 

for each gene from WT to APP-Tg, Dhet, Npc1-null or ANPC mice was calculated as 2(-

∆∆Ct). Finally the “fold change” for each gene was converted to “fold regulation” as 

follows. For fold-change values greater than 1, which indicated a positive or an up-

regulation, the fold-regulation was equal to the fold-change. For fold-change values less 

than 1 indicating a negative or down-regulation, the fold-regulation was calculated as the 

negative inverse of the fold-change. P-values were calculated using the Student’s t-test. A 

fold difference of ≥1.2 with a p-value <0.05 was considered as significant differential 

gene expression. 

 

Western blotting: Hippocampal and cerebellar regions of 7 week old ANPC mice and 

their age-matched siblings (n = 4-6 animals/genotype) were processed for Western 

blotting as described earlier (18). In brief, tissues were homogenized in RIPA lysis buffer 

and equal amounts of proteins were separated on 4-12% NuPAGE Bis-Tris gels. The 

proteins were transferred to PVDF membranes and incubated overnight at 4°C with anti-

Aplp1, anti-Ide, anti-Igf2r, anti-Gsk3β, anti-neprilysin, anti-Npc2, anti-Abca1, anti-Apoe, 

anti-tau, anti-cathepsin B, anti-cathepsin D or anti-β-glucoronidase antisera at dilutions 

listed in Table 2.1. Membranes were then exposed to respective secondary antibodies and 

visualized using an ECL detection kit. Blots were reprobed with anti-β-actin and/or anti-

GAPDH and quantified using a MCID image analyzer (Imaging Research, Inc.) as 

described earlier (18). The data are expressed as mean ± S.E.M and statistically analyzed 
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using one-way ANOVA followed by Newman-Keuls post-hoc analysis with significance 

set at p < 0.05. All statistical analyses were performed using GraphPad Prism (GraphPad 

software, Inc., CA, USA). 

 

Table 2.1: Details of the primary antibodies used in this study 

Antibody Type 
IHC/IF 
dilution 

WB 
dilution 

Source 

ATP-binding cassette, sub-family A, 

member 1 (Abca1) 

Polyclonal n/a 1:500 1Dr. S. Sipione 

Tau  (clone Tau 5) Monoclonal n/a 1:2000 EMD Millipore Corp. 

Amyloid precursor-like protein 1 

(Aplp1) 

Polyclonal n/a 1:1000 2Dr. G. Thinakaran 

Apolipoprotein E (Apoe) Polyclonal n/a 1:5000 1Dr. J.E. Vance 

β-glucuronidase (Gusb) Polyclonal n/a 1:1000 Novus Biologicals 

Calbindin-D28K Monoclonal 1:7000 n/a Sigma-Aldrich Co. 

Cathepsin B (CatB) Polyclonal n/a 1:500 Santa Cruz Biotech., Inc. 

Cathepsin D (CatD) Polyclonal n/a 1:500 Santa Cruz Biotech., Inc. 

Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) 

Monoclonal n/a 1:1000 Sigma-Aldrich, Inc. 

Glycogen synthase kinase 3β (Gsk3β) Monoclonal n/a 1:5000 BD Transduction LabsTM 

Insulin degrading enzyme (Ide) Polyclonal n/a 1:500 Abcam Inc. 

Insulin-like growth factor  2 receptor 

(Igf2r) 

Polyclonal n/a 1:5000 3Dr. C. Scott 

Neprilysin Monoclonal n/a 1:500 Abcam Inc. 

Neuronal Nuclei (NeuN) Monoclonal 1:25,000 n/a EMD Millipore Corp. 

Niemann-Pick type C2 (Npc2) Polyclonal n/a 1:500 4Dr. P. Lobel 

β-actin Monoclonal n/a 1:5000 Sigma-Aldrich, Inc. 

IHC/IF, Immunohistochemistry/Immunofluorescence; WB, western blotting; n/a, not used in that specific 

application; 1University of Alberta, AB, Canada; 2The University of Chicago, IL, USA;  3Kolling Institute 

of Medical Research, New South Wales, Australia; 4University of Medicine and Dentistry of New Jersey, 

NJ, USA 
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2.3 Results 
RT2 Profiler PCR array analysis of gene expression: The mutant APP-Tg mice used in 

this study exhibit extracellular Aβ deposits and cognitive behavioral deficits, but no overt 

loss of neurons or neurofibrillary tangles in any brain region by 3 months of age (21, 22). 

The Npc1-null mice, on the other hand, exhibit intracellular cholesterol accumulation and 

loss of cerebellar Purkinje cells, but lack extracellular Aβ deposits. These mice survive 

for 12-16 weeks after birth and do not exhibit any significant loss of neurons in the 

hippocampal region (15-17). The bigenic ANPC mice, in our colony, survived for ~11 

weeks after birth, but their mortality rate increased considerably from the 8th week 

onwards. These mice exhibited significant cognitive and motor deficits by 7 weeks of age 

compared to other littermates (20). At the cellular level, ANPC mice accumulate filipin-

labeled unesterified cholesterol in most neurons of the hippocampus and cerebellum as 

observed in Npc1-null mice. No cholesterol accumulation was apparent in the brains of 

WT, APP-Tg or Dhet littermates (Fig. 2.1). We also observed the presence of 

degenerating neurons (i.e., Purkinje cells) in the cerebellum, but not in the hippocampus, 

of ANPC and Npc1-null mouse brains (Fig. 2.1). Age-matched WT, APP-Tg or Dhet 

mice did not show cell loss either in the hippocampus or cerebellum. Accompanying 

these changes, ANPC mice showed profound activation of astrocytes and microglia in a 

manner which exceeded the level and intensity of staining noted in other genotypes (20).  

 

In order to gain molecular insights into the exacerbated neuropathological 

changes observed in ANPC mice, we analyzed the expression profiles of 86 selected 

genes involved in APP and Aβ metabolism, cholesterol homeostasis, intracellular 

vesicular trafficking and cell death mechanisms in the affected cerebellar and relatively 

spared hippocampal regions at 7-week of age (when distinct neuropathological and 

behavioral abnormalities are evident) from five different genotypes (i.e., WT, APP-Tg, 

Dhet, Npc1-null and ANPC mice) (Table 2.2). Our results of the RT2 Profiler PCR array 

analysis showed significant alterations in the relative expression of a wide-spectrum of 

transcripts in the brain regions of APP-Tg, Dhet, Npc1-null and ANPC mice compared to 

the WT controls [see Fig. 2.2; Tables 2.3-2.10 (Supplementary Tables 1-8)]. The changes 

observed in APP-Tg and Dhet mice were limited to only a few transcripts, whereas Npc1-



 

108 
 

null and ANPC mice showed striking alterations in the expression profiles of a number of 

genes in both hippocampus and cerebellum compared to WT mice [see Fig. 2.2; Tables 

2.3-2.10 (Supplementary Tables 1-8)]. Intriguingly, ANPC and Npc1-null mice with the 

exception of some subtle differences, exhibited more or less similar changes, albeit the 

magnitude of alteration differs between the affected cerebellar vs relatively spared 

hippocampal regions [see Fig. 2.2; Tables 2.3-2.10 (Supplementary Tables 1-8)]. Of the 

86 genes evaluated, 14 transcripts (i.e., Ctsb, Ctsd, Gusb, A2m, Npc2, Apoe, Mme, Clu, 

Plat, Plau, Cyp46a1, Srebf1, Pmaip1 and Bid) were significantly (p < 0.05) up-regulated 

(Figs. 2.3-2.5) and 4 genes (i.e., Anax6, Klc2, Aph1b and Mapt) were significantly (p < 

0.05) down-regulated (Fig. 2.6) in the cerebellum of ANPC and Npc1-null mice 

compared to WT mice. In contrast to cerebellum, expression of only 6 genes (i.e, Ctsd, 

Gusb, A2m, Npc2, Apoe and Abca1) were significantly (p < 0.05) up-regulated (Figs. 2.3-

2.6) and one gene (i.e., Tubb4) is significantly (p < 0.05) down-regulated in the 

hippocampus of ANPC and Npc1-null mice as compared with WT mice. Apart from the 

similarities, expression profiles of selected genes were found to be differentially altered 

in Npc1-null vs ANPC mice. For example, while the expression of Abca1, Park2 and 

Shisa5 genes were significantly (p < 0.05) up-regulated in the cerebellum and that of 

Dhcr24 down regulated in the hippocampus of Npc1-null mice as compared with WT 

mice, no such alteration was observed in ANPC mice (Fig. 2.6). With regard to ANPC 

mice, we observed down-regulation of Cyp46a1, Rabggta and Kif1c and up-regulation of 

Ctsb in the hippocampus compared to WT controls. However, expression of these genes 

was not significantly altered in Npc1-null mice (Fig. 2.4). 

 

The gene expression profiles that were selectively altered in APP-Tg mice 

compared to WT mice include up-regulation of Acat2, Sqle, Fdps, Fdft1 and Dhcr24 in 

the hippocampus but not in the cerebellum. The genes that were down-regulated in APP-

Tg mice include Cyp46a1 in the hippocampus and Park2 in the cerebellum. The Dhet 

mice, on the other hand, showed significant (p < 0.05) up-regulation of Fdft1, Dhcr24 

and Sqle and down-regulation of Ctsb, Srebf1 and Cyp46a1 in the hippocampus, whereas 

no alteration of any gene was evident in the cerebellum. The majority of the differentially 

expressed genes in our data set showed 1.2 - 2 fold changes, whereas only a few genes 
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such as Ctsd, Gusb, Α2m, Npc2, Apoe, Plau and Bid, displayed more than 2 fold changes 

compared to WT mice. These changes were found in Npc1-null or ANPC mice. The 

majority of the 86 transcripts evaluated in our study, including Aplp1, Ide, Igf2r and 

Gsk3β, however, did not exhibit any alterations either in the hippocampus or cerebellum 

among fives lines of mice.  

 

Validation of altered gene expression profiles by Western blotting: To validate the 

observed changes in the gene expressions, we evaluated the steady-state protein levels of 

selected transcripts in both the hippocampus and cerebellum of all five lines of mice by 

immunoblot analysis. In keeping with up-regulated transcript levels, we observed 

significant (p < 0.05) increases in the levels of Apoe, Npc2, cathepsin B, cathepsin D and 

β-glucoronidase (encoded by Apoe, Npc2, Ctsb, Ctsd and Gusb, respectively) in both the 

hippocampus and cerebellum of ANPC and Npc1-null mice compared with APP-Tg, 

Dhet and WT mice (Figs. 2.3-2.5). In addition, the levels of tau (encoded by Mapt) were 

significantly (p < 0.05) decreased and the levels of neprilysin (encoded by Mme) were 

markedly increased in the cerebellum, but not in the hippocampus, of ANPC and Npc1-

null mice compared to littermates of other genotypes (Figs. 2.5 and 2.6). Consistent with 

Abca1 transcripts, the protein levels were significantly (p < 0.05) enhanced in the 

hippocampus of Npc1-null and ANPC mice as well as in the cerebellum of Npc1-null 

mice compared to WT mice (Fig. 2.6). Interestingly, certain proteins such as Apoe and 

neprilysin, but not their transcripts, are found to be enhanced more predominantly in 

ANPC than Npc1-null mice, suggesting potential translational control or post-

translational modifications of the peptide levels (Figs. 2.3 and 2.5). As expected from the 

relative fold change quantified from RT2 Profiler PCR array data, immunoblot analysis 

showed more prominent changes for proteins such as cathepsin D, neprilysin, tau and β-

glucoronidase in the affected cerebellum than hippocampus in both ANPC and Npc1-null 

mice (Figs. 2.4-2.6). Consistent with unaltered transcript levels, no significant changes 

were evident in the levels of Bace1, Cdk-5 (encoded by Bace1 and Cdk-5, respectively; 

data not shown), Aplp1, Gsk3β, Ide and Igf2r (encoded by Aplp1, Gsk3β, Ide and Igf2r, 

respectively; Figs. 2.7 and 2.8) either in the hippocampus or cerebellum of ANPC and 

Npc1-null mice compared with age-matched APP-Tg, Dhet and WT mice.
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Table 2.2: List of selected genes for the RT2 Mouse Custom Profiler PCR array 

NCBI Ref 
Seq# 

Gene 
Symbol Official Gene Name 

A. Selected genes related to APP/Aβ metabolism 
NM_175628 A2m Alpha-2-macroglobulin 
NM_007399 Adam10 A disintegrin and metallopeptidase domain 10 
NM_009615 Adam17 A disintegrin and metallopeptidase domain 17 
NM_146104 Aph1a Anterior pharynx defective 1a homolog (C. elegans) 
NM_177583 Aph1b Anterior pharynx defective 1b homolog (C. elegans) 
NM_007467 Aplp1 Amyloid beta (A4) precursor-like protein 1 
NM_011792 Bace1 Beta-site APP cleaving enzyme 1 
NM_019517 Bace2 Beta-site APP-cleaving enzyme 2 
NM_031156 Ide Insulin degrading enzyme 
NM_008604 Mme Membrane metallo endopeptidase 
NM_021607 Ncstn Nicastrin 
NM_008872 Plat Plasminogen activator, tissue 
NM_008873 Plau Plasminogen activator, urokinase 
NM_008877 Plg Plasminogen 
NM_008943 Psen1 Presenilin 1 
NM_011183 Psen2 Presenilin 2 
NM_025498 Psenen Presenilin enhancer 2 homolog (C. elegans) 
NM_013697 Ttr Transthyretin 

B. Selected genes involved in cholesterol metabolism 
NM_013454 Abca1 ATP-binding cassette, sub-family A (ABC1), member 1 
NM_031884 Abcg5 ATP-binding cassette, sub-family G (WHITE), member 5 
NM_009338 Acat2 Acetyl-Coenzyme A acetyltransferase 2 
NM_009696 Apoe Apolipoprotein E 
NM_013492 Clu Clusterin 
NM_010010 Cyp46a1 Cytochrome P450, family 46, subfamily a, polypeptide 1 
NM_053272 Dhcr24 24-dehydrocholesterol reductase 
NM_010191 Fdft1 Farnesyl diphosphate farnesyl transferase 1 
NM_134469 Fdps Farnesyl diphosphate synthetase 
NM_008255 Hmgcr 3-hydroxy-3-methylglutaryl-Coenzyme A reductase 
NM_010700 Ldlr Low density lipoprotein receptor 
NM_008512 Lrp1 Low density lipoprotein receptor-related protein 1 
NM_207242 Npc1l1 NPC1-like 1 
NM_023409 Npc2 Niemann Pick type C2 
NM_009473 Nr1h2 Nuclear receptor subfamily 1, group H, member 2 
NM_001001144 Scap SREBF chaperone 
NM_009270 Sqle Squalene epoxidase 
NM_011480 Srebf1 Sterol regulatory element binding transcription factor 1 
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NM_033218 Srebf2 Sterol regulatory element binding factor 2 

C. Selected genes involved in intracellular trafficking 
NM_013472 Anxa6 Annexin A6 
NM_015740 Bloc1s1 Biogenesis of lysosome-related organelles complex-1, subunit 1 
NM_021538 Cope Coatomer protein complex, subunit epsilon 
NM_007864 Dlg4 Discs, large homolog 4 (Drosophila) 
NM_010064 Dync1i2 Dynein cytoplasmic 1 intermediate chain 2 
NM_010515 Igf2r Insulin-like growth factor 2 receptor 
NM_153103 Kif1c Kinesin family member 1C 
NM_008451 Klc2 Kinesin light chain 2 
NM_010684 Lamp1 Lysosomal-associated membrane protein 1 
NM_010749 M6pr Mannose-6-phosphate receptor, cation dependent 
NM_010838 Mapt Microtubule-associated protein tau 
NM_025887 Rab5a RAB5A, member RAS oncogene family 
NM_009005 Rab7 RAB7, member RAS oncogene family 
NM_019773 Rab9 RAB9, member RAS oncogene family 
NM_145522 Rabepk Rab9 effector protein with kelch motifs 
NM_019519 Rabggta Rab geranylgeranyl transferase, a subunit 
NM_009294 Stx4a Syntaxin 4A (placental) 
NM_009305 Syp Synaptophysin 
NM_009451 Tubb4 Tubulin, beta 4 

D. Selected genes implicated in cell death/survival pathways 
NM_009652 Akt1 Thymoma viral proto-oncogene 1 
NM_026217 Atg12 Autophagy-related 12 (yeast) 
NM_053069 Atg5 Autophagy-related 5 (yeast) 
NM_028835 Atg7 Autophagy-related 7 (yeast) 
NM_007527 Bax Bcl2-associated X protein 
NM_009741 Bcl2 B-cell leukemia/lymphoma 2 
NM_019584 Becn1 Beclin 1, autophagy related 
NM_007544 Bid BH3 interacting domain death agonist 
NM_133926 Camk1 Calcium/calmodulin-dependent protein kinase I 
NM_007602 Capn5 Calpain 5 
NM_009810 Casp3 Caspase 3 
NM_009817 Cast Calpastatin 
NM_007668 Cdk5 Cyclin-dependent kinase 5 
NM_007798 Ctsb Cathepsin B 
NM_009983 Ctsd Cathepsin D 
NM_010234 Fos FBJ osteosarcoma oncogene 
NM_019827 Gsk3b Glycogen synthase kinase 3 beta 
NM_010368 Gusb Glucuronidase, beta 
NM_010514 Igf2 Insulin-like growth factor 2 
NM_026160 Map1lc3b Microtubule-associated protein 1 light chain 3 beta 
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NM_011949 Mapk1 Mitogen-activated protein kinase 1 
NM_011952 Mapk3 Mitogen-activated protein kinase 3 
NM_016700 Mapk8 Mitogen-activated protein kinase 8 
NM_016694 Park2 Parkinson disease (autosomal recessive, juvenile) 2, parkin 
NM_181414 Pik3c3 Phosphoinositide-3-kinase, class 3 
NM_008839 Pik3ca Phosphatidylinositol 3-kinase, catalytic, alpha polypeptide 
NM_023371 Pin1 Protein (peptidyl-prolyl cis/trans isomerase) NIMA-interacting 1 
NM_021451 Pmaip1 Phorbol-12-myristate-13-acetate-induced protein 1 
NM_011563 Prdx2 Peroxiredoxin 2 
NM_025858 Shisa5 Shisa homolog 5 (Xenopus laevis) 
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Table 2.3: Supplementary Table-1. Expression profiles of genes related to APP/Aβ 
metabolism in the hippocampus of APP-Tg, Dhet, Npc1-null and ANPC compared to the 
WT mice 

Gene Symbol 

APP-Tg Dhet Npc1-null ANPC 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

A2m 1.45 0.073 -1.07 0.640 1.84 0.001 2.08 0.010 

Adam10 -1.03 0.789 -1.05 0.470 -1.14 0.044 -1.15 0.103 

Adam17 -1.06 0.693 -1.35 0.124 -1.25 0.218 -1.39 0.118 

Aph1a 1.01 0.894 -1.05 0.660 1.03 0.881 1.05 0.766 

Aph1b 1.12 0.417 1.10 0.379 -1.20 0.204 1.02 0.898 

Aplp1 1.20 0.129 1.09 0.248 -1.32 0.108 -1.11 0.359 

Bace1 -1.11 0.318 -1.09 0.226 -1.12 0.153 -1.23 0.064 

Bace2 1.12 0.357 -1.31 0.189 1.26 0.053 -1.13 0.243 

Ide 1.17 0.024 -1.06 0.570 -1.06 0.203 -1.15 0.038 

Mme -1.39 0.470 -1.10 0.451 1.08 0.600 1.01 0.948 

Ncstn -1.07 0.561 -1.17 0.090 1.04 0.448 1.01 0.834 

Plat 1.21 0.064 1.04 0.756 1.03 0.833 1.10 0.306 

Plau 1.03 0.788 1.04 0.755 1.37 0.163 1.54 0.061 

Plg 1.12 0.429 -1.15 0.397 -1.15 0.678 -1.19 0.360 

Psen1 -1.05 0.618 -1.14 0.302 -1.11 0.247 -1.18 0.258 

Psen2 1.14 0.361 1.06 0.642 1.07 0.519 1.10 0.421 

Psenen 1.06 0.532 1.03 0.518 -1.11 0.068 -1.04 0.452 

Ttr -2.47 0.306 -2.50 0.342 3.99 0.975 1.34 0.416 
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Table 2.4: Supplementary Table-2. Expression profiles of genes related to APP/Aβ 
metabolism in the cerebellum of APP-Tg, Dhet, Npc1-null and ANPC compared to the 
WT mice 

Gene Symbol 

APP-Tg Dhet Npc1-null ANPC 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

A2m 1.02 0.787 1.03 0.680 1.43 0.009 1.64 0.002 

Adam10 1.03 0.915 -1.03 0.842 -1.29 0.110 -1.26 0.177 

Adam17 -1.15 0.266 -1.19 0.234 -1.16 0.287 -1.33 0.236 

Aph1a 1.00 0.965 -1.02 0.832 1.04 0.713 -1.02 0.753 

Aph1b -1.00 0.981 1.00 0.945 -1.24 0.019 -1.27 0.016 

Aplp1 -1.11 0.297 1.01 0.886 -1.05 0.436 -1.07 0.650 

Bace1 1.01 0.915 1.00 0.987 -1.22 0.062 -1.17 0.072 

Bace2 -1.23 0.104 -1.15 0.311 1.06 0.598 1.01 0.910 

Ide -1.11 0.113 -1.08 0.197 -1.07 0.274 -1.10 0.241 

Mme -1.17 0.572 1.05 0.822 1.96 0.006 1.99 0.003 

Ncstn -1.02 0.933 1.00 0.999 -1.00 0.985 -1.11 0.180 

Plat 1.11 0.399 1.12 0.423 1.51 0.008 1.69 0.001 

Plau 1.19 0.445 1.15 0.529 13.82 0.000 10.50 0.000 

Plg -1.19 0.703 -1.04 0.786 -1.05 0.731 1.20 0.326 

Psen1 1.02 0.800 -1.07 0.378 -1.11 0.165 -1.18 0.031 

Psen2 1.05 0.659 1.01 0.996 1.04 0.702 -1.08 0.650 

Psenen -1.00 0.949 -1.04 0.610 -1.00 0.987 -1.15 0.186 

Ttr -6.75 0.961 -1.48 0.928 -1.90 0.323 -37.36 0.039 
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Table 2.5: Supplementary Table-3. Expression profiles of genes involved in cholesterol 
metabolism in the hippocampus of APP-Tg, Dhet, Npc1-null and ANPC compared to the 
WT mice 

Gene Symbol 

APP-Tg Dhet Npc1-null ANPC 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Abca1 1.04 0.724 -1.09 0.348 1.43 0.003 1.44 0.012 
Abcg5 1.26 0.489 -1.45 0.137 1.35 0.403 -1.23 0.342 
Acat2 1.50 0.021 1.23 0.235 1.10 0.407 1.28 0.063 
Apoe 1.12 0.600 1.21 0.331 1.60 0.048 1.76 0.048 
Clu 1.10 0.466 -1.04 0.699 1.12 0.197 1.15 0.155 
Cyp46a1 -1.42 0.006 -1.24 0.010 -1.15 0.135 -1.27 0.039 
Dhcr24 1.34 0.011 1.31 0.02 -1.23 0.013 -1.03 0.819 
Fdft1 1.26 0.02 1.39 0.019 1.01 0.885 1.33 0.096 
Fdps 1.51 0.047 1.31 0.179 -1.06 0.607 1.11 0.376 
Hmgcr 1.42 0.071 1.12 0.314 -1.15 0.450 1.01 0.836 
Ldlr 1.57 0.081 1.41 0.079 -1.00 0.925 -1.00 0.819 
Lrp1 1.11 0.319 1.04 0.716 1.23 0.169 1.20 0.176 
Npc1l1 -1.66 0.079 -1.46 0.173 -1.30 0.199 1.06 0.720 
Npc2 1.00 0.905 -1.04 0.477 1.42 0.001 1.50 0.002 
Nr1h2 1.21 0.051 -1.10 0.349 -1.14 0.250 -1.01 0.994 
Scap 1.08 0.600 -1.10 0.413 -1.01 0.863 1.01 0.944 
Sqle 1.53 0.037 1.34 0.035 1.05 0.709 1.12 0.396 
Srebf1 -1.15 0.115 -1.32 0.006 1.01 0.909 -1.06 0.471 
Srebf2 1.17 0.180 1.18 0.099 -1.01 0.952 -1.04 0.842 
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Table 2.6: Supplementary Table-4. Expression profiles of genes involved in cholesterol 
metabolism in the cerebellum of APP-Tg, Dhet, Npc1-null and ANPC compared to the 
WT mice 

Gene Symbol 

APP-Tg Dhet Npc1-null ANPC 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Abca1 1.02 0.781 -1.04 0.738 1.34 0.043 1.18 0.402 
Abcg5 -1.74 0.144 -1.15 0.826 -1.11 0.693 -1.38 0.355 
Acat2 -1.09 0.484 1.01 0.922 1.21 0.253 1.19 0.406 
Apoe -1.20 0.425 1.09 0.770 2.43 0.012 2.10 0.013 
Clu -1.04 0.763 -1.02 0.799 1.47 0.012 1.43 0.037 
Cyp46a1 1.04 0.608 1.18 0.094 1.23 0.040 1.38 0.032 
Dhcr24 -1.04 0.513 1.04 0.612 1.16 0.141 1.20 0.069 
Fdft1 -1.08 0.103 1.02 0.667 1.10 0.275 1.20 0.074 
Fdps -1.08 0.499 -1.02 0.802 1.11 0.379 1.11 0.466 
Hmgcr -1.17 0.049 -1.12 0.060 -1.07 0.455 1.03 0.648 
Ldlr -1.19 0.059 -1.19 0.112 -1.10 0.241 -1.00 0.838 
Lrp1 1.11 0.459 1.06 0.706 1.12 0.391 1.17 0.286 
Npc1l1 -1.37 0.228 -1.21 0.499 1.05 0.788 1.37 0.377 
Npc2 -1.06 0.647 -1.06 0.671 2.03 0.000 1.65 0.039 
Nr1h2 -1.02 0.883 1.02 0.865 -1.13 0.238 -1.10 0.490 
Scap -1.01 0.786 -1.06 0.345 -1.06 0.377 -1.06 0.595 
Sqle -1.05 0.425 1.00 0.906 1.02 0.746 1.19 0.018 
Srebf1 -1.10 0.334 -1.06 0.514 1.26 0.009 1.30 0.022 
Srebf2 -1.00 0.961 -1.02 0.823 -1.05 0.604 -1.03 0.755 
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Table 2.7: Supplementary Table-5. Expression profiles of genes involved in intracellular 
trafficking in the hippocampus of APP-Tg, Dhet, Npc1-null and ANPC compared to the 
WT mice 

Gene Symbol 

APP-Tg Dhet Npc1-null ANPC 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Anxa6 -1.00 0.956 1.01 0.902 -1.18 0.049 -1.17 0.017 

Bloc1s1 1.21 0.083 1.01 0.856 1.02 0.688 -1.01 0.934 

Cope 1.20 0.053 -1.02 0.901 -1.00 0.995 1.02 0.818 

Dlg4 -1.11 0.561 1.07 0.600 -1.05 0.745 -1.16 0.263 

Dync1i2 1.05 0.350 -1.11 0.271 -1.17 0.064 -1.21 0.078 

Igf2r -1.07 0.145 -1.19 0.082 1.01 0.807 -1.03 0.884 

Kif1c -1.30 0.070 -1.21 0.126 -1.25 0.19 -1.42 0.038 

Klc2 -1.12 0.316 -1.06 0.465 -1.16 0.051 -1.23 0.096 

Lamp1 1.16 0.164 -1.02 0.785 1.07 0.362 1.04 0.506 

M6pr 1.09 0.199 -1.01 0.971 -1.02 0.889 -1.01 1.000 

Mapt 1.00 0.926 -1.07 0.511 -1.16 0.139 -1.23 0.092 

Rab5a 1.06 0.597 -1.23 0.243 -1.11 0.233 -1.06 0.523 

Rab7 1.07 0.527 1.05 0.609 1.04 0.574 1.08 0.433 

Rab9 1.19 0.067 1.03 0.661 -1.04 0.617 -1.02 0.861 

Rabepk 1.21 0.170 1.20 0.054 -1.03 0.875 -1.09 0.563 

Rabggta -1.06 0.295 -1.11 0.093 -1.12 0.028 -1.23 0.001 

Stx4a 1.09 0.412 1.00 0.985 -1.06 0.552 -1.11 0.407 

Syp -1.11 0.361 -1.02 0.894 -1.09 0.426 -1.13 0.226 

Tubb4 -1.00 0.969 -1.05 0.488 -1.45 0.001 -1.60 0.000 
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Table 2.8: Supplementary Table-6. Expression profiles of genes involved in intracellular 
trafficking in the cerebellum of APP-Tg, Dhet, Npc1-null and ANPC compared to the 
WT mice 

Gene Symbol 

APP-Tg Dhet Npc1-null ANPC 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Anxa6 1.00 0.995 -1.04 0.634 -1.25 0.028 -1.37 0.022 

Bloc1s1 1.11 0.499 1.08 0.643 1.03 0.913 -1.03 0.805 

Cope 1.00 0.993 -1.05 0.222 -1.00 0.988 -1.07 0.353 

Dlg4 1.01 0.901 1.02 0.782 -1.11 0.349 -1.01 0.957 

Dync1i2 -1.11 0.003 -1.08 0.243 -1.10 0.010 -1.07 0.550 

Igf2r 1.02 0.734 -1.04 0.633 -1.07 0.465 1.01 0.803 

Kif1c -1.10 0.460 -1.14 0.458 1.15 0.304 -1.19 0.236 

Klc2 1.06 0.463 1.02 0.783 -1.28 0.002 -1.27 0.015 

Lamp1 -1.12 0.147 -1.09 0.174 1.18 0.091 1.12 0.379 

M6pr 1.00 0.998 1.05 0.735 1.06 0.670 1.21 0.194 

Mapt -1.04 0.476 -1.06 0.494 -1.29 0.03 -1.24 0.013 

Rab5a -1.04 0.463 -1.11 0.192 -1.08 0.310 1.03 0.669 

Rab7 1.05 0.547 1.00 0.982 -1.60 0.180 1.08 0.292 

Rab9 -1.01 0.743 -1.07 0.083 -1.13 0.117 -1.08 0.255 

Rabepk -1.06 0.634 -1.03 0.760 -1.06 0.536 -1.12 0.432 

Rabggta -1.01 0.729 -1.01 0.813 -1.02 0.547 1.02 0.682 

Stx4a -1.08 0.403 -1.07 0.356 -1.04 0.628 -1.12 0.243 

Syp -1.03 0.798 -1.01 0.909 -1.12 0.171 -1.05 0.635 

Tubb4 1.03 0.761 -1.07 0.435 -1.14 0.196 -1.20 0.133 
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Table 2.9: Supplementary Table-7. Expression profiles of genes implicated in cell 
death/survival in the hippocampus of APP-Tg, Dhet, Npc1-null and ANPC compared to 
the WT mice 

Gene Symbol 

APP-Tg Dhet Npc1-null ANPC 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Akt1 -1.22 0.229 -1.15 0.128 -1.06 0.652 -1.17 0.163 

Atg12 1.07 0.582 1.07 0.591 -1.02 0.824 -1.08 0.559 

Atg5 -1.04 0.445 -1.01 0.878 -1.04 0.458 -1.02 0.564 

Atg7 -1.17 0.454 1.00 0.966 1.06 0.652 -1.26 0.117 

Bax 1.02 0.784 -1.04 0.432 -1.05 0.391 -1.15 0.077 

Bcl2 -1.03 0.760 -1.19 0.265 1.01 0.946 -1.16 0.315 

Becn1 1.14 0.150 1.08 0.281 -1.04 0.490 -1.12 0.338 

Bid -1.02 0.740 -1.01 0.783 1.25 0.067 1.21 0.066 

Camk1 1.19 0.313 1.03 0.908 1.10 0.593 1.04 0.818 

Capn5 1.15 0.337 -1.04 0.648 -1.16 0.114 -1.03 0.850 

Casp3 -1.06 0.483 -1.10 0.256 -1.15 0.054 -1.20 0.056 

Cast 1.22 0.174 1.06 0.682 1.30 0.149 1.14 0.319 

Cdk5 1.14 0.340 1.00 0.999 -1.26 0.08 -1.29 0.097 

Ctsb -1.09 0.199 -1.26 0.006 1.13 0.111 1.25 0.011 

Ctsd 1.14 0.382 -1.04 0.681 2.20 0.000 2.38 0.000 

Fos 1.85 0.472 1.05 0.940 -1.43 0.378 -1.11 0.571 

Gsk3b 1.07 0.511 -1.04 0.592 -1.06 0.088 -1.13 0.061 

Gusb 1.11 0.252 -1.08 0.424 1.53 0.002 1.54 0.001 

Igf2 -1.47 0.229 -1.35 0.318 1.13 0.574 -1.36 0.348 

Map1lc3b 1.02 0.812 1.02 0.821 -1.01 0.900 -1.04 0.554 

Mapk1 -1.01 0.970 1.06 0.178 1.02 0.677 1.06 0.297 

Mapk3 -1.11 0.708 -1.08 0.447 -1.06 0.284 -1.07 0.156 

Mapk8 -1.01 0.981 1.06 0.630 -1.02 0.873 -1.06 0.674 

Park2 1.02 0.986 -1.07 0.603 1.18 0.251 1.06 0.742 

Pik3c3 1.13 0.315 -1.08 0.323 -1.15 0.029 -1.05 0.658 

Pik3ca -1.05 0.745 -1.05 0.391 -1.08 0.218 -1.11 0.273 

Pin1 1.12 0.075 1.00 0.961 -1.03 0.615 -1.04 0.407 

Pmaip1 1.27 0.137 1.13 0.442 1.15 0.270 1.12 0.400 

Prdx2 1.24 0.109 -1.00 0.897 -1.07 0.523 -1.06 0.730 

Shisa5 1.14 0.395 1.04 0.678 1.10 0.412 1.05 0.658 
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Table 2.10: Supplementary Table-8. Expression profiles of genes implicated in cell 
death/survival in cerebellum of APP-Tg, Dhet, Npc1-null and ANPC compared to the 
WT mice 

Gene Symbol 

APP-Tg Dhet Npc1-null ANPC 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Fold 
Regulation 

p-
value 

Akt1 -1.03 0.731 -1.06 0.488 -1.11 0.249 -1.01 0.926 

Atg12 1.08 0.519 1.08 0.587 -1.01 0.908 1.03 0.789 

Atg5 -1.03 0.735 -1.04 0.777 -1.11 0.353 -1.08 0.189 

Atg7 -1.04 0.736 -1.05 0.683 -1.06 0.485 1.08 0.628 

Bax 1.05 0.485 -1.02 0.737 -1.01 0.886 -1.11 0.205 

Bcl2 1.11 0.370 1.04 0.708 -1.04 0.872 1.04 0.653 

Becn1 -1.07 0.533 -1.11 0.309 -1.14 0.189 -1.06 0.648 

Bid -1.01 0.870 1.09 0.546 2.25 0.007 2.56 0.001 

Camk1 -1.10 0.396 -1.09 0.717 1.00 0.965 -1.02 0.987 

Capn5 -1.17 0.024 -1.15 0.312 -1.12 0.228 1.06 0.624 

Casp3 -1.04 0.744 -1.01 0.859 1.13 0.206 -1.01 0.963 

Cast 1.02 0.731 1.00 0.934 1.01 0.761 -1.01 0.908 

Cdk5 -1.02 0.807 1.03 0.758 -1.19 0.061 -1.19 0.247 

Ctsb -1.13 0.127 -1.05 0.466 1.50 0.003 1.72 0.035 

Ctsd -1.13 0.227 -1.05 0.272 6.29 0.000 4.14 0.002 

Fos -1.25 0.412 1.54 0.852 1.16 0.454 1.14 0.605 

Gsk3b -1.08 0.091 -1.11 0.259 -1.09 0.052 -1.05 0.380 

Gusb -1.09 0.324 -1.13 0.218 3.59 0.001 3.06 0.000 

Igf2 -1.11 0.884 -1.01 0.951 -1.07 0.633 -1.29 0.342 

Map1lc3b 1.04 0.701 1.11 0.390 1.13 0.304 1.20 0.158 

Mapk1 1.06 0.183 -1.01 0.808 -1.07 0.163 -1.06 0.356 

Mapk3 1.08 0.455 -1.03 0.775 1.00 0.972 1.04 0.680 

Mapk8 1.00 0.992 1.06 0.732 1.05 0.741 -1.00 0.972 

Park2 -1.22 0.032 -1.18 0.068 1.28 0.005 1.19 0.267 

Pik3c3 1.07 0.194 -1.09 0.219 -1.19 0.049 -1.17 0.241 

Pik3ca -1.32 0.306 -1.11 0.360 -1.15 0.044 -1.19 0.022 

Pin1 1.03 0.697 -1.04 0.543 -1.06 0.459 -1.02 0.840 

Pmaip1 1.02 0.927 1.10 0.501 1.43 0.036 1.31 0.041 

Prdx2 -1.11 0.530 -1.09 0.213 -1.14 0.091 -1.21 0.313 

Shisa5 -1.07 0.612 1.02 0.883 1.36 0.039 1.23 0.262 
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Figure 2.1: Cholesterol accumulation and neurodegeneration in Npc1-null and ANPC mice compared to 
other genotypes. A-E, Photomicrographs showing filipin staining of unesterified cholesterol in the 
hippocampus of WT, APP-Tg, Dhet, Npc1-null and ANPC mice. Cholesterol accumulation is evident only 
in the hippocampal neurons of Npc1-null (D) and ANPC (E) mice but not in WT (A), APP-Tg (B) or Dhet 
(C) littermates. F-J, Photomicrographs showing NeuN labeled hippocampal sections from mice of different 
genotypes. No apparent loss of neurons was evident in the hippocampus of Npc1-null (I) or ANPC (J) mice 
compared to WT (F), APP-Tg (G) and Dhet (H) littermates. K-O, Photomicrographs showing filipin 
staining in the cerebellum of WT, APP-Tg, Dhet, Npc1-null and ANPC mice. Accumulation of cholesterol 
is evident only in the cerebellar neurons of Npc1-null (N) and ANPC (O) mice but not in WT (K), APP-Tg 
(L) or Dhet (M) mice. P-T, Photomicrographs showing calbindin-positive cerebellar Purkinje cell layer 
(Pcl) in mice from different genotypes. Note the relative loss of Purkinje cells in Npc1-null (S) and ANPC 
(T) mice compared to WT (P), APP-Tg (Q) and Dhet (R) littermates. All photomicrographs of each 
column are of same magnification. CA1-CA3, Cornu Ammonis1-3 subfields of the Ammon’s horn; DG, 
dentate gyrus; Pcl, Purkinje cell layer. 
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Figure 2.2: Heatmap diagram showing gene 
expression profiles in five lines of mice. The figure 
represents data obtained using RT2 Mouse Custom 
Profiler PCR array of 86 selected genes involved in 
brain cholesterol and APP metabolisms, intracellular 
vesicular trafficking and cell death pathways in the 
hippocampus and cerebellum of 7-week-old APP-Tg, 
Dhet, Npc1-null and ANPC mice compared with WT 
littermates. Each row represents a single gene and 
each column represents a mouse genotype 
combination. Expression levels are colored red for 
significant up-regulations, green for significant 
down-regulations and grey for no alteration 
compared with the WT mice. As shown, the major 
changes in gene expression occurred in the 
hippocampus and cerebellum of Npc1-null and 
ANPC mice while changes in APP-Tg and Dhet mice 
are limited to only a few genes mainly in the 
hippocampus. A fold difference of ≥1.2 with a p < 
0.05 was considered to be a significant dysregulation.  
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Figure 2.3: Expression levels of Apoe (A, B) and Npc2 (C, D) in the hippocampus and cerebellum of five 
lines of mice. (A, C) Histograms showing increased mRNA levels for Apoe (A) and Npc2 (C) in the 
hippocampus and cerebellum of Npc1-null and ANPC mice compared with WT mice as obtained using RT2 
Mouse Custom Profiler PCR array. (B, D) Immunoblots and respective histograms validating increased 
levels of Apoe (B) and Npc2 (D) in the hippocampus and cerebellum of Npc1-null and ANPC mice 
compared with age-matched WT mice. The protein levels of Apoe and Npc2 were normalized to the β-actin 
and the values (n = 4 animals per genotype) are expressed as means ± SEM. *, p < 0.05. 
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Figure 2.4: Expression levels of cathepsin B (A, B) and cathepsin D (C, D) in the hippocampus and 
cerebellum of five lines of mice. (A, C) Histograms showing increased mRNA levels for Ctsb (encoding 
cathepsin B, A) and Ctsd (encoding cathepsin D, C) in the hippocampus and cerebellum of Npc1-null and 
ANPC mice compared with WT control mice as obtained using RT2 Mouse Custom Profiler PCR array. (B, 
D) Immunoblotting performed to validate data obtained by PCR arrays revealed increased levels of 
cathepsin B (B) and cathepsin D (D) in the hippocampus and cerebellum of Npc1-null and ANPC mice 
compared with the WT mice. APP-Tg and Dhet mice showed no alteration in transcript or protein 
expression levels of cathepsin B and cathepsin D compared with WT mice. The protein levels of cathepsin 
B and cathepsin D were normalized to the β-actin and the values (n = 4 animals/ genotype) are expressed as 
means ± SEM. *, p < 0.05. CatB, cathepsin B; CatD, cathepsin D. 
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Figure 2.5: Expression levels of β-glucoronidase (Gusb; A, B) and neprilysin (C, D) in the hippocampus 
and cerebellum of five lines of mice. (A, C) Histograms showing increased mRNA levels for Gusb (A) in 
both hippocampus and cerebellum and Mme (encoding neprilysin, C) in the cerebellum of Npc1-null and 
ANPC mice compared with WT control mice as obtained using RT2 Mouse Custom Profiler PCR array. (B, 
D) Immunoblotting performed to validate data obtained by PCR arrays revealed increased levels of Gusb 
(B) in both the hippocampus and cerebellum and neprilysin (D) in the cerebellum of Npc1-null and ANPC 
mice compared with WT mice. APP-Tg and Dhet mice showed no significant alteration in transcript or 
protein expression levels of Gusb (A, B) or neprilysin (C, D) compared with the WT mice. The protein 
levels of Gusb and neprilysin were normalized to the β-actin and the values (n = 4 animals per genotype) 
are expressed as means ± SEM. *, p < 0.05.  
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Figure 2.6: Expression levels of tau (A, B) and Abca1 (C, D) in the hippocampus and cerebellum of five 
lines of mice. (A) Histograms showing decreased Mapt mRNA (encoding tau) level in the cerebellum but 
not in hippocampus of Npc1-null and ANPC mice compared with WT mice as obtained using RT2 Mouse 
Custom Profiler PCR array. (B) Immunoblots and respective histograms validating the decreased levels of 
tau in the cerebellum of Npc1-null and ANPC mice compared with age-matched WT. (C) Histograms 
showing increased Abca1 mRNA level in the hippocampus of Npc1-null and ANPC mice and in the 
cerebellum of Npc1-null mice compared with WT as obtained using RT2 Mouse Custom Profiler PCR 
array. (D) Immunoblotting performed to validate data obtained by PCR arrays revealed significant up-
regulations in the Abca1 protein level in Npc1-null and ANPC mice in the respective brain regions 
compared with WT mice. The protein levels of tau and Abca1 were normalized to the β-actin and Gapdh 
respectively, and the values (n = 4 animals per genotype) are expressed as means ± SEM. *, p < 0.05.  
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Figure 2.7: Expression levels of Aplp1 (A, B) and Igf2r (C, D) in the hippocampus and cerebellum of five 
lines of mice. (A, C) Histograms showing no significant alteration in Aplp1 (A) and Igf2r (C) mRNA levels 
in the hippocampus and cerebellum of APP-Tg, Dhet, Npc1-null and ANPC mice compared with the WT 
mice as obtained using RT2 Mouse Custom Profiler PCR array. (B, D) Immunoblots and respective 
histograms showing no significant alteration in Aplp1 (B) and Igf2r (D) protein levels in the hippocampus 
or cerebellum of the different genotype combinations compared with the WT mice consistent with the 
transcript levels. The protein levels of Aplp1 and Igf2r were normalized to the β-actin and Gapdh 
respectively, and the values (n = 4 animals per genotype) are expressed as means ± SEM. *, p < 0.05. 
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Figure 2.8: Expression levels of Gsk3β (A, B) and Ide (C, D) in the hippocampus and cerebellum of five 
lines of mice. (A, C) Histograms showing no significant alteration in Gsk3β  (A) and Ide (C) mRNA levels 
in the hippocampus and cerebellum of APP-Tg, Dhet, Npc1-null and ANPC mice compared with the WT 
mice as obtained using RT2 Mouse Custom Profiler PCR array. (B, D) Immunoblots and respective 
histograms showing no significant alteration in Gsk3β (B) and Ide (D) protein levels in the hippocampus or 
cerebellum of the different genotype combinations compared with the WT mice consistent with the 
transcript levels. The protein levels of Gsk3β and Ide were normalized to β-actin and the values (n = 4 
animals per genotype) are expressed as means ± SEM. *, p < 0.05. 
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2.4 Discussion 
The present study demonstrates several genes as evident by RT2 Profiler PCR arrays are 

selectively altered in the brains of ANPC, Npc1-null, APP-Tg and Dhet mice compared 

to WT mouse brains. While the Npc1-null and ANPC mice showed marked alterations in 

the expression profiles of multiple genes, the changes in APP-Tg and Dhet mice were 

limited to only few genes in both the hippocampus and cerebellum compared to WT 

mice. Interestingly, ANPC and Npc1-null mice, with the exception of a few genes, 

exhibited more or less similar changes, although more genes were differentially 

expressed in the affected cerebellar region than the relatively spared hippocampal 

formation. The altered gene profiles were found to match with the corresponding 

alterations in the protein levels. Collectively, these results suggest that intracellular 

cholesterol accumulation due to Npc1 deficiency can alter the expression of certain genes 

in selected brain regions, which may be involved either directly or indirectly in NPC 

pathogenesis, whereas transgenic expression of mutant human APP in Npc1-null 

background exacerbates pathology mostly by amplifying the observed changes that are 

already altered by Npc1-deficiency rather than instigating expression of additional genes. 

 

Our analysis of gene profiles is validated by two lines of evidence. First, the genes 

that are known to be enhanced by Npc1-deficiency such as Npc2, Abca1 and Ctsb were 

found to be up-regulated in our experiments (23). Second, the altered gene profiles 

exhibited corresponding changes in the levels of proteins. Nevertheless, it is important to 

note that the absolute fold changes in the level of a specific transcript need not be highly 

altered to have a significant consequence on cell physiology. Additionally, post-

translational modification of proteins can have an important role in regulating 

neuropathology and phenotype of a mouse line. Given the evidence from earlier reports 

(14, 24), it is likely that some of the changes observed in the present study such as 

increased cathepsin B and cathespin D levels may underlie the cause rather than be a 

consequence of disease pathology. 

 

Cholesterol metabolism: As a major component of the cell membrane, cholesterol plays 

a key role in fluidity and ion permeability which in turn regulates a multitude of vesicular 
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trafficking steps and intracellular signaling events that are crucial for neuronal 

differentiation, growth and survival (25). Cytoplasmic cholesterol, on the other hand, can 

serve as a precursor for steroid hormones, vitamin D and oxysterols (26). The special 

need for cholesterol for normal neuronal function is apparent from two distinct lines of 

evidence: i) brain contains the highest amount of total cholesterol/gm tissue in the body 

(27) and ii) the cholesterol content of the brain is derived primarily from de novo 

synthesis (27, 28). Under normal conditions, brain cholesterol levels are tightly regulated 

by a number of mechanisms including synthesis, transport, uptake, storage and efflux of 

cholesterol. At the transcriptional level, sterol regulatory element-binding proteins 

regulate the expression profiles of multiple genes that are involved in monitoring the 

synthesis and uptake of cholesterol, fatty acids and phoshpholipids (29). With adequate 

cholesterol in the endoplasmic reticulum, genes involved in cholesterol synthesis and 

uptake are not activated by sterol regulatory element-binding proteins. Npc1-deficient 

cells do not to respond to the accumulation of unesterified cholesterol in the EL system, 

thus LDL receptor expression is not down-regulated and uptake of LDL-mediated 

cholesterol continues (30). Our RT2 Profiler PCR array data reflect the dysregulation of 

cholesterol metabolism as we observed an up-regulation of Apoe, Clu, Cyp46a1, Srebf1 

and Npc2 in the cerebellum and Apoe, Abca1 and Npc2 in the hippocampus of both 

Npc1-null and ANPC mice. There is evidence of selective up-regulation of Abca1 in the 

cerebellum and down-regulation of Dhcr24 in the hippocampus of Npc1-null mice. 

Consistent with the transcripts levels, we observed up-regulation of Abca1, Npc2 and 

Apoe in the cerebellum as well as hippocampus of ANPC and Npc1-null mice compared 

to WT mice by immunoblot analysis. The hippocampus of APP-Tg mice also showed 

increased expression of Acat2, Fdps, Sqle and Dhcr24, which may relate to alterations in 

the intracellular cholesterol homeostasis as a consequence of APP overexpression.  

 

APP and Aβ metabolisms: A number of recent studies have shown that NPC disease 

exhibits some striking parallels with AD pathology including i) the presence of tau-

positive neurofibrillary tangles (4, 5), ii) the influence of ε4 isoform APOE in promoting 

disease pathology (6, 31), and iii) endosomal abnormalities associated with the 

accumulation of cleaved APP derivatives and/or Aβ peptides in vulnerable neurons (9, 
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32). However, consistent with previous analysis of NPC1-deficient human fibroblasts 

(23) and Npc1-deficient mouse cells (33), we did not observe any difference in the 

mRNA profiles of α-secretase (i.e., Adam 10 and Adam 17), β-secretase (Bace1 and 

Bace2) or most components of the γ-secretase complex (i.e., Psen1, Psen2, Nicastrin, 

Pen2 and Aph1a) either in Npc1-null or ANPC mouse brains compared to WT mice. 

Only Aph1b showed down-regulation in the cerebellum of Npc1-null and ANPC mice, 

the significance of which remains to be established. At the protein level, no alteration was 

evident in the components of APP processing pathways, except increased levels of 

nicastrin and presenilin 1 which may relate to activity of the γ-secretase complex or other 

functions of these proteins in the cells (20, 34, 35). Interestingly, the levels of transcripts 

(i.e, A2m, Plat, Plau and Mme) and some of the corresponding proteins (i.e., neprilysin), 

which are known to be involved in the clearance of Aβ peptides (36, 37), were 

significantly up-regulated in the cerebellum of Npc1-null and ANPC mice. These results 

suggest that cholesterol accumulation may influence the clearance of Aβ peptides. 

However, we did not observe an alteration in the expression of Ide, which codes for one 

of the major enzymes involved in degradation of extracellular Aβ, either in ANPC or 

Npc1-null mouse brains. Thus, it remains to be determined whether increased expression 

of A2m, Plat, Plau and Mme is directly associated with degradation of Aβ or other 

proteins in Npc1-null and ANPC mice.  

 

The formation of neurofibrillary tangles resulting from phosphorylation of tau 

protein, encoded by the Mapt gene, has been implicated in the loss of neurons in many 

taupathies including NPC and AD (38). Our results showed down-regulation of Mapt 

transcript in the cerebellum but not in the hippocampus of ANPC and Npc1-null mice as 

compared with WT mice. This corresponds rather well with the steady-state levels of tau 

protein observed by Western blot analysis. Since partial or complete loss of tau 

expression can reduce the life-span and exacerbate pathology (39) and inhibition of tau 

phosphorylation can attenuate the phenotype (40) in Npc1-null mice, it is likely that 

alterations in total tau levels in the cerebellum of ANPC and Npc1-null mice may be 

involved in the loss of neurons and the development of pathology associated with these 

mice.  
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Altered trafficking: Cholesterol accumulation in NPC1-deficient cells has been shown to 

interfere with the transport of proteins between various cellular compartments. 

Consequently, proteins involved in membrane trafficking including those regulating 

biogenesis/function of lysosomes are up-regulated to compensate for the defects (41, 42). 

In keeping with these data, we observed a significant increase in the expression of genes 

encoding lysosomal enzymes such as Ctsb, Ctsd and Gusb, both at transcript and protein 

levels, in the Npc1-null and ANPC mouse brains. This is consistent with earlier studies, 

which reported elevated levels of cathepsin B and cathepsin D in NPC1-deficient cells as 

well as Npc1-null and ANPC mouse brains (14, 20, 23, 43, 44). These enzymes not only 

mediate the clearance of proteins but also regulate neuronal viability following their 

release into the cytosol. However, unlike the previous studies (23) we did not observe 

alterations in the levels of mRNA encoding Igf2r, which is involved in the trafficking of 

the lysosomal enzymes, either in Npc1-null or ANPC mouse brains. Additionally, we did 

not detect alterations in the expression of transcripts encoding Rab GTPase such as Rab5, 

Rab7 and Rab9 that are known to act as general regulators of membrane trafficking in the 

endosomal pathway (45, 46). Other components involved in the vesicular movement such 

as Klc2, Kif1c and Anx6 were differentially down-regulated in the Npc1-null and ANPC 

mice, but not in APP-Tg or Dhet mouse brains, possibly as a consequence of the defects 

triggered by intracellular cholesterol accumulation.  

 

Cell death/survival pathways: Although the APP-Tg mouse model used in our study does 

not exhibit any overt loss of neurons (21, 22), there is evidence of neuronal loss in the 

cerebellum of Npc1-null mice (15, 17). Additionally, we showed that ANPC mice 

exhibited more severe loss of neurons than Npc1-null mice, thus suggesting that 

overexpression of APP may exacerbate neurodegeneration (20). At present, the 

mechanisms underlying selective degeneration of neurons remain unclear as events 

related to both apoptosis and autophagy have been observed in Npc1-null mouse brains 

(2, 44, 47, 48). The results of our study did not reveal any alterations in the expression of 

genes such as Atg5, Atg7, Atg12, Becn1, Bcl2, Casp3 or Bax, which are known to 

regulate autophagy or apoptosis pathways, either in Npc1-null or ANPC mouse brains. 

The affected cerebellar region, however, showed a marked up-regulation of Bid and 
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Pmaip1 in both Npc1-null and ANPC mice, whereas expression of Shisa5 was up-

regulated only in Npc1-null mice. Although the significance of the differential expression 

of these genes remains to be established, we have recently reported that increased 

cytosolic levels of lysosomal enzymes resulting from lysosomal destabilization, such as 

cathepsin B and cathepsin D, as well as altered levels, phosophorylation and cleavage of 

tau protein, may be involved in triggering cell death via a caspase-dependent pathway in 

Npc1-null and ANPC mouse brains (14, 20). This is consistent with the up-regulation of 

Ctsb and Ctsd, and down-regulation of Mapt transcripts and their corresponding protein 

levels observed in the cerebellum of Npc1-null and ANPC mouse brains compared with 

WT mice.  

 

Conclusions: The present study reveals that the gene expression profile is differentially 

altered in APP-Tg, Dhet, Npc1-null and ANPC mouse brains when compared to WT 

mice. These changes are found to be more striking in Npc1-null and ANPC mice, which 

exhibit more severe pathology than APP-Tg or Dhet mice. Additionally, the changes in 

Npc1-null and ANPC mice were more pronounced in the affected cerebellar region than 

the relatively spared hippocampus. 
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3.1 Introduction 
Niemann-Pick type C (NPC) disease is an autosomal recessive neurovisceral disorder 

characterized by abnormal accumulation of unesterified cholesterol and 

glycosphingolipids within the endosomal-lysosomal system in a number of tissues 

including the brain. These defects in cholesterol sequestration trigger widespread 

neurological deficits such as ataxia, seizures and dementia that eventually lead to 

premature death (1, 2). In majority of the cases, NPC disease is caused by loss-of-

function mutations in the NPC1 gene, which encodes a transmembrane glycoprotein 

implicated in the intracellular transport of cholesterol (3, 4). Neuropathologically, NPC is 

characterized by the accumulation of unesterified cholesterol, activation of glial cells and 

presence of intracellular tau-positive neurofibrillary tangles (NFTs). Loss of neurons is 

evident primarily in the prefrontal cortex, thalamus and cerebellum but not in the 

hippocampus (5, 6). Some studies have also shown that levels of β-amyloid (Aβ)-related 

peptides are increased in the vulnerable brain regions (7) as well as cerebrospinal fluid 

(8), while extracellular deposition of the peptide was apparent in patients with ε4 

genotype of apolipoprotein E (APOE), which serves as a protein carrier for cholesterol 

(9). Interestingly, Balb/cNctr-NpcN/N mice due to spontaneous mutations in the Npc1 

gene (Npc1-null) are found to recapitulate most of the human pathology excepting for the 

formation of NFTs (10, 11).  

 

A number of recent studies have shown that NPC disease exhibits some intriguing 

parallels with the Alzheimer’s disease (AD), the most common type of senile dementia 

affecting elderly people. Neuropathologically, AD is characterized by the presence of 

NFTs, Aβ-containing neuritic plaques, gliosis and the loss of neurons primarily in the 

hippocampus, cortex and certain subcellular nuclei such as basal forebrain cholinergic 

neurons (12-14). The pathological changes observed in AD brains are believed to be 

triggered by in vivo accumulation of Aβ peptide derived from amyloid precursor protein 

(APP). The AD pathology, unlike NPC disease, is not associated with widespread 

intracellular accumulation of free cholesterol or loss of neurons in the cerebellum. 

Additionally, development of AD which occurs mostly after 65 years of age does not lead 

to ataxia as observed in NPC disease (2, 6, 13, 14). Notwithstanding the differences, the 
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striking parallels that exist between AD with NPC include: i) the presence of structurally 

and immunologically similar tau-positive NFTs (15, 16), ii) influence of ε4 isoform of 

APOE in promoting disease pathology (9, 17, 18), and iii) endosomal abnormalities 

associated with accumulation of cleaved APP and/or Aβ peptides in vulnerable neurons 

(19). Recently, alteration of NPC1 mRNA/protein has been reported in vulnerable 

regions of AD brains indicating a functional link between NPC1 dysfunction and AD 

(20). Although cholesterol is not sequestered in AD as observed in NPC pathology, there 

is evidence that high cholesterol levels increase the risk of AD (21, 22) and neurons 

bearing NFTs exhibit higher levels of free cholesterol in AD brains (23). Many lines of 

experimental evidence further suggest that alteration in cholesterol homeostasis can 

influence APP metabolism, whereas changes in the levels/expression of APP can also 

lead to altered cholesterol metabolism (24-27). Albeit these results suggest convergence 

of factors regulating NPC and AD pathologies, very little is currently known about the 

interaction between the NPC1 and APP.  

 

Transgenic mice overexpressing mutant APP are known to recapitulate amyloid 

deposits and spatial learning deficits but do not exhibit overt loss of neurons as seen in 

AD brains (28-31). Earlier studies have shown that up-regulating cholesterol levels can 

exacerbate behavior and cellular pathology, whereas decreasing cholesterol levels can 

have the opposite effects in these mice (24, 27). However, it remains unclear how APP 

overexpression can influence behavior and pathological features, particularly the tau-

pathology and neurodegeneration that lie downstream of altered APP and cholesterol 

metabolism, in Npc1-null mice. We addressed this issue by using a new line of bigenic 

ANPC mice generated by crossing mutant human APP transgenic mice (29) with 

heterozygous Npc1-deficient mice (32). Our results clearly show that overexpression of 

APP in the presence of intracellular cholesterol accumulation can decrease longevity, 

accelerate the onset of behavioral abnormalities and exacerbate glial pathology as well as 

degeneration of neurons that show preferential vulnerability to cholesterol accumulation 

in NPC disease. To establish the significance of cholesterol, we treated ANPC mice with 

the sterol binding agent 2-hydroxypropyl-β-cyclodextrin (2-HPC) that has been shown to 

promote movement of the sequestered cholesterol from lysosomes to the metabolically 
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active pool in various experimental paradigms (33-35). Our results clearly reveal that 

dispersal of cholesterol by 2-HPC treatment can not only prolong the lifespan but also 

can significantly reverse the behavioral and pathological abnormalities in ANPC mice, 

thus providing a strong functional link between APP and NPC1 genes that may interact in 

regulating both AD and NPC pathologies. 
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3.2 Materials and Methods 
Materials: 4-20% Tris-Glycine gels, 4-12% NuPAGE Bis-Tris gels, NeuroTrace red 

fluorescent Nissl stain (BrainStainTM Imaging Kit), Alexa Fluor 488/594 conjugated 

secondary antibodies and ProLong Gold antifade reagent were all purchased from Life 

Technologies. The DNA isolation kit and Qproteome cell compartment kit were from 

Qiagen Inc. Filipin, the cathepsin D assay kit and 2-HPC (product H107) were obtained 

from Sigma-Aldrich, Inc. The bicinchoninic acid (BCA) protein assay kit and enhanced 

chemiluminescence (ECL) kit were obtained from ThermoFisher Scientific. Sources of 

all the primary antibodies used in the study are listed in Table 3.1. All horseradish 

peroxidase (HRP)-conjugated secondary antibodies were purchased from Santa Cruz 

Biotechnology, Inc. All other chemicals were from Sigma-Aldrich or ThermoFisher 

Scientific. 

 

Generation of Transgenic mice: Mutant human APPKM670/671NL+V717F transgenic mice 

(APP-Tg) maintained on a C3H/C57BL6 background (29) were obtained from our 

breeding colony. Heterozygous Npc1-deficient (Npc1+/-) mice (32) maintained on a 

BALB/c background were purchased from Jackson Laboratories. Mutant APP-Tg mice 

were first crossed to Npc1+/- mice to produce APP+/0Npc1+/- and APP0/0Npc1+/- off-

springs. These two lines of mice were subsequently crossed to generate the following five 

lines of mice: bigenic APP+/0Npc1-/- (ANPC), APP+/0Npc1+/+ (APP-Tg), APP0/0Npc1-/- 

(Npc1-null), APP+/0Npc1+/- (double heterozygous: Dhet) and APP0/0Npc1+/+ (wild-type: 

WT), all on a C3H/C57BL6/BALB/c background. Animals of different genotypes used in 

a given experiment were obtained from the same breeding pairs. All animals, maintained 

on a 12 h light/dark cycle, were bred and housed with access to food and water ad 

libitum. The probability of survival was determined by the Kaplan-Meier technique using 

GraphPad Prism software. The maintenance of the breeding colony and the experiments 

involving these animals were performed in accordance with Institutional and Canadian 

Council on Animal Care guidelines. All transgenic mice were identified by a unique ear 

notching pattern and genotyped by PCR analysis of tail DNA as described earlier (29, 

32).  
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Behavioral tests: WT, APP-Tg, Dhet, Npc1-null and ANPC mice were examined at 4, 7 

and 10 weeks of age for their object recognition memory and sensorimotor performance 

as described earlier (36). All these mice were generated from the same breeding on a 

C3H/C57BL6/BALB/c background thus making it likely that behavioral changes 

observed in any of these lines may be associated with altered expression of APP and/or 

Npc1 rather than to the background strains. For the object recognition memory test, mice 

were first habituated for five consecutive days and on the sixth day their exploratory 

behavior towards a familiar and novel object was quantified using a memory index (MI), 

wherein “to” represents time exploring an object during the original exposure and “tn” 

represents time spent exploring an object that is novel on re-exposure: MI = (tn - to)/ (tn + 

to). The motor function of mice from different genotypes was tested by measurement of 

latency to fall from a Rotamex-5 accelerating rotarod (Columbus Instruments). All mice 

were examined 5 min each 4 times per day with an inter-trial interval of 30 min for five 

consecutive days. A score of 300 s was assigned to a mouse that stayed on the rod for the 

full 5 min test period. Gait analysis of the animals was done from their footprints as 

described earlier (37). Stride lengths and hind limb widths were measured manually as 

the distance between two paw prints. Mice of different genotypes were also tested for 

their open-field activity over a 5-min test session. Durations of walking, pausing and 

rearing were analyzed as indices of spontaneous locomotor activity as described earlier 

(36). 

 
Cellular cholesterol Assay: Hippocampus and cerebellum of 4-, 7- and 10-week mice of 

all five genotypes (n = 4 per genotype/age group) were homogenized and mass of 

cholesterol was determined using gas-liquid chromatography as described earlier (38). 

 
Histology and Immunohistochemistry: WT, APP-Tg, Dhet, Npc1-null and ANPC mice 

of 4-, 7- and 10-weeks (n = 4-5 per genotype/age group) were transcardially perfused and 

fixed in 4% paraformaldehyde. Brains were sectioned on a cryostat (20 μm) and then 

processed as described earlier (5). To determine cholesterol accumulation, brain sections 

from all five genotypes were incubated with 25 µg/ml of filipin in PBS for 30 min in the 

dark under agitation (5). For immunohistochemistry, sections were incubated overnight at 

4oC with the anti-GFAP, anti-Iba1, anti-CNPase, anti-Calbindin-D-28k, anti-cleaved 
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caspase 3 or anti-Tau, caspase cleaved antibodies at dilutions listed in Table 3.1. 

Subsequently, sections were incubated with appropriate HRP-conjugated secondary 

antibodies (1:400) for enzyme-linked immunohistochemistry or Alexa Fluor 488/594 

conjugated secondary antibodies (1:1000) for immunofluorescence methods. 

Immunostained sections were examined and photographed using a Zeiss Axioskop-2 

microscope (Carl Zeiss Canada Ltd.). 

 
Neuronal cell counting:  For neuronal quantification, every sixth section from the 

hippocampus and cerebellum of 7 week old mice of different genotypes were used (n = 3-

4 per genotype). Hippocampal sections were stained with NeuroTrace 530/616 red 

fluorescent Nissl stain (1:300), whereas cerebellar Purkinje cells were labeled using anti-

calbindin D-28k antiserum as mentioned above. Cell counts were normalized to the CA1 

area or the Purkinje layer length and expressed as neuronal density as described earlier 

(39). 

 
Western blotting: Hippocampal and cerebellar brain regions were homogenized in ice-

cold RIPA lysis buffer and protein content was determined using a BCA protein assay kit 

as described earlier (5). Equal amounts of protein samples were separated on 4-20% Tris-

Glycine gels or 4-12% NuPAGE Bis-Tris gels and transferred to nitrocellulose 

membranes, blocked with 5% non-fat milk and then incubated overnight at 4oC with 

either anti-APP, anti-NPC1, anti-GFAP, anti-Iba1, anti-CNPase, anti-PSD95, anti-

synaptophysin, anti-cathepsin D, anti-AT100, anti-PHF1, anti-AT8, anti-AT180, anti-

AT270, anti-Tau5, anti-Tau1, anti-Tau (caspase cleaved), anti-phospho-Thr202/Tyr204 

ERK1/2, anti-ERK1/2, anti-Cdk5, anti-p35, anti-phospho-Tyr216GSK3 or anti-total GSK-

3β antisera at dilutions listed in Table 3.1. On the following day, membranes were 

washed, incubated with appropriate HRP-conjugated secondary antibodies (1:5000) and 

immunoreactive proteins were visualized using an ECL detection kit. All Blots were re-

probed with anti-β-actin antibody and quantified using a MCID image analyzer. 

 
Cathepsin D activity assay: Hippocampus and cerebellum of 7 week old WT, APP-Tg, 

Dhet, Npc1-null and ANPC mice (n = 4-8 per genotype) were homogenized and 

centrifuged at 4°C for 10 minutes. The supernatant was assayed to determine the protein 
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content and then used to measure the cathepsin D activity using a fluorogenic assay kit 

according to the manufacturer’s instructions. 

 
Subcellular fractionation: Hippocampus and cerebellum of 7-week old WT, APP-Tg, 

Dhet, Npc1-null and ANPC mice (n = 3-4 per genotype) were homogenized in ice-cold 

PBS and fractionated using the Qproteome Cell Compartment kit into cytosol, 

membrane, and nuclear fractions. Protein content of different fractions was determined 

using a BCA protein assay kit and equal amounts of protein were separated by SDS-

PAGE. Immunoblotting was performed with anti-cathepsin D, anti-cytochrome c, anti-

Bax and anti-AIF antisera as mentioned earlier (38). All blots were re-probed with anti-

GAPDH, anti-N-cadherin and anti-histone antibodies to check for equal protein loading 

for the cytosolic, membrane and nuclear fractions, respectively. 

 
2-HPC treatment: A subset of WT, Npc1-null and ANPC mice were administered a 

single subcutaneous injection of either 2-HPC (4000mg/kg body weight; 20% wt./vol. in 

saline solution; n = 14-16 per genotype) or normal saline (n = 9-12 per genotype) at 7 

days of age at the scruff of the neck as described recently (34). Following treatment, a 

subset of mice from saline- and 2HPC-treated groups were kept to determine their 

longevity, whereas another subgroup was tested for object recognition memory and 

rotarod performance using protocols described above. In parallel, brains from saline- and 

drug-treated mice were collected and processed for histology, immunohistochemistry or 

immunoblotting as described above. 

 
Statistical analysis: All data are presented as means ± S.E.M. Statistical differences 

between different genotype combinations were tested using one-way ANOVA followed 

by Newman-Keuls multiple comparison post-hoc analysis (Graph-Pad Software, Inc.) 

with significance set at p < 0.05. Differences among survival curves were determined 

using the Log-rank test, whereas statistical differences between saline and 2-HPC-treated 

Npc1-null or ANPC mice were tested using the unpaired Student’s t-test with 

significance set at p < 0.05. 
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Table 3.1: Details of the primary antibodies used in this study 

Antibody Type 
IHC/IF 

dilution 

WB 

dilution 
Source 

Apoptosis inducing factor (AIF) Polyclonal n/a 1:200 Santa Cruz Biotech., Inc. 

Amyloid precursor protein (APP, clone Y188) Monoclonal n/a 1:5000 Abcam Inc. 

AT-8 Monoclonal n/a 1:1000 ThermoFisher Scientific 

AT-100 Monoclonal n/a 1:1000 ThermoFisher Scientific 

AT-180 Monoclonal n/a 1:1000 ThermoFisher Scientific 

AT-270 Monoclonal n/a 1:1000 ThermoFisher Scientific 

Bcl-2-associated X protein (Bax) Monoclonal n/a 1:200 Santa Cruz Biotech., Inc. 

Calbindin-D-28K Monoclonal 1:7000 n/a Sigma-Aldrich, Inc. 

Cathepsin D Polyclonal n/a 1:200 Santa Cruz Biotech., Inc. 

Cleaved caspase 3 Monoclonal 1:200 n/a Cell Signaling Tech., Inc. 

2'3'-cyclic nucleotide 3'-phosphodiesterase 

(CNPase) 

Monoclonal 1:500 1:1000 EMD Millipore, Co. 

Cyclin dependent kinase 5 (Cdk5) Monoclonal n/a 1:200 Santa Cruz Biotech., Inc. 

Cytochrome c Monoclonal n/a 1:1000 BD Transduction LabsTM 

Glial fibrillary acidic protein (GFAP) Polyclonal 1:1000 1:1000 Dako 

Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) 

Monoclonal n/a 1:1000 Sigma-Aldrich, Inc. 

Glycogen synthase kinase-3β (GSK-3β) Monoclonal n/a 1:5000 BD Transduction Labs.TM 

Histone H3 Polyclonal n/a 1:500 Santa Cruz Biotech., Inc. 

Ionizing calcium-binding adaptor molecule 1 

(Iba1) 

Polyclonal 1:3000 1:1000 Wako Chemicals, Inc. 

N-cadherin Polyclonal n/a 1:200 Santa Cruz Biotech., Inc. 

Niemann-Pick Type C1 (NPC1) protein Polyclonal n/a 1:1000 Abcam Inc. 

p35 Polyclonal n/a 1:200 Santa Cruz Biotech., Inc. 

Extracellular-signal regulated kinase 1/2 (ERK1/2) Monoclonal n/a 1:2000 Cell Signaling Tech., Inc. 

PHF1 Tau Monoclonal n/a 1:1000 Kind gift from Dr. Peter Davis 

phospho-Thr202/Tyr204 ERK1/2 (Phospho-ERK1/2) Polyclonal n/a 1:1000 Cell Signaling Tech., Inc. 

phospho-Tyr216GSK-3 Monoclonal n/a 1:1000 Upstate Biotechnology Inc. 

Postsynaptic density protein 95 (PSD 95) Monoclonal n/a 1:500 EMD Millipore, Co. 

Synaptophysin Monoclonal n/a 1:3000 Sigma-Aldrich, Inc. 

Tau, caspase cleaved Monoclonal 1:100 1:1000 EMD Millipore, Co. 

Tau1 Monoclonal n/a 1:1000 EMD Millipore, Co. 

Tau5 Monoclonal n/a 1:2000 EMD Millipore, Co. 

β-actin Monoclonal n/a 1:5000 Sigma-Aldrich, Inc. 

IHC/IF, Immunohistochemistry/Immunofluorescence; WB, western blotting; n/a, not used in that specific application 
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3.3 Results 
Generation of bigenic ANPC mice: To determine how overexpression of APP can 

influence pathological changes triggered by intracellular accumulation of cholesterol, we 

generated a novel bigenic ANPC mouse line (APP-Tg and Npc1-null: APP+/0Npc1-/-) by 

crossing mutant human APP transgenic (APP-Tg: APP+/0Npc1+/+) with heterozygous 

Npc1-deficient (APP0/0Npc1+/-) mice (Fig. 3.1A). Our immunoblotting analysis revealed 

that APP holoprotein levels in ANPC mice were similar to APP-Tg and double 

heterozygous (Dhet: APP+/0Npc1+/-) mice but were markedly higher compared to wild-

type (WT: APP0/0Npc1+/+) and homozygous Npc1-null mice (Npc1-null: APP0/0Npc1-/-), 

as expected (Fig. 3.1B). Npc1 protein levels did not differ between WT and APP-Tg 

mice, and, as anticipated, the Dhet mice showed ~50% reduction, while Npc1-null and 

ANPC mice did not exhibit detectable levels of this protein (Fig. 3.1B). ANPC mice had 

a maximum life-span of 77-days, with mortality rate increasing drastically from 55-days 

onward (Fig. 3.1C). Npc1-null mice, as reported earlier (40), exhibited a reduced life-

span with only ~30% of the animals alive past the 90-day censor date in our colony. The 

majority (>90%) of APP-Tg and Dhet mice, on the other hand, survived past the censor 

date, whereas the WT mice had no recorded deaths within the study period. Thus the 

bigenic ANPC mice had a significantly reduced life-span compared to WT, APP-Tg, 

Dhet or Npc1-null mutants (Fig. 3.1C). Additionally, the ANPC mice reached a 

maximum body weight of ~12g by 6 weeks, which was ~30% less compared to other 

lines of mice, and then declined progressively until death (Fig. 3.1D).  

 
Accelerated object recognition memory and motor deficits: To determine whether 

overexpression of APP in Npc1-null mice can influence cognitive performance, we 

evaluated all 5 genotypes at 4, 7 and 10 weeks of age in an object recognition memory 

test (Fig. 3.2A). The performance of WT, APP-Tg, Dhet, Npc1-null and ANPC mice did 

not differ significantly at 4 weeks of age (data not shown). ANPC mice, however, 

exhibited significant deficits in the object memory index at 7 and 10 weeks, whereas 

APP-Tg, Dhet and Npc1-null mice showed reduced memory index only at 10 weeks (Fig. 

3.2A). Loss of Npc1 function is known to impair motor ability in Npc1-null mice (41). 

To examine this effect we first tested mice of all 5 genotypes at 4, 7 and 10 weeks of age 
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for their spontaneous locomotor activity (walking, rearing and periods of inactivity) in 

open-field tests [Fig. 3.16A-C (i.e. Suppl. Fig.1)]. No significant variation was apparent 

in the sensorimotor behavior between the genotypes at 4 weeks of age (data not shown). 

The ANPC mice exhibited significantly reduced locomotor activity and increased periods 

of inactivity in our open-field tests at both 7 and 10 weeks age, whereas Npc1-null mice 

showed these deficits mostly at the later age of 10 weeks only. The APP-Tg and Dhet 

mice did not show any difference from WT at any age [Fig. 3.16A-C (i.e.Suppl. Fig.1)]. 

Furthermore, rotarod performance and gait co-ordination analysis revealed that motor co-

ordination in Npc1-null mice was impaired at 10 weeks but not at 4 or 7 weeks of age. 

The ANPC mice, on the other hand, displayed a significant impairment in their motor 

function at 7 weeks, which was further exacerbated by 10 weeks. The APP-Tg and Dhet 

mice did not show any motor deficit compared to WT mice at any age (Fig. 3.2B,C). 

 
Intracellular accumulation of unesterified cholesterol: We assessed intracellular 

cholesterol accumulation across the genotypes by filipin staining which binds unesterified 

cholesterol [Fig. 3.17A-J (i.e. Suppl. Fig.2)]. Filipin-labeled cholesterol was evident in 

almost all neurons of the hippocampus and cerebellum in Npc1-null [Fig. 3.17D,I (i.e. 

Suppl. Fig.2)] and ANPC [Fig. 3.17E,J (i.e. Suppl. Fig.2)] mice at 4, 7 and 10 weeks of 

age. By contrast, no cholesterol accumulation was evident in WT, APP-Tg or Dhet 

littermates at any age group [Fig. 3.17A-H (i.e. Suppl. Fig.2)]. Interestingly, total 

cholesterol content in the hippocampus and cerebellum of ANPC and Npc1-null mice at 

4, 7 and 10 weeks of age, as detected by gas-liquid chromatography, did not exhibit any 

alteration compared to age-matched WT, APP-Tg or Dhet mice [Fig. 3.17K-M (i.e.Suppl. 

Fig.2)].  

 
Aggravated glial activation and demyelination: At the cellular level, ANPC mice 

showed a profound increase in the number and activation of GFAP-labeled astrocytes in 

both the hippocampus and cerebellum compared to WT, APP-Tg, Dhet and Npc1-null 

mice (Fig. 3.3A-J). Our western blot analysis also revealed a significant increase in 

GFAP levels in the hippocampus and cerebellum of 4, 7 and 10 weeks old ANPC mice 

compared to WT, APP-Tg and Dhet mice (Fig. 3.3K,L). The Npc1-null mice displayed a 

significant increase in GFAP levels over the WT, APP-Tg and Dhet mice, mostly at later 
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stages. The relative increase in ANPC over Npc1-null mice was evident at 4 weeks but 

not at later stages. 

 
Consistent with the alteration in astrocytes, ANPC mice showed profound 

microglial activation in both the hippocampus and cerebellum compared to all other 

genotypes (Fig. 3.4A-L). At the cellular levels, Iba1-labeled microglial cells in WT, APP-

Tg and Dhet mouse brains displayed small cell bodies with few ramified processes 

typical of resident microglia (Fig. 3.4A-C, F-H). In contrast, the ANPC mice showed 

numerous intensely stained phagocytic, amoeboid microglia primarily in the 

hippocampus, whereas fully activated, hypertrophic microglia were apparent in the 

cerebellum (Fig. 3.4E,J). Age-matched Npc1-null mice, on the other hand, revealed fewer 

activated microglia in both the hippocampus and cerebellum than those observed in 

ANPC mice (Fig. 3.4D,I). Our western blot analysis also showed a significant increase in 

Iba1 levels in the hippocampus and cerebellum of 4, 7 and 10 week old ANPC mice 

compared to WT, APP-Tg and Dhet mice (Fig. 3.4K,L). The increase over the Npc1-null 

mice was evident only at 4 weeks in the cerebellum. Interestingly, the relative increase in 

Iba1 levels was found to be more profound in the cerebellum than hippocampus of ANPC 

and Npc1-null mice than the other lines of mice.  

 
Immunohistochemical staining with the oligodendrocyte marker CNPase showed 

dramatic loss of myelin fiber tracts in the ANPC hippocampus/cortex and cerebellum 

compared to the other lines of mice (Fig. 3.5A-J). This was substantiated by our western 

blot data showing striking decreases in CNPase levels in ANPC hippocampus and 

cerebellum at 4, 7 and 10 weeks (Fig. 3.5K,L). Npc1-null mice, as reported earlier (42), 

also showed significant demyelination at various ages, but this was found to be less 

severe than ANPC mice at earlier stages. Additionally, the levels of CNPase in the 

hippocampus, but not in the cerebellum, were depleted in APP-Tg and Dhet mice at later 

stages compared to age-matched WT mice (Fig. 3.5K,L).  

 
Loss of neurons and synaptic markers: Our APP-Tg mice, as reported for most other 

lines of mutant APP mice, do not exhibit frank losses of neurons in any brain region (28, 

29). The Npc1-null mice, on the other hand, show progressive loss of neurons in selected 
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brain regions such as thalamus and cerebellum but not in the hippocampus (5, 6). In 

keeping with these results, we observed a significant decrease in the number of cerebellar 

Purkinje cells in ANPC and Npc1-null mice compared to WT, APP-Tg and Dhet mice 

(Fig. 3.6A-L). The magnitude of cell loss was found to be more pronounced in ANPC 

than in the Npc1-null mice (Fig. 3.6L). Labeling of degenerating neurons with cleaved-

caspase-3 suggested the possible involvement of apoptosis in triggering the loss of 

neurons (Fig. 3.6M-R). The hippocampus, on the other hand, did not exhibit any 

significant neuronal loss either in APP-Tg, Dhet, ANPC or Npc1-null mouse brains 

compared to the WT (Fig. 3.6A-E,K). The levels of presynaptic marker synaptophysin 

and postsynaptic marker PSD95 were markedly decreased in 7- and/or 10-week-old 

Npc1-null and ANPC cerebellum compared to WT, APP-Tg and Dhet mice. In the 

hippocampus, however, no alteration in synaptophysin levels was evident at any age, 

whereas the levels of PSD-95 were decreased in 10-week-old Npc1-null and ANPC mice 

compared to other lines [Fig. 3.187A-D (i.e. Suppl. Fig.3)].  

 
Activation of tau-kinases and phosphorylation of tau: Although florid tau pathology is 

not apparent in either APP-Tg or Npc1-null mice, there is evidence that altered 

cholesterol levels can regulate tau phosphorylation under in vitro conditions (43). To 

determine whether overexpression of APP together with intracellular cholesterol 

accumulation can influence tau phosphorylation under in vivo paradigm, we first 

evaluated tau kinases in all lines of mice. Our results clearly demonstrated a significant 

up-regulation of phospho-ERK1/2 in the cerebellum, but not in the hippocampus, of 

Npc1-null or ANPC mice (Fig. 3.7A-D). Additionally, the steady-state levels of p35 were 

found to be decreased in the cerebellum, but not hippocampus, of Npc1-null and ANPC 

compared to other lines of mice (Fig. 3.7A-D). In contrast, the levels of phosphoGSK-3β 

did not alter in ANPC or Npc1-null mice [Fig. 3.19A-B (i.e. Suppl. Fig.4)]. As a follow 

up, we measured the levels of total-tau using Tau1 and Tau5 antibodies and phospho-tau 

using various epitope specific antibodies in the hippocampus and cerebellum of five 

different lines of mice (Fig. 3.8A-D). Our results clearly showed that total tau levels were 

strikingly decreased in the cerebellum, but not hippocampus, of ANPC and Npc1-null 

mice compared to other lines. Interestingly, the levels of phospho-tau remain unaltered in 
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both brain regions of ANPC and Npc1-null mice with respect to other genotypes. Thus, it 

is evident that phosphorylation of tau is selectively increased in the affected cerebellar 

region, which is more pronounced in ANPC than Npc1-null mice. More recently, a 

number of studies have indicated that proteolytic cleavage of tau protein, in addition to 

enhanced phosphorylation, may have a role in the degeneration of neurons (44-46). Our 

results showed that levels of caspase-cleaved tau are markedly increased in the 

cerebellum, but not hippocampus, of ANPC and Npc1-null mice (Fig. 3.8A-D). The 

relative change, however, was more obvious in ANPC than Npc1-null mice. At the 

cellular level, cleaved tau immunoreactivity was evident only in the Purkinje cells of the 

ANPC and Npc1-null mice but not in WT, APP-Tg or Dhet mice (Fig. 3.8E-G). 

 
Increased activity and cytosolic levels of cathepsin D: Several studies have shown that 

up-regulation of lysosomal enzymes within lysosomes can prevent sub-lethal damage 

(47), whereas lysosomal rupture leading to sustained release of enzymes into the cytosol 

can induce cell death via cytochrome c release from mitochondria (38, 48, 49). To 

determine the potential involvement of the lysosomal enzymes in ANPC mice, we 

measured the level/activity and subcellular distribution of cathepsin D in all five lines of 

mice [(Figs. 3.9A-F, 3.20A,B (i.e. Suppl. Fig.5)]. Our results clearly showed that 

cathepsin D levels and activity were significantly higher in the hippocampus and even 

more pronounced in the cerebellum of ANPC and Npc1-null mice compared to other 

lines of mice (Fig. 3.9A-D). It is of interest to note that the activity of this enzyme was 

found to be increased more profoundly in ANPC cerebellum compared to Npc1-null mice 

(Fig. 3.9D). Our subcellular fractionation results further revealed that cytosolic cathepsin 

D levels were higher in the cerebellum of ANPC and Npc1-null mice compared to WT 

mice (Fig. 3.9F). Similar to cathepsin D, the levels of cytochrome c and Bax, but not AIF, 

were increased in the cerebellar cytosolic fraction of ANPC and Npc1-null mice 

compared to other lines [(Figs. 3.9F, 3.20B (i.e. Suppl. Fig.5)]. The relative change was 

found to be more obvious in the ANPC than Npc1-null mice (Fig. 3.9F). In contrast to the 

cerebellum, alterations in hippocampal cytosolic cathepsin D, cytochrome c and Bax 

levels were less apparent in ANPC and Npc1-null mice compared to WT mice [(Figs. 

3.9E, 3.20A (i.e. Suppl. Fig.5)]. It is also of interest to note that changes observed in the 
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hippocampus did not reveal as much variation between ANPC and Npc1-null mice as 

evident in the cerebellum. The cytosolic levels of cathepsin D, cytochrome c and Bax in 

APP-Tg and Dhet mice did not differ from the WT mice in either brain regions [(Fig. 

3.20A,B (i.e. Suppl. Fig.5)]. 

 
Effect of 2-HPC treatment: To determine whether lowering cholesterol accumulation 

can attenuate the aforementioned abnormalities, we injected WT, Npc1-null and ANPC 

mice with 2-HPC or saline at postnatal day 7 and then evaluated their behavioral and 

pathological features at 4 or 7 weeks of age. The ANPC and Npc1-null mice treated with 

2-HPC lived significantly longer than their respective saline-injected mice (ANPC 

median survival: 103 days vs. 69 days; Npc1-null median survival: 107 days vs. 85 days) 

(Fig. 3.10A). Additionally, our results clearly showed that 2-HPC treatment can lead to 

significant improvement in the motor and cognitive performances of 7-week-old ANPC 

and Npc1-null mice compared to the respective saline-treated genotypes (Fig. 3.10B,C). 

 
At the cellular level, we observed that 2-HPC treatment was able to sequester 

filipin-labeled cholesterol accumulation in most neurons in 4-week old ANPC and Npc1-

null mice (Fig. 3.11A-H). Accompanying these changes, the number of surviving 

Purkinje cells in treated ANPC and Npc1-null mice, albeit significantly lower than WT 

mice, was found to be doubled compared to the saline-injected ANPC and Npc1-null 

mice (Fig. 3.12A-E). Our immunohistochemical analysis further showed a significant 

decrease in the activation of GFAP-labeled astrocytes and Iba1-labeled microglia in both 

hippocampus and cerebellum of 2-HPC-treated ANPC and Npc1-null mice compared to 

respective saline-treated animals (Fig. 3.13A-P). The beneficial effects of 2-HPC were 

also reflected with a substantial increase in CNPase immunoreactivity, suggesting 

preservation of brain myelination (Fig. 3.13Q-X). Interestingly, 2-HPC treatment, as 

evident from our western blot analysis, markedly attenuated the enhanced levels of 

phospho-ERK1/2 in the cerebellum of ANPC and Npc1-null mice (Fig. 3.14A,B). This 

was accompanied by a parallel increase in total tau and a decrease in cleaved tau levels in 

the cerebellum of 2-HPC-treated ANPC and Npc1-null animals compared to the 

respective saline-injected genotypes (Fig. 3.15A-B). 
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Figure 3.1: A, PCR analysis of tail biopsy DNA from WT (lane 1), APP-Tg (lane 2), Dhet (lane 3), Npc1-
null (lane 4) and ANPC (lane 5) mice for human APP transgene (upper panel) and mouse Npc1 gene (lower 
panel). In APP PCR, presence of a band indicates the presence of the transgene while its absence indicates 
lack of the human transgene. For Npc1 PCR, presence of the lower band indicates the wild-type allele and 
the upper band indicates the knocked-out allele. B, Immunoblotting showing profiles of APP and Npc1 
expression in different genotypes as detected with APP C-terminal (Y188) antibody reactive against mouse 
and human APP (upper panel) and C-terminal Npc1 antibody (lower panel), respectively. The APP-Tg, 
Dhet and ANPC mice, as expected, exhibit higher levels of APP expression over WT and Npc1-null mice 
harboring only the mouse APP holoprotein. Immunoblotting with the Npc1 antibody revealed the presence 
of normal levels of Npc1 protein in WT and APP-Tg mice, ~50% of the normal levels in Dhet mice and its 
absence in ANPC and Npc1-null mice. Anti β-actin antibody was used to monitor an equal loading of 
proteins. C, Percent survival curves (Kaplan-Meier survival analysis) of different genotypes (WT=205, 
APP-Tg =186, Dhet=198, Npc1-null=126 and ANPC=106 animals) showing that ANPC mice have a 
significantly (P<0.0001) reduced survival compared to mice of other genotypes. D, Weight curves for WT, 
APP-Tg, Dhet, Npc1-null and ANPC assessed between 7-70 days of age. ANPC mice show a significantly 
reduced body weight compared to other genotypes.  
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Figure 3.2: A-C, Cognitive and motor behavioral analysis at 7- and 10-weeks of age in WT, APP-Tg, 
Dhet, Npc1-null and ANPC mice. A, ANPC mice exhibit a profound deficit in 3-hr object recognition 
memory test at 7 and 10 weeks of age, whereas the APP-Tg, Dhet and Npc1-null mice show a significant 
deficit only at 10 weeks of age. Values are means ± SEM of memory index scores, with n=6-10 for each 
genotype. B, Histograms showing the average latency to fall from an accelerating rotarod for WT, APP-Tg, 
Dhet, Npc1-null and ANPC mice at 7- and 10-weeks of age. ANPC mice exhibited significant motor 
impairment at 7 weeks which progressively worsened by 10 weeks. Npc1-null mice exhibit significant 
motor impairment only at 10 weeks, whereas APP-Tg and Dhet mice did not display any impairment at 
either 7 or 10 weeks of age. Data are means ± SEM of all trials performed on final test day, with n = 6-10 
for each genotype. C, Histograms showing alternation coefficient representing gait asymmetry in all five 
genotypes of mice as assessed by measurement of right hind paw stride length. The WT, APP-Tg and Dhet 
mice exhibited a normal alternating gait at both 7 and 10 weeks of age. The ANPC mice showed severe gait 
abnormalities at 7 and 10 weeks of age, whereas Npc1-null mice displayed gait disturbances only at 10-
weeks. Data are means ± SEM of alternation coefficients, with n = 6-10 for each genotype. *, P<0.05. 
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Figure 3.3: A-J, Bright-field photomicrographs showing GFAP-positive astrocytes in the hippocampus (A-
E) and cerebellum (F-J) of 4-week old WT (A, F), APP-Tg (B, G), Dhet (C, H), Npc1-null (D, I) and 
ANPC (E, J) mice. Note the relative increase in intensity of GFAP immunoreactivity in the hippocampus 
and cerebellum of ANPC compared to other genotypes. K-L, Immunoblots and respective histograms 
showing GFAP levels in the hippocampus (K) and cerebellum (L) of 4-, 7- and 10-week old WT, APP-Tg, 
Dhet, Npc1-null and ANPC mice. Protein levels were normalized to β-actin. Note the relative increase in 
hippocampal and cerebellar GFAP levels in ANPC mice over other genotypes at different age groups. 
Values are means ± SEM; n = 4-6 animals per genotype and age group. *, P<0.05. 
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Figure 3.4: A-J, Bright-field photomicrographs showing Iba1-positive microglia in the hippocampus (A-E) 
and cerebellum (F-J) of 4-week old WT (A, F), APP-Tg (B, G), Dhet (C, H), Npc1-null (D, I) and ANPC 
(E, J) mice. Note the relative change in intensity and morphology of microglia in the hippocampus and 
cerebellum of ANPC compared to other genotypes. K-L, Immunoblots and respective histograms showing 
Iba1levels in the hippocampus (K) and cerebellum (L) of 4-, 7-, and 10-week old WT, APP-Tg, Dhet, 
Npc1-null and ANPC mice.  Protein levels were normalized to β-actin. Note the relative increase in 
hippocampal and cerebellar Iba1 levels in ANPC mice over other genotypes at different age groups. Values 
are means ± SEM; n = 4-6 animals per genotype and age group. *, P<0.05. 
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Figure 3.5: A-J, Bright-field photomicrographs showing CNPase-positive oligodendrocytes in the 
hippocampus/cortex (A-E) and cerebellum (F-J) of 4-week old WT (A, F), APP-Tg (B, G), Dhet (C, H), 
Npc1-null (D, I) and ANPC (E, J) mice. Note the relative decrease in intensity of CNPase 
immunoreactivity in the hippocampus/cortex and cerebellum of ANPC compared to WT, APP-Tg, Dhet 
and Npc1-null mouse brains. K-L, Immunoblots and respective histograms showing CNPase levels in the 
hippocampus (K) and cerebellum (L) of 4-, 7-, and 10-week old WT, APP-Tg, Dhet, Npc1-null and ANPC 
mice. Protein levels were normalized to β-actin. Note the relative decrease in CNPase levels in the 
hippocampus/cortex and cerebellum of ANPC mice compared to other genotypes at different age groups. 
Values are means ± SEM; n = 4-6 animals per genotype and age group. *, P<0.05. 



158 
 

 
 
Figure 3.6: A-E, Photomicrographs showing NeuroTrace-labeled hippocampal sections from mice of 
different genotypes at 7 weeks of age. No apparent loss of neurons was evident in the hippocampus of 
ANPC (E) compared to WT (A), APP-Tg (B), Dhet (C) and Npc1-null (D) littermates. F-J, 
Photomicrographs showing calbindin-positive cerebellar Purkinje cell layer (Pcl) from 7 week old mice of 
different genotypes. Note the relative loss of Purkinje cells in Npc1-null (I) and ANPC (J) mice compared 
to WT (F), APP-Tg (G), Dhet (H) mice. K-L, Quantitative analysis of neuronal density in the hippocampal 
CA1 region (K) and cerebellar Pcl (L) of APP-Tg, Dhet, Npc1-null and ANPC brains expressed as 
percentage of WT. Note the significant loss of cerebellar Purkinje cells (L) but no alteration in the 
hippocampal neurons (K) in Npc1-null and ANPC mice compared to other genotypes. The magnitude of 
Purkinje cell loss was more profound in ANPC than age-matched Npc1-null mice. M-R, Photomicrographs 
showing co-localization of cleaved caspase-3 (green) with calbindin-positive (red) Purkinje cells in WT, 
Npc1-null and ANPC cerebellum. M, O and Q represent the cleaved caspase-3 labeling in WT, Npc1-null 
and ANPC respectively, while N, P, R are the merged images. CA1-CA3, Cornu Ammonis 1-3; DG, 
Dentate Gyrus. Values are means ± SEM.*, P<0.001. 
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Figure 3.7: A-D, Immunoblot analysis of tau kinases in the hippocampus (A, C) and cerebellum (B, D) of 
7-week old WT, APP-Tg, Dhet, Npc1-null and ANPC mice. Phospho-ERK1/2 levels were significantly 
increased in the cerebellum (B, D) but not in the hippocampus (A, C) of ANPC mice compared to other 
genotypes. The cerebellum of Npc1-null mice also showed a significant increase in phospho-ERK1/2 levels 
compared to other genotypes but is less pronounced than ANPC mice (B, D). Quantitative analysis of Cdk5 
levels normalized to β-actin showed no significant alteration between the genotypes either in the 
hippocampal (A, C) or cerebellar (B, D) brain regions.  Immunoblotting using p35 antibody indicate a 
decrease in p35 levels in the cerebellum of ANPC and Npc1-null mice relative to WT, APP-Tg and Dhet 
mice (B, D). No alteration in p35 levels was observed in the hippocampus between the genotypes (A, C). 
Values are means ± SEM; n = 4-6 animals per genotype. *, P<0.05. 
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Figure 3.8: A-D, Immunoblot analysis of total, phospho and cleaved tau levels in the hippocampus (A, C) 
and cerebellum (B, D) of 7-week old WT, APP-Tg, Dhet, Npc1-null and ANPC mice. Total tau was 
detected by Tau-5 (phospho-independent anti-tau antibody) and Tau-1(dephosphorylated tau at serines 195, 
198, 199 and 202) antibodies, whereas phospho-tau was detected using AT 100 (T212, S214 and T217) and 
PHF1 (S396/S404) antibodies. Note the decrease in total tau levels in the cerebellum (B) but not in the 
hippocampus (A) of Npc1-null and ANPC mice compared to WT, APP-Tg and Dhet mice. Quantitative 
analysis of phospho-tau levels normalized to total tau showed hyperphosphorylation of tau protein 
specifically in the cerebellum of Npc1-null and ANPC mice compared to other genotypes (C, D). The 
increased level of phospho-tau was more pronounced in the ANPC than Npc1-null mice. Caspase cleaved 
tau level showed marked increase in the cerebellum (B, D) but not in the hippocampus (A, C) of Npc1-null 
and ANPC mice than WT, APP-Tg and Dhet mice. The alteration in the levels of cleaved tau was found to 
be more pronounced in ANPC mice than Npc1-null mice. E-G, Representative images from WT (E), Npc1-
null (F) and ANPC (G) cerebellar sections showing immunolabeling for cleaved Tau. Values are means ± 
SEM; n = 4-6 animals per genotype. *, P<0.05.  
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Figure 3.9: A-B, Immunoblots and respective histograms showing increased mature Cat D levels in the 
hippocampus (A) and cerebellum (B) of 7-week old ANPC and Npc1-null mice compared to age-matched 
WT, APP-Tg and Dhet mice. Note the relatively greater fold increase in Cat D levels in the cerebellum than 
the hippocampus of ANPC and Npc1-null mice compared to other genotypes. Protein levels were 
normalized to β-actin. C-D, Histograms showing Cat D enzyme activity in the hippocampus (C) and 
cerebellum (D) of 7-week old APP-Tg, Dhet, Npc1-null and ANPC mice expressed as percentage of 
activity in WT. Note the relatively greater increase in Cat D activity in the hippocampus and cerebellum of 
ANPC mice compared to other genotypes. E-F, Representative immunoblots showing subcellular 
distribution of Cat D, Cyto c, Bax and AIF in the hippocampus (E) and cerebellum (F) of 7-week old WT, 
Npc1-null and ANPC mice. Note the relatively higher cytosolic levels of Cat D, Cyto c, and Bax in the 
cerebellum than the hippocampus of Npc1-null and ANPC mice compared to WT. Immunoblots for 
GAPDH, N-cadherin and Histone 3 represent the loading controls for the cytosolic, membrane and nuclear 
fractions respectively. Cat D, Cathepsin D; Cyto c, Cytochrome c; Bax, Bcl-2-associated X protein; AIF, 
Apoptosis Inducing Factor; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase. Histograms values 
represent means ± SEM; n = 4-6 animals per genotype. *, P<0.05. 



162 
 

 
 
Figure 3.10: A-C, Effect of 2-hydroxypropyl-β-cyclodextrin (2-HPC) treatment on survival, cognitive and 
motor analysis in ANPC and Npc1-null mice. A, Survival curve showing that 2-HPC treatment 
significantly prolonged the life of both ANPC and Npc1-null mice (p≤0.0001 by log rank test) compared to 
saline-treated mice. B and C, Histograms showing that 2-HPC treatment significantly improved the 
performance of Npc1-null and ANPC mice in 3-hr object recognition memory (B) and rotarod (C) tests 
compared to their respective saline-treated control groups but had no effect on the WT animals. Values are 
means± SEM, with n = 6-10 for each group. *, P<0.05. 



163 
 

 

 
 
Figure 3.11: A-H, Effect of 2-hydroxypropyl-β-cyclodextrin (2-HPC) treatment on cholesterol 
accumulation in Npc1-null and ANPC mice. Filipin labeling in the hippocampal (A, B, C, D) and cerebellar 
(E, F, G, H) brain sections of Npc1-null (A, B, E, F) and ANPC (C, D, G, H) mice revealed no apparent 
cholesterol accumulation in 2-HPC-treated mice compared to saline-treated control mice. n = 3-4 animals 
per treatment group.  
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Figure 3.12: A-E, Photomicrographs and histograms showing the effect of 2-hydroxypropyl-β-
cyclodextrin (2-HPC) treatment on the cerebellar Purkinje cell viability in Npc1-null and ANPC mice. A-
D, Representative cerebellar sections from 7 week old saline- (A, C) and 2-HPC- (B, D) treated Npc1-null 
(A, B) and ANPC (C, D) mice showing calbindin-positive Purkinje cell layer. E, Quantitative analysis 
revealed a significant increase in the survival of cerebellar Purkinje cells in 2-HPC-treated Npc1-null and 
ANPC mice compared to respective saline-treated control mice. Values are means ± SEM, with n = 3-4 
animals for each group. *, P<0.05. 
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Figure 3.13: A-X, Photomicrographs showing the effect of 2-hydroxypropyl-β-cyclodextrin (2-HPC) 
treatment on different glial markers in the hippocampus and cerebellum of Npc1-null and ANPC mice. 
Note the attenuation in the proliferation/activation of GFAP-labeled astrocytes (A-H) and Iba1-labeled 
microglia (I-P) in the hippocampus (A, B, E, F, I, J, M, N) and cerebellum (C, D, G, H, K, L, O, P) of 2-
HPC-treated Npc1-null (B, D, J, L) and ANPC (F, H, N, P) mice compared to respective saline-treated 
control (A, C, E, G, I, K, M, O) mice. The expression of CNPase-immunoreactive oligodendrocytes was 
found to be increased in the hippocampus (Q, R, U, V) and cerebellum (S, T, W, X) of 2-HPC-treated 
Npc1-null (R, T) and ANPC (V, X) mice compared to respective saline-treated control (Q, S, U, W) mice. 
n = 3-4 animals per treatment group. 
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Figure 3.14: A and B, Immunoblot analysis showing the effect of 2-hydroxypropyl-β-cyclodextrin (2-
HPC) treatment on phospho-ERK1/2 levels in Npc1-null and ANPC mice. A, Representative immunoblots 
illustrating reversal in the increase of phospho-ERK1/2 levels in 7 week old Npc1-null and ANPC 
cerebellum following 2-HPC treatment. B, Quantitative analysis of phospho-ERK1/2 normalized to total 
ERK levels illustrating significant down-regulation in phosho-ERK1/2 levels in 2-HPC-treated Npc1-null 
and ANPC compared to their respective saline-treated groups. Values are means ± SEM, with n = 4 for 
each group. *, P<0.05. 
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Figure 3.15: A and B, Immunoblot analysis showing the effect of 2-hydroxypropyl-β-cyclodextrin (2-
HPC) treatment on total, phospho and cleaved tau levels in Npc1-null and ANPC mice. A, Representative 
immunoblots illustrating reversal in the decrease of total tau but no alterations in phospho-tau levels in 7 
weeks old Npc1-null and ANPC cerebellum following 2-HPC treatment. Increased levels of caspase-
cleaved tau were also attenuated in 2-HPC-treated Npc1-null and ANPC mice compared to their respective 
saline treated control mice. B, Quantitative analysis showing reduced phospho-tau/total tau ratio and 
cleaved tau products in the cerebellum of 2-HPC-treated 7 week old Npc1-null and ANPC compared to 
their respective saline-treated groups. Values are means ± SEM, with n = 4 for each group. *, P<0.05. 
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Figure 3.16: Suppl. Figure 1; A-C, Open-field activity assessed at 7- and 10-weeks of age in WT, APP-Tg, 
Dhet, Npc1-null and ANPC mice. (A) Walking was significantly reduced in ANPC and Npc1-null mice 
compared to other genotypes both at 7 and 10 weeks of age. (B) Rearing was significantly decreased in 7 
and 10 week old ANPC mice as well as 10 week old Npc1-null mice compared to WT, APP-Tg and Dhet 
genotypes. (C) Period of inactivity was significantly enhanced in ANPC mice at both 7 and 10 weeks of 
age. Npc1-null mice showed significantly enhanced periods of inactiveness during the test period only at 10 
weeks but not at 7 weeks compared to WT, APP-Tg and Dhet genotypes. Data represent means ±  SEM 
with n = 6-10 for each genotype. *, P<0.05. 
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Figure 3.17: Suppl. Figure 2; A-J, Photomicrographs showing filipin staining of unesterified cholesterol in 
the hippocampal pyramidal (Py) neurons (A-E) and cerebellar Purkinje cell layer (Pcl) (F-J) of 4-week old 
WT, APP-Tg, Dhet, Npc1-null and ANPC mice. Accumulation of unesterified cholesterol is evident in the 
hippocampus and cerebellum of Npc1-null (D, I) and ANPC (E, J) mice but not in WT (A, F), APP-Tg (B, 
G) or Dhet (C, H) mice. K-M, Histograms showing total cholesterol levels in the hippocampus and 
cerebellum of 4-, 7-, and 10-week old WT, APP-Tg, Dhet, Npc1-null and ANPC mice as measured by gas 
chromatography. No significant alteration in cholesterol levels was evident in any brain region between 
different lines of mice at any age-group. Values are means ± SEM; n = 4 animals per genotype and age 
group. 
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Figure 3.18: Suppl. Figure 3; A and B, Immunoblots and respective histograms depicting synaptophysin 
(SYNP) levels in the hippocampus (A) and cerebellum (B) of 4-, 7- and 10-week old WT, APP-Tg and 
Dhet, Npc1-null and ANPC mice. Note the significant decrease in SYNP levels in Npc1-null and ANPC 
cerebellum at 10-weeks compared to other lines of mice. C and D, Immunoblots and respective histograms 
showing the decreased levels of PSD-95 in 10-week hippocampus (C) and 7- and 10-week cerebellum (D) 
of Npc1-null and ANPC mice compared to age-matched WT, APP-Tg and Dhet mice. Values are means ± 
SEM; n = 4-6 animals per genotype and age group. 
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Figure 3.19: Suppl. Figure 4; A and B, Immunoblot analysis of phospho-Tyr216GSK-3β and anti-GSK-3β 
levels in 7-week old WT, APP-Tg and Dhet, Npc1-null and ANPC mice hippocampus (A) and cerebellum 
(B). Quantitative analysis revealed no significant alteration in phospho-Tyr216GSK-3β level in the 
hippocampus or cerebellum between the different genotype combinations. Values are means ± SEM; n = 4-
6 animals per genotype and age group. *, P<0.05. 



172 
 

 

 
 
Figure 3.20: Suppl. Figure 5; A and B, Immunoblots showing subcellular distribution of Cat D, Cyto c, 
Bax and AIF in the hippocampus (A) and cerebellum (B) of 7-week old WT, APP-Tg and Dhet mice. None 
of these proteins show any alteration in their levels in the different subcellular compartments when 
compared between the genotypes. Immunoblots for GAPDH, N-cadherin and Histone represent the loading 
controls for the cytosolic, membrane and nuclear fractions respectively. Cat D, Cathepsin D; Cyto c, 
Cytochrome c; Bax, Bcl-2-associated X ptotein; AIF, Apoptosis Inducing Factor; GAPDH, 
Glyceraldehyde-3-Phosphate Dehydrogenase. 
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3.4 Discussion 
Using a new line of bigenic ANPC mice, the present study shows that overexpression of 

APP in the absence of functional Npc1 protein can significantly decrease longevity, 

impair motor and object recognition memory functions, exacerbate glial pathology and 

accelerate degeneration of neurons. This is accompanied by altered function of the 

endosomal-lysosomal system and increased phosphorylation and cleavage of tau protein. 

Neuropathological abnormalities are more profound in the cerebellum, exhibiting a 

significant loss of neurons compared to the relatively spared hippocampus in ANPC 

mice. This is supported by results which showed that: i) proliferation of astrocytes and 

microglia and loss of myelin are notably higher in the cerebellum than the hippocampus, 

ii) phosphorylation and cleavage of tau protein are selectively enhanced in the cerebellum 

and iii) cytosolic levels of cathepsin D, cytochrome c and Bax are increased more 

predominantly in the cerebellum than the hippocampus. It is also of interest to note that 

cerebellar dysfunctions in ANPC mice are conspicuously more severe than in Npc1-null, 

Dhet, APP-Tg and WT mice. Reversal of accumulated cholesterol by 2-HPC treatment 

not only prolongs life-span but also attenuates behavioral and glial pathology in ANPC 

mice. This is accompanied by enhanced survival of neurons and decreased 

phosphorylation/cleavage of tau protein. Collectively, these results suggest that 

overexpression of APP in Npc1-null mice can influence longevity as well as a wide 

spectrum of behavioral and neuronal abnormalities associated with NPC disease, whereas 

reversal of cholesterol accumulation is beneficial in attenuating these abnormalities. 

 

 Multiple lines of evidence have shown that elevated cholesterol levels can 

influence APP metabolism as well as AD-related pathology (50). Conversely, APP-Tg 

mice exhibit altered levels of lipids surrounding plaque cores that may have a role in the 

dynamic of amyloid aggregation (51). The present study clearly reveals that APP 

overexpression did not elicit any obvious alterations in either intracellular accumulation 

or total levels of cholesterol in Npc1-null mice. This could possibly reflect a 

compensatory adjustment where increased cholesterol levels in the cell bodies are 

obscured by its reduction in myelin, the major repository of cholesterol in the central 

nervous system (26). Overexpression of APP, however, drastically reduces the life-span 



174 
 

of Npc1-null mice along with a progressive decline in their body weight. This is 

interesting in context of the results which showed that decreasing de novo cholesterol 

synthesis/turnover by deleting the 24-hydroxylase gene can prolong the life-span of APP-

Tg mice (52). Accompanying the mortality rate, object recognition memory and a 

spectrum of sensorimotor functions including locomotor activity and gait coordination 

are impaired earlier in ANPC mice than Npc1-null, APP-Tg, Dhet and WT mice. Given 

the evidence that all these mice were generated on the same outbred genetic background, 

the behavioral changes observed in ANPC mice most likely reflect the influence of APP 

overexpression in the context of an Npc1-null genotype, rather than the coincident 

segregation of (hypothetical) modifier genes. Prior studies have reported motor 

impairments in Npc1-null mice (41) and object memory deficits in APP-Tg mice without 

any evidence of motor dysfunction (30). Our results, however, reveal that overexpression 

of APP induces early motor and object memory deficits in Npc1-null mice compared to 

other littermates. While object memory relies on the integrity of entorhinal-hippocampal 

circuitry (53), the cerebellum is known to play a critical role in regulating normal motor 

activity (39, 54). The early manifestation of behavioral deficits in ANPC mice possibly 

relates to their neuropathological abnormalities that precede those found in Npc1-null and 

APP-Tg mice.  

 

 Earlier studies have shown activation of both astrocytes and microglia in APP-Tg 

and Npc1-null mice, but loss of myelin only in Npc1-null mice (5, 10, 55). The overall 

glial pathology in ANPC mice is markedly exacerbated at the earlier stages compared to 

other littermates, whereas at the later stages it varies from other genotypes except Npc1-

null mice. This suggests that APP overexpression may induce early glial activation in 

Npc1-null mice which can subsequently influence disease pathology. This is partly 

reflected in the loss of cerebellar Purkinje cells which is more severe in ANPC than in 

Npc1-null mice. Interestingly, hippocampal neurons, even though they accumulate 

cholesterol, are found to be relatively spared in ANPC mice as observed in Npc1-null 

mice. It is possible that these neurons are being protected against toxic insult by an up-

regulation of survival mechanisms as demonstrated in mutant APP-Tg mice (56) or they 

might be vulnerable if the animals would have lived longer.  
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 Most APP-Tg mice do not exhibit any overt loss of neurons, but there is evidence 

that defective steroidogenesis (57), abnormal lipid trafficking (58) and production of 

inflammatory molecules (10) from glia can negatively affect NPC disease progression 

and neuronal viability. This is supported by the observation that an astrocyte-targeted 

Npc1 transgene can enhance lifespan and decrease neurodegeneration in Npc1-null mice 

(59). However, two independent studies using a mouse chimera (60) or a conditional 

knock-out of Npc1 (39) have demonstrated cell autonomous death of Purkinje neurons. 

Additionally, neuron-targeted Npc1 gene expression was able to protect neurons and 

prolong life-span in Npc1-null mice (61), suggesting the loss of Npc1 function in neurons 

rather than glia may be responsible for the loss of neurons in ANPC mice.  

 

 At present, the precise mechanism that may underlie degeneration of neurons in 

either AD or NPC brain remains unclear, but there is evidence of up-regulation of 

lysosomal enzymes in “at-risk” neurons in both the diseases (7, 62). This is substantiated 

by our study which shows an increased level and activity of the cathepsin D both in the 

hippocampus and cerebellum of ANPC and Npc1-null mice. Our subcellular data, on the 

other hand, show that cytosolic levels of cathepsin D are markedly increased in the 

cerebellum, but only slightly increased in the relatively spared hippocampus of Npc1-null 

and ANPC mice compared to WT controls. This is accompanied by a parallel increase in 

the cytosolic levels of cytochrome c and Bax in the cerebellum of Npc1-null and ANPC 

mice. The magnitude of cytosolic cathepsin D level, in keeping with the loss of neurons, 

is found to be markedly higher in ANPC than Npc1-null mice. There is evidence that 

increased activity of enzymes within lysosomes or limited release of enzymes into the 

cytosol can prevent sub-lethal damage, whereas sustained release of the enzymes into the 

cytosol can induce cell death (47, 48). Thus, it is likely that enhanced levels of cathepsin 

D in the hippocampus may counter cellular abnormalities resulting from APP 

overexpression/cholesterol accumulation or may not reach levels necessary to mediate 

cell death.  On the other hand, larger increases in cytosolic levels of the enzyme in the 

cerebellum, resulting from lysosomal destabilization, may lead to death of neurons. This 

is supported by two lines of evidence: i) Purkinje cells, but not hippocampal neurons, are 

labeled with cleaved caspase-3 in ANPC and Npc1-null mice and ii) cytosolic cathepsin 
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D levels did not differ in hippocampus or cerebellum among APP-Tg, Dhet and WT 

mice, which do not exhibit any loss of neurons. 

 

 Apart from lysosomal dysfunction the presence of tau-positive NFTs represents a 

striking similarity between AD and NPC pathologies (15, 16). The formation of tangles 

resulting from phosphorylation of tau protein has been implicated in the degeneration of 

neurons in many taupathies including NPC and AD brains by triggering loss of 

microtubule binding and impaired axonal transport (63). Tau phosphorylation is usually 

mediated in a site-specific manner by various kinases including ERK1/2, GSK-3β and 

Cdk-5 (64, 65). Although tau is known to be phosphorylated in APP-Tg and Npc1-null 

mice there is no evidence of its association to the loss of neurons or tangle formation in 

any regions of the brain (66-68). Our results clearly show that while the total tau levels 

are decreased, phospho-tau levels in relation to total tau are increased in the cerebellum 

but not in the hippocampus of ANPC and Npc1-null mice. These changes are 

significantly higher in ANPC than Npc1-null mice and are accompanied by an increase in 

phospho-ERK1/2 and a decrease in p35 levels. Since partial or complete loss of tau 

expression can reduce life-span and exacerbate pathology in Npc1-null mice (69) and 

inhibitors of Cdk-5 can attenuate tau phosphorylation as well as the phenotype in Npc1-

null mice (41, 70), it is likely that alterations in the levels and phosphorylation of tau in 

the cerebellum of ANPC and Npc1-null mice may be involved in the loss of Purkinje 

neurons. Additionally, we showed that caspase-cleaved tau levels are selectively 

increased and expressed in the Purkinje neurons of ANPC and Npc1-null mice. Since 

truncated tau generated by caspases tends to assemble more rapidly into filaments than 

full-length tau (71, 72) and is able to trigger neurodegeneration by reducing the pool of 

full length tau available for binding to microtubules (44-46), it is likely that cleaved tau in 

ANPC and Npc1-null mice may also contribute to the loss of Purkinje neurons. 

 

 Since neuropathological abnormalities in mutant ANPC mice were evident 

primarily in brain regions that are preferentially vulnerable to cholesterol accumulation in 

NPC pathology, we treated the animals with 2-HPC - which binds to cholesterol and 

facilitates its exit from lysosomes even in the absence of functional Npc1 protein (73). A 
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number of recent studies have shown that single or repeated administration of 2-HPC can 

increase life-span, delay motor impairments and reduce neuronal cholesterol 

accumulation in Npc1-null mice. Additionally, 2-HPC treatment is able to attenuate 

degeneration of neurons as well as glial pathology in Npc1-null mice (33-35, 74). Our 

results also clearly show that single systemic administration of 2-HPC at postnatal day 7 

can not only prevent cholesterol accumulation but can also prolong the life-span and 

attenuate both motor and object recognition memory deficits in ANPC and Npc1-null 

mice. Additionally, a marked reduction in the glial pathology and protection of Purkinje 

cells are apparent in 2-HPC-treated ANPC and Npc1-null mice compared to respective 

saline-treated mice. These cellular changes are accompanied by significant reversal of 

phospho-ERK1/2 levels as well as phosphorylation and cleavage of tau in the cerebellum 

of ANPC and Npc1-null mice. Given the beneficial effects of a single injection, it would 

be of interest to determine whether repeated injections of 2-HPC over time can 

completely prevent the dysfunction associated with ANPC mice. Nevertheless, our results 

clearly show that overexpression of APP in Npc1-null mice can negatively influence 

longevity as well as a spectrum of behavioral and neuropathological features that can be 

reversed markedly by 2-HPC treatment. Additionally, this study raises the possibility of a 

functional interaction between APP and NPC1 that may have a role in the development of 

both AD and NPC diseases. 
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Chapter 4: Endolysosomal Cholesterol Sequestration Affects Generation 

and Clearance of Amyloidogenic Peptides of Alzheimer’s Disease 
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4.1 Introduction 

Alzheimer’s disease (AD), the most common form of dementia affecting the elderly, is 

characterized by the presence of intracellular tau-positive neurofibrillary tangles, 

extracellular β-amyloid (Aβ)-containing neuritic plaques and the loss of neurons in 

selected brain regions such as hippocampus, cortex and certain subcortical nuclei (1, 2). 

Studies of the pathological changes, and several other lines of evidence, indicate that in 

vivo accumulation of Aβ peptide may contribute to/trigger the loss of neurons and 

development of pathology associated with the AD brain (3). These peptides are generated 

from the amyloid precursor protein (APP) which is processed either by non-

amyloidogenic α-secretase or amyloidogenic β-secretase pathways (2, 4). The α-secretase 

cleaves APP within the Aβ domain, yielding soluble APPα and a 10kD C-terminal 

fragment (α-CTF) that can be further processed by γ-secretase to generate Aβ17-40/Aβ17-42 

fragments. The β-secretase, on the other hand, cleaves APP to generate soluble APPβ and 

an Aβ-containing C-terminal fragment (β-CTF), which is subsequently processed via γ-

secretase to yield full-length Aβ1-40/Aβ1-42 peptides. While α-secretase processing occurs 

mostly in the secretory pathway, the endosomal-lysosomal system is known to play a 

critical role in the production of Aβ peptides. The alternative processing of APP can be 

regulated by multiple factors that influence not only the generation of Aβ peptide but also 

the development and/or progression of AD pathology (4). 

 

A number of earlier studies have indicated that cholesterol can influence APP 

processing leading to the generation of Aβ peptides. This is supported by evidence that i) 

an increase in cellular cholesterol up-regulates, whereas a decrease down-regulates, Aβ 

generation in cultured neurons/cell lines (5, 6) and ii) a high-cholesterol diet can increase 

brain Aβ levels and deposition, whereas a low-cholesterol diet can decrease levels and 

deposition of Aβ peptides in mutant APP transgenic (Tg) mice (5, 7, 8). In contrast to the 

amyloidogenic processing of APP, some studies have found that increased plasma 

cholesterol may be associated with unchanged (9) or reduced (10, 11) Aβ levels, while 

lowering plasma cholesterol may either not affect (12) or elevate (13, 14) brain Aβ levels. 

These paradoxical results were obtained either under in vitro conditions or using in vivo 

models where cholesterol levels were modulated by dietary intake. Since cholesterol in 
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the brain is synthesized de novo and plasma-lipoproteins are unable to cross the blood-

brain barrier, it is important to determine how alterations in cholesterol level and its 

subcellular distribution within neurons can influence production/secretion of Aβ-related 

peptides.  

 

Under normal conditions, mature neurons depend on exogenous cholesterol 

derived from astrocytes to maintain its function. Cholesterol taken up by neurons is first 

delivered to the EL system where it is hydrolyzed by acid lipase resulting in the release of 

free cholesterol. Subsequently, cholesterol exits the EL system via a Niemann-Pick type 

C (NPC) 1 and 2 protein-dependent mechanism and distributed to other compartments 

including the endoplasmic reticulum and plasma membrane. Given the evidence that EL 

system acts as a major site of APP metabolism and exhibits marked changes in “at risk” 

neurons prior to extracellular Aβ deposition in AD brains, it is of critical relevance to 

establish how alteration in the cholesterol levels within the EL system can influence 

production and clearance of Aβ peptides. In this study, we have addressed this issue by 

using a new line of transgenic mice as well as stable cell lines which express mutant 

human APP in the absence of Npc1 protein that is required for normal intracellular 

cholesterol transport. Mice deficient in Npc1 protein not only accumulate cholesterol 

within the EL system but also exhibit progressive loss of neurons in selected brain 

regions, most predominantly in the cerebellum – thus providing a suitable model to 

evaluate how accumulation of cholesterol can regulate APP levels and processing under 

in vivo conditions. In parallel, we used the stable cell line to define the mechanisms by 

which cholesterol accumulation can influence APP metabolism at the cellular level. Our 

results clearly show that cholesterol accretion within EL system did not affect APP levels 

but increased APP-CTFs and Aβ levels that can render the cells vulnerable to toxicity. 

Additionally, we observed that cholesterol accumulation can impair autophagosomal but 

not proteasomal clearance of APP-CTFs and Aβ-related peptides.   
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4.2 Materials and Methods 

Reagents: NuPAGE 4-12% Bis-Tris gels, Alexa Fluor 488/594 conjugated secondary 

antibodies, ProLong Gold antifade reagent, DNase I, oligo(dT)12-18 primers, 

SuperScriptTM II Reverse Trancriptase and ELISA kits for the detection of human Aβ1-40 

and Aβ1-42 were purchased from Life technologies, Corp. (Burlington, ON, Canada). The 

DNA and RNA isolation kits were from Qiagen, Inc. (Missisauga, ON, Canada), whereas 

iQTM SybrGreen supermix was from Bio-Rad Laboratories, Ltd. (Missisauga, ON, 

Canada). All genotyping and real-time PCR primers were from Integrated DNA 

Technologies, Inc. (Coralville, IA, USA). Filipin, chloroquine and γ-secretase inhibitors 

(DAPT and L-685,458) were obtained from Sigma-Aldrich, Co. LLC. (Oakville, ON, 

Canada). The bicinchoninic acid (BCA) protein assay kit and enhanced 

chemiluminescence (ECL) kit were from ThermoFisher Scientific Inc. (Nepean, ON, 

Canada). Vivaspin filtration columns were from GE Healthcare Ltd. (Missisauga, ON, 

Canada), OxyblotTM protein oxidation kit, BIV BACE1 inhibitor and proteasomal 

inhibitor (MG132) were from EMD Millipore Corp (Billerica, MA, USA). Proteasome 

fluorogenic substrates were from Enzo Life Sciences, Inc. (Ann Arbor, MI, USA). 

Sources of all the primary antibodies used in the study are listed in Table 4.1. All 

horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from 

Santa Cruz Biotechnology (Paso Robles, CA, USA). All other chemicals were from 

Sigma-Aldrich or ThermoFisher Scientific.  

 

Mice: Mutant human APPKM670/671NL+V717F Tg mice (APP-Tg) maintained on a 

C3H/C57BL6 background (15) were crossed with heterozygous Npc1-deficient mice 

maintained on a BALB/c background (16, 17) to generate bigenic APP+/0Npc1-/- (APP-Tg 

and Npc1-null: ANPC), APP+/0Npc1+/- (Double heterozygous: Dhet), APP+/0Npc1+/+ 

(APP-Tg) and APP-/-Npc1+/+ (Wild-type: WT) mice on a C3H/C57BL6/BALB/c 

background as described recently (18). Both males and females of different genotypes 

obtained from the same breeding pairs were used in the study. All animals, maintained on 

a 12h light/dark cycle, were bred and housed in our own colony with access to food and 

water ad libitum. The maintenance of the breeding colony and experiments involving 

these animals were performed in accordance with Institutional and Canadian Council of 
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Animal Care guidelines. All mice were genotyped by PCR analysis of tail DNA twice, 

initially at weaning at 21 days of age and later confirmed at euthanisation before being 

used for a given experiment as described earlier (18). 

 

Cell culture, development of stable cell lines and drug treatments: Mouse Neuro2a 

(N2a) neuroblastoma cells stably overexpressing human Swedish mutant (K670N, 

M671L) APP (N2aAPPsw, clone Swe.10) were the generous gift of Dr. G. Thinakaran 

(The University of Chicago, IL, USA). The cells were maintained in N2a growth medium 

in 5% CO2/95% air at 37°C as described earlier (19). Stable N2aAPPsw cell lines 

expressing reduced levels of Npc1 protein (referred to as N2a-ANPC) were generated by 

targeting the mRNA with Npc1 shRNA lentiviral particles and puromycin selection 

according to manufacturer’s instructions (Santa Cruz Biotechnology). As for controls, 

N2aAPPsw cells were transduced with shRNA lentiviral construct enconding a scrambled 

sequence, referred to hereafter as N2a-APP cell lines. Stable shRNA expression clones 

were maintained in puromycin (5μg/ml) containing N2a growth medium. Cultured N2a-

APP and N2a-ANPC cells were treated with H2O2 (0-500μM), MG132 (10μM), 

chloroquine (50μM), γ-secretase inhibitor DAPT (1μM) or BACE1 inhibitor BIV (10μM) 

in the growth medium for different periods of time. In some experiments, cultured cells 

were first treated with BIV (10μM) and/or DAPT (1μM) for 24h and then exposed to 0-

500μM H2O2 for 3h. After treatments, cells were harvested according to specific 

experimental protocol or stored at -80°C until further use. 

 

Real-time PCR: Cellular RNA from cerebellar tissues of different mouse genotypes (i.e., 

WT, APP-Tg, Dhet and ANPC mice) or cultured N2a-APP as well as N2a-ANPC cells 

was isolated using an RNeasy lipid tissue mini kit and an RNeasy RNA extraction kit, 

respectively. RNA concentrations were determined using a Nanodrop spectrophotometer. 

A total of 2μg extracted RNA was DNaseI-treated and reverse transcribed using 

oligo(dT)12-18 primers and SuperScriptTM II Reverse Trancriptase. Quantitative real-time 

PCR was carried out with the iQTM SybrGreen supermix using a MyiQTM Cycler with iQ5 

real-time detection system (Bio-rad Laboratories Ltd., Missisauga, ON, Canada). Primer 

sequences used in the study are as follows: APP (forward, 5’-GCCAAAGAGACATGCA 
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GTGA-3’ and reverse, 5’-CCAGACATCCGAGTCATCCT-3’), Npc1 (forward, 5’-

CACCAATCCTGTAGAGCTCTG-3’ and reverse, 5’-GGAAGGTGATCACAAGCG 

CGG-3’) and β-actin (forward, 5’-AGCCATGTACGTAGCCATCC-3’ and reverse, 5’-

CTCTCAGCTGTGGTGGTGAA-3’). Real-time PCR primers were designed to span 

regions of both human and mouse APP and were synthesized by the Integrated DNA 

Technologies, Inc (Coralville, IA, USA). Each sample was assayed in duplicate and the 

levels of mRNA were normalized to β-actin mRNA levels. 

 

Western blotting: Western blotting was performed on brain cerebellar regions of 4 and 

10 week old ANPC and their littermate genotypes (n = 4-6 animals/genotype/age group) 

and cultured cells as described earlier (18, 20). In brief, mouse cerebellar tissues and 

cultured cells were homogenized in ice-cold RIPA lysis buffer and protein content was 

determined using a BCA kit. A total of 15-20μg protein was separated on 7-17% 

polyacrylamide or NuPAGE 4-12% Bis-Tris gels, transferred to polyvinylidene fluoride 

membranes and then incubated overnight at 4°C with either anti-APP, anti-ADAM10, 

anti-BACE1, anti-nicastrin, anti-PS1, anti-Pen2, anti-APH1, anti-sAPPα, anti-sAPPβ, 

anti-β-amyloid (6E10), anti-LC3, anti-p62, anti-ubiquitin antisera at dilutions listed in 

Table 4.1. On the following day, membranes were incubated with appropriate HRP-

conjugated secondary antibodies (1:5000) and immunoreactive proteins were visualized 

using an ECL detection kit. All Blots were re-probed with anti-β-actin antibody and 

quantified using a MCID image analyzer (Imaging Research, Inc., St Catherines, ON, 

Canada) as described earlier (18). 

 

Immunostaining and filipin labeling: Mice from different genotypes (i.e., WT, APP-Tg, 

Dhet and ANPC mice; 3-5 animals/genotype) were fixed by perfusion in 4% 

paraformaldehyde and their cerebellar sections (20μm) were processed using a free-

floating procedure (18). For subcellular localization of antigens, brain sections were 

incubated overnight at 4°C with a combination of anti-APP or anti-Aβ and anti-Rab5, 

anti-Rab7 or anti-cathepsin D antibodies at dilutions listed in Table 4.1. The sections 

were then exposed to appropriate Alexa Fluor 488/594-conjugated secondary antibodies 

(1:1000) for 2 h, washed and mounted with ProLong Gold antifade medium. For triple 
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labeling with filipin, sections were incubated with 25µg/ml filipin in PBS for 30 min in 

the dark after the initial double labeling. Immunostained sections were visualized using a 

Zeiss LSM 710 confocal microscope and the images were acquired with a Zeiss confocal 

scanning laser using a 63x 1.4 numerical aperture Plan Apochromat oil-immersion lens. 

All images were deconvoluted using Huygens Elements XI software and % of co-

localization was quantified using the Imaris 7.5.1 software.  

For visualization of unesterified cholesterol accumulation in stable N2a-APP as 

well as N2a-ANPC clones, cells grown on coverslips were fixed in 4% PFA, washed in 

PBS and then incubated with 25μg/ml filipin in PBS for 1h in the dark at room 

temperature. Following washing, cells were mounted and examined using a Zeiss 

Axioskop-2 microscope (Carl Zeiss Canada Ltd). 

 

In vitro γ-secretase activity assays: The γ-secretase activity assay was performed on 

crude membrane fractions as described previously (21), with minor changes. Cultured 

cells or brain tissue were homogenized in 10mM Tris-HCl (pH 7.4) containing 1mM 

EDTA and protease inhibitor cocktail and then centrifuged to remove nuclei and cell 

debris. The supernatant was further centrifuged at 100,000 g for 1h at 4°C to separate the 

membrane fraction, which was solubilized in the homogenization buffer containing 1% 

CHAPSO at 4°C for 1h and then 50μg of protein was used to measure the γ-secretase 

activity. The assay was performed in 50mM Tris-HCl (pH 6.8), 2mM EDTA and 0.25% 

CHAPSO with 8μM fluorogenic γ-secretase substrate in a 200μl reaction volume. The 

fluorescence was measured at an excitation wavelength of 355nm and emission 

wavelength of 440nm at 37°C and the specific activity was determined by incubating a 

parallel set of samples with 100μM γ-secretase inhibitor L-658,458. All samples were 

assayed in duplicate and results presented were obtained from 3 independent 

experiments.  

 

ELISA for Aβ1-40 and Aβ1-42: Cellular Aβ in cultured cells or cerebellum of ANPC, APP-

Tg, Dhet and WT mice were solubilized in 5M guanidine (Gdn)-HCl/50mM Tris-HCl 

(pH 8.0) buffer for 4h (15), centrifuged at 16,000g for 20mins and then assayed for 

human Aβ1-40 or Aβ1-42 levels using commercially available ELISA kits. For the 
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measurement of secreted Aβ in the conditioned media, cells were grown to 80-90% 

confluency, rinsed with PBS and incubated in 6ml of serum-free Opti-MEM I for 3h. 

Subsequently the conditioned media collected from these cells were concentrated using 

Vivaspin-6 filtration columns and then assayed for human Aβ1-40 or Aβ1-42 levels using 

the ELISA kits. All samples were assayed in duplicate and each experiment was repeated 

2-3 times. The OD values obtained from each well were converted to pg/ml according to 

the respective standard curve.  

 

Viability of Cultured cells: Viability of N2a-APP and N2a-ANPC cells treated with 

H2O2 in the presence or absence of various drugs was determined using the colorimetric 

MTT assay (22). Control and drug-treated culture plates were first replaced with new 

medium containing 0.25% MTT and then incubated for 3h at 37°C. The reaction was 

terminated and measured spectrophotometrically at 570nm. The experiment was repeated 

three to four times in triplicate. 

 

Detection of proteasomal activities: Brain cerebellar tissue samples and cultured cells 

were homogenized in an ice-cold lysis buffer containing 20mM Tris-HCl (pH 7.2), 1mM 

EDTA, 1mM sodium azide, 1mM DTT, 0.1% NP40 and a cocktail of protease inhibitors. 

Homogenates were centrifuged and supernatants were used for determination of 

proteasome peptidase activities. Proteasome fluorogenic substrates i.e. Suc-LLVY-AMC, 

Boc-LRR-AMC and Z-LLE-AMC were used to estimate chymotryptic-like, tryptic-like 

and peptidyl-glutamyl peptide hydrolyzing (PGPH)-like proteasomal activities, 

respectively (23). Assays were carried out in a 150μL reaction volume containing 10μg 

proteasome extract and 13μM of the respective fluorogenic substrate for 30 min at 37°C. 

The cleavage rate of substrates was determined using an M5 plate reader at an 

excitation/emission wavelength of 390nm/460nm. All samples were assayed in triplicate 

and specific proteasome activity expressed as fluorescence units/μg protein/min was 

determined after subtracting the value obtained in the presence of 1μM proteasomal 

inhibitor MG132 (23). 
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Detection of oxidative stress: Cerebellar tissues from 4- and 10-week old WT, APP-Tg, 

Dhet and ANPC mouse brains were assayed for protein carbonyl content using the 

OxyblotTM protein oxidation detection kit (EMD Millipore, Co). Briefly, 20μg protein 

from each tissue extract homogenized in ice-cold RIPA lysis buffer were denatured with 

SDS, derivatized by incubation with 2,4-dinitrophenylhydrazine and then treated with 

neutralization solution. The samples were subsequently separated by electrophoresis and 

blotted onto membranes. Modified protein carbonyls were detected using rabbit anti-DNP 

antiserum and HRP-conjugated goat anti-rabbit IgG provided with the kit. All blots were 

re-probed with anti-β-actin to monitor equal protein loading. 

 

Statistical analysis: The data are expressed as mean ± S.E.M and were analyzed using 

one-way ANOVA followed by Newman-Keuls post-hoc analysis or using unpaired two-

tailed Student’s t-test with significance set at p < 0.05. All analyses were performed using 

GraphPad Prism software. 
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Table 4.1: Details of the primary antibodies used in the study 

Antibody Type 
IF 
Dilution 

WB 
Dilution 

Source 

ADAM10 Polyclonal n/a 1:2000 EMD Millipore Co. 

APH1 Polyclonal n/a 1:500 1Dr. G.Thinakaran 

APP (clone Y188) Monoclonal 1:250 1:5000 Abcam Inc. 

BACE1 Polyclonal n/a 1:1000 Abcam Inc. 

Cathepsin D (CatD) Polyclonal 1:200 n/a Santa Cruz Biotechnology, Inc. 

LC3 Polyclonal n/a 1:1000 MBL International Corp. 

Nicastrin Polyclonal n/a 1:500 Santa Cruz Biotechnology, Inc. 

p62 (Sequestosome-1) Monoclonal n/a 1:1000 EMD Millipore Co. 

Pen2 Polyclonal n/a 1:2000 1Dr. G.Thinakaran 

PS1-N-terminal fragment 

(PS1-NTF) 

Polyclonal n/a 1:3000 1Dr. G.Thinakaran 

Proteasome subunit beta  

type 2 (β2) 

Monoclonal n/a 1:1000 Abcam Inc. 

Rab5 Polyclonal 1:200 n/a Abcam Inc. 

Rab7 Polyclonal 1:500 n/a Sigma-Aldrich, Inc. 

sAPPα (2B3) Monoclonal n/a 1:1000 IBL Co., Ltd 

sAPPβ-sw (6A1) Monoclonal n/a 1:3000 IBL Co., Ltd 

Ubiquitin Polyclonal n/a 1:200 Santa Cruz Biotechnology, Inc. 

β-amyloid, 1-16 (6E10) Monoclonal 1:1000 1:3000 Covance Corp. 

β-amyloid, 17-24 (4G8) Monoclonal 1:1000 n/a Covance Corp. 

IF, immunofluorescence; WB, western blotting; n/a, not used in that specific application; 1The University 
of Chicago, IL, USA. 
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4.3 Results 

Cholesterol sequestration causes accumulation of APP-CTFs and Aβ peptides: We 

have recently generated a bigenic ANPC mouse which overexpresses mutant human APP 

in the absence of Npc1 protein by crossing the well-established APP-Tg mice (i.e., 

TgCRND8) with heterozygous Npc1-deficient mice. These ANPC mice, like the 

TgCRND8 mice, exhibit cognitive deficits and extracellular Aβ deposits without any 

overt loss of hippocampal neurons. On the other hand, like the Npc1-null mice, these 

mice exhibit accumulation of unesterified cholesterol within the EL system and 

progressive loss of cerebellar Purkinje cells accompanied by severe motor impairments. 

These mice usually survive ~11 weeks, with mortality rates increasing drastically from 

the 8th week onwards. The overall phenotype of ANPC mice was found to be more severe 

than either APP-Tg or Npc1-null mice. To determine how cholesterol accumulation 

within the EL system of ANPC mice could affect APP metabolism, we first determined 

APP mRNA and holoprotein expression in cerebellum of ANPC mice compared to WT, 

APP-Tg and Dhet littermates. Real-time qPCR analysis showed no significant alteration 

in APP mRNA level in ANPC mice compared to APP-Tg or Dhet littermates at any age 

(Fig. 4.1A). Consistent with these data, APP holoprotein levels measured using a C-

terminal APP antibody (which recognizes both mouse and human APP) did not exhibit 

any variation between APP-Tg, Dhet or ANPC mice (Fig. 4.1B). The net level of APP 

holoprotein, as expected, was markedly higher in APP-Tg, Dhet and ANPC mice 

compared to WT mice.  

 

In the absence of any alteration in APP expression, we evaluated levels of APP 

cleaved products in ANPC mouse brains compared to the other genotypes. Analysis of 

APP-CTFs generated by α- and β-secretase cleavage showed that levels of α-CTF were 

increased only at 10 weeks, while β-CTF levels were enhanced in both 4- and 10-week 

cerebellum of ANPC mice compared to other mouse lines (Fig. 4.1C). However, the 

levels of the soluble sAPPα or sAPPβ were not altered at any age group in ANPC mice 

compared to other lines (Fig. 4.1D). The levels of total human Aβ1-40 (Fig. 4.1E) and Aβ1-

42 (Fig. 4.1F), as detected by ELISA, were significantly increased over time in the 

cerebellum of ANPC compared to age-matched APP-Tg and Dhet mice. However, no 
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Aβ-containing plaques were evident in the cerebellum of ANPC mice, albeit they were 

detected in the hippocampus as well as cortex at 10 weeks of age [Fig. 4.12A,B (i.e. 

Suppl. Fig.1)]. As anticipated, tissues from WT mice did not exhibit any Aβ signal above 

background. These results clearly revealed that cholesterol accumulation in the EL 

system in ANPC mouse cerebellum caused a progressive accumulation of APP-CTFs and 

Aβ peptides in the absence of any significant alteration in APP holoprotein or soluble 

APP levels. 

 

At the cellular level, APP-CTF immunoreactivity, as detected by APP C-terminal 

antibody (clone Y188), exhibited diffuse, finely granular labeling in the cerebellar 

neurons of the WT, APP-Tg and Dhet mice, whereas in ANPC mice it is evident as 

coarse granules or larger patches. Our double labeling studies (Fig. 4.2A-J) showed that 

Y188 immunoreactivity mostly colocalized with Rab5- and Rab7-positive early-/late-

endosomal compartments (Fig. 4.2,A,C) but not with cathepsin D-positive vesicles in 

APP-Tg (Fig. 4.2,E) as well as in WT and Dhet (not shown) mouse brains. In ANPC 

mice, Y188 immunoreactivity was evident mostly in Rab5-positive early-endosomes and 

to some extent in Rab7-positive late-endosomes (Fig. 4.2B,D). Interestingly, 

colocalization of Y188 immunoreactivity with Rab5-positive early endosomes was found 

to be significantly higher in ANPC mice compared to the APP-Tg mice (mean ± SEM: 

ANPC = 61.54 ± 3.932; APP-Tg = 43.33 ± 2.929; p = 0.003). The majority of cathepsin 

D-positive lysosomes were free of Y188-labeled APP-CTFs (Fig. 4.2F). Interestingly, 

filipin labeled unesterified cholesterol was found to be colocalized with cathepsin D but 

not with APP-CTFs (see Fig. 4.2H,J) in the cerebellum of ANPC mice. However, a 

subset of cathepsin D vesicles that were free of unesterified cholesterol showed APP-CTF 

immunoreactivity in the cerebellum of ANPC mice (Fig. 4.2F,H,J). At the cellular level, 

neurons of the cerebellum of ANPC mice, as detected by 4G8 antibody, exhibited more 

intense Aβ-immunoreactivity compared to WT, Dhet or APP-Tg mice, possibly due to 

increased levels of the peptides (Fig. 4.3A-H). Similar to APP-CTF immunoreactivity, 

our double labeling studies using 4G8 and antibodies for organelle-specific markers 

revealed that 4G8 immunoreactivity resided primarily in Rab5-positive early-endosomes 

(Fig. 4.3A,B) and to a lesser extent in Rab7-positive late-endosomes (Fig. 4.3C,D), but 
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rarely in cathepsin D-positive lysosomes (Fig. 4.3E,F) in the cerebellar neurons of APP-

Tg as well as ANPC mice. Also similar to Y188 immunoreactivity, 4G8 

immunoreactivity residing in the Rab5-positive early endosomal compartment was found 

to be significantly higher in ANPC mice compared to the APP-Tg littermates (mean ± 

SEM: ANPC = 44.17 ± 1.537; APP-Tg = 35.34 ± 1.591; p = 0.004). Moreover, 4G8-

positive areas overlapped substantially with Y188-positive areas in ANPC cerebellar 

neurons but less so in APP-Tg mice, suggesting that the accumulated APP fragments 

contained both the Aβ domain and the extreme C-terminal fragments of APP. 

Considering the elevated levels of APP-CTFs and Aβ peptides in ANPC cerebellum in 

absence of any alteration in full-length APP levels, it is likely that accumulated 4G8 and 

Y188 antigen in our immunolabeling studies are Aβ and APP-CTFs, and not APP.  

 

To determine the mechanisms by which cholesterol sequestration can alter APP 

metabolism, we knocked down Npc1 expression by sequence specific shRNAs in N2a 

cells stably overexpressing Swedish mutant APP. The knock down efficacy was validated 

by measuring Npc1 mRNA and protein levels in Npc1-shRNA (i.e. N2a-ANPC) vs 

control-shRNA (i.e. N2a-APP) transduced clones (Fig. 4.4A,B). Our filipin staining of 

unesterified cholesterol revealed bright, dense labeling in N2a-ANPC cells compared to 

the control N2a-APP cells, indicating that depletion of Npc1 triggers intracellular 

accumulation of cholesterol (Fig. 4.4C). Interestingly, the levels of APP-CTFs, but not 

full-length APP, were also significantly increased in N2a-ANPC cells as observed in 

ANPC mouse brains (Fig. 4.4D,E). ELISA-based analysis of the Aβ levels in the GnHCl 

extracted cell lysate preparations revealed a marked increase in intracellular Aβ1-40 

(~50%) as well as Aβ1-42 (~30%) levels (Fig. 4.4F). However, we did not observe any 

alterations in the levels of sAPP (i.e., sAPPα and sAPPβ) or Aβ (i.e, Aβ1-40 and Aβ1-42) 

peptides in the conditioned media of N2a-ANPC vs N2a-APP cells, thus suggesting that 

cholesterol sequestration following Npc1 depletion did not influence secretion of soluble 

APP or Aβ-related peptides (Fig. 4.4G,H). These results complement our in vivo data 

showing that cholesterol accumulation induced by Npc1-deficiency might not affect APP 

processing in the secretory pathway.  
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Cholesterol sequestration affects proteolytic processing of APP: The observation that 

Npc1 depletion resulted in differential levels of intracellular and secretory APP cleaved 

products led us to investigate its effect on the various secretases involved in APP 

processing (Fig. 4.5A-D). The steady state levels of α-secretase ADAM10, but not the β-

secretase BACE1, was found to be significantly decreased in the cerebellum of 4- and 10-

week ANPC mice compared to APP-Tg and Dhet mice (Fig. 4.5A,B). In cultured N2a-

ANPC cells, however, we did not observe any significant alteration of either ADAM10 or 

BACE1 levels compared to control N2a-APP cells (Fig. 4.5C,D). 

 

Since decreased levels/activity of γ-secretase could also lead to accumulation of 

APP-CTFs, we subsequently determined the impact of Npc1 depletion on the γ-secretase 

complex (Fig. 4.6A-E). The steady state levels of PS1 and nicastrin were significantly 

increased in the cerebellum of ANPC mice at both 4 and 10 weeks of age compared to 

APP-Tg and Dhet mice (Fig. 4.6A,B). Consistent with the steady state peptide levels, the 

activity of the γ-secretase complex was also significantly increased in ANPC mouse 

cerebellum compared to other genotypes at 10 weeks of age (Fig. 4.6D). Under in vitro 

conditions, however, we did not observe any alteration in the levels of nicastrin, PS1, 

APH1 or Pen2, in N2a-ANPC cells compared to N2a-APP cells (Fig. 4.6D). However, 

the activity of the γ-secretase complex showed a non-significant increasing trend in N2a-

ANPC cells compared to the N2a-APP cells (Fig. 4.6E), suggesting that observed APP-

CTFs accumulation in these cells is probably not mediated by inhibition of γ-secretase 

complex. These data, taken together, suggest that differential regulatory pathways may be 

involved in triggering accumulation of APP-CTFs observed under in vivo and in vitro 

conditions.  

 

Cholesterol sequestration does not affect the proteasomal activity: Previous studies have 

shown that APP-CTFs and many other core proteins involved in Aβ production are 

degraded by a ubiquitin-proteasome pathway - which plays an important role in the 

turnover of short-lived nuclear and cytosolic proteins (24, 25). To determine whether the 

increased accumulation of APP-CTFs was the consequence of impaired proteasomal 

activity, we measured chymotrypsin-like, trypsin-like or peptidyl-glutamyl peptide-
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hydrolyzing (PGPH)-like activities in the cerebellum of WT, APP-Tg, Dhet and ANPC 

mice (Fig. 4.7A). However, no significant alteration was evident in ANPC mice 

compared to other genotypes. Additionally, we did not observe any variation in the 

catalytic β2 subunit levels of the ubiquitin proteasome system in either 4 or 10 week 

cerebellum of ANPC compared to WT, APP-Tg and Dhet mice (Fig. 4.7B). Under in 

vitro paradigms, we also did not observe any alterations in chymotrypsin-like, trypsin-

like or PGPH-like activities between N2a-ANPC vs N2a-APP cells (Fig. 4.7C). 

Furthermore, N2a-APP and N2a-ANPC cells, when treated with the established 

proteasomal inhibitor MG132 for different periods (1h – 6h) of time, showed a time-

dependent increase in the levels of ubiquitinated proteins without any significant 

difference between the two cell lines (Fig. 4.7D). Thus, accumulation of APP-CTFs or 

Aβ-related peptides observed under in vivo or in vitro paradigms following cholesterol 

sequestration may not be the consequence of decreased proteasomal activity. 

 

Influence of lysosomal and autophagosomal inhibition upon APP-CTFs levels: The 

autophagic-lysosomal system, the principal “self-clearance machinery” serves as a vital 

pathway for degrading normal and aggregated proteins within cells (26, 27). There is 

evidence of three types of autophagy that are involved in the clearance mechanism: 

macroautophagy, microautophagy and chaperone-mediated autophagy. The 

macroautophagy, hereafter referred to as autophagy, is characterized by the formation of 

a double-membrane autophagosome containing macromolecules and cell organelles that 

fuses with lysosomes to degrade its contents. In microautophagy, macromolecules and 

small organelles enter lysosomes through invagination of the membranes for degradation 

within the lumen, while in chaperone-mediated autophagy cytosolic proteins containing a 

KFERQ motif are transported by specific chaperone proteins to the lysosomal lumen for 

degradation. Interestingly, some recent studies have shown that certain ubiquitinated 

proteins are constitutively degraded by the autophagic-lysosomal pathway rather than the 

proteasomal system either due to misfolding, insolubility or other unknown reasons (26, 

27). This is partly supported by evidence that some ubiquitinated proteins that are 

conjugated with p62, a protein involved in the formation of autophagosomes, are believed 

to be degraded by autophagy rather than by the proteasome (28). 
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Evidence accumulated from in vitro and in vivo studies suggests that altered 

function of the autophagic-lysosomal system may have a critical role in the generation 

and/or clearance of APP-CTFs and Aβ-related peptides observed in AD pathology (29). 

To determine whether increased accumulation of APP-CTFs and Aβ-related peptides are 

the consequence impaired activity of the autophagic-lysosomal system, we evaluated the 

steady state levels of the autophagic markers LC3-II and p62 in the cerebellum of WT, 

APP-Tg, Dhet and ANPC mice. While p62 levels were increased only at 10 weeks, LC3-

II levels were enhanced in both 4- and 10-week cerebellum of ANPC mice compared to 

other mouse lines (Fig. 4.8A,B). Interestingly, the levels of LC3-II were found to be 

increased with age, thus raising a possibility of progressive accumulation of autophagic 

vacuoles – which could be due to decreased lysosomal flux and/or increased production 

of autophagosomes by cholesterol sequestration. Apart from autophagic markers, we also 

observed a significant increase in the levels of ubiquitinated proteins in the cerebellum of 

ANPC mice compared to APP-Tg and Dhet mice only at 10 weeks but not 4 weeks of age 

(Fig. 4.8C,D). Since proteasomal activity is not altered in the cerebellum of ANPC mice, 

it is likely that the accumulation of ubiquitinated proteins is the consequence of the 

abnormal autophagic-lysosomal system which is known to degrade certain ubiquitin-

containing misfolded and/or aggregated proteins.  

 

To determine whether impairment of autophagic-lysosomal function can lead to 

accumulation of APP-CTFs and Aβ peptides, we treated N2a-APP and N2a-ANPC cells 

for different times (2h – 10h) with chloroquine - a lysosomotropic agent which prevents 

the fusion of autophagosomes with lysosomes and subsequent autophagic degradation 

(30). As expected, chloroquine induced a time-dependent increase in LC3-II levels, 

suggesting decreased clearance of autophagic vacuoles associated with lysosomal 

dysfunction (Fig. 4.9A). In parallel, we observed a concomitant increase in APP-CTF 

levels in both cell lines, but the increase was evident earlier in N2a-APP cells (i.e., at 2h) 

than in N2a-ANPC cells (i.e., 5h and/or 10h) (Fig. 4.9A-C). Given the evidence that 

intracellular cholesterol accumulation can influence lysosomal acidification (31) as 

observed following chloroquine treatment (30), the delayed effects of the lysosomotropic 
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agent on APP-CTF levels in N2a-ANPC supports abnormalities in the lysosomal 

degradation pathway. 

 

Accumulation of APP-CTFs and Aβ increases vulnerability to toxic insults: Several 

lines of evidence suggest that oxidative stress may play a role in the degeneration of 

neurons observed in NPC as well as AD pathology (32-34). This is substantiated by our 

results from oxyblot experiments which showed a significant increase in levels of protein 

carbonyl, a marker of oxidative stress, in the cerebellar region of 10 weeks but not of 4 

week old ANPC mice compared to age-matched WT, APP-Tg and Dhet mice (Fig. 

4.10A,B). Although there is evidence that intracellular accumulation of Aβ-related 

peptides and β-CTFs can directly induce neurodegeneration or render cells vulnerable to 

toxicity (35-37), their potential involvement in cholesterol-induced oxidative stress 

remains unclear. Thus, as a first step, we measured the viability of cultured N2a-ANPC 

and N2a-APP cells following exposure to different doses of H2O2. Our results clearly 

showed that N2a-ANPC cells are significantly more vulnerable to oxidative stress than 

N2a-APP cells following 3h exposure to H2O2 (Fig. 4.11A). Additionally, we observed 

that toxicity induced by H2O2 was markedly attenuated when the cells were pre-treated 

for 24h with β-secretase or γ-secretase inhibitors (Fig. 4.11B,C) thus suggesting that 

accumulated APP-CTFs and Aβ-related peptides may have a critical role in mediating 

toxicity. 
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Figure 4.1: Enhanced levels of APP-CTFs and Aβ in ANPC mouse brains. (A) Real-time PCR analysis of 
APP mRNA levels in 4- and 10-week cerebellum showing no significant alteration in the APP transcript 
level in ANPC mice compared to APP-Tg or Dhet mice. (B) Representative immunoblots and histograms 
showing no significant change in APP holoprotein (~98 kD) expression as detected by APP C-terminal 
specific antibody (clone Y188) in the cerebellum of 4- and 10-week old WT, APP-Tg, Dhet and ANPC 
mice. (C) Immunoblots and respective histograms depicting an age-dependent increase in α-CTF (̴10kDa) 
and β-CTF (̴12 kDa) levels in the cerebellum of ANPC compared to APP-Tg and Dhet mice. (D) 
Immunoblots and respective histograms showing no change in soluble APPα (sAPPα) and soluble APPβ 
(sAPPβ) levels at 4- and 10-week cerebellum of ANPC mice compared to APP-Tg and Dhet mice. (E, F) 
Graphs showing an age-dependent increase in human Aβ1-40 (E) and Aβ1-42 (F) levels in ANPC cerebellum 
compared to APP-Tg and Dhet mice between 4 and 10 weeks of age as quantified by ELISA. All 
immunoblots were reprobed with β-actin antibody to monitor equal loading of proteins. Values represent 
the means ± SEM; n = 4-10 animals per genotype and age group. *, p < 0.05; **, p < 0.01; ***, p < 0.001.   
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Figure 4.2: APP-CTFs accumulate in 
endosomal compartments but do not co-
localize with filipin. (A-D) Representative 
confocal images of cerebellar Purkinje cells 
in APP-Tg and ANPC mice brains showing 
the localization of Y188-labeled APP-CTFs 
in Rab5- (A, B) and Rab7- (C, D) positive 
early- and late-endosomal vesicles, 
respectively. (E-J) Double/triple labeling of 
ANPC cerebellar neurons with Cathepsin D 
(Cat D), Y188 and filipin reveals that 
majority of the Cat D-containing vesicles 
accumulate filipin-labeled cholesterol but 
not APP-CTFs (F, H, J; arrows), whereas a 
subset of Cat D-containing vesicles which 
are free of filipin-labeled cholesterol 
contains APP-CTFs (F, H, J; arrowheads). 
Note that filipin-labeled cholesterol 
accumulation occurred only in ANPC but 
not in APP-Tg mouse brains. The 
fluorescence labeling of the primary 
antibodies used is indicated in respective 
font colors. Scale bar, 5 μm.  
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Figure 4.3: Aβ-deposits reside in 
endosomal compartments in 
association with APP-CTFs. (A-F) 
Representative confocal images of 
cerebellar Purkinje cells in APP-Tg 
and ANPC mouse brains showing 
the localization of 4G8-labeled Aβ 
peptides mostly in Rab5- (A, B) 
and Rab7- (C,D) positive early- 
and late-endosomal vesicles 
respectively, but not in Cathepsin 
D (Cat D)-positive (F, F) vesicles. 
(G, H) 4G8-labeled Aβ peptides 
were co-localized with Y-188-
labeled APP-CTFs more 
predominantly in ANPC (H) 
compared to APP-Tg (G) 
cerebellar sections. The 
fluorescence labeling of the 
primary antibodies used is 
indicated in respective font colors. 
Scale bar, 5 μm. 
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Figure 4.4: Npc1 knockdown in N2aAPP cells triggers cholesterol sequestration and enhanced the levels of 
APP-CTFs and Aβ without any alteration in APP holoprotein level. N2a cells overexpressing mutant 
human APP695 were transduced with shRNA lentiviral particles specifically directed against Npc1. (A, B) 
Npc1 mRNA (A) and protein levels (B) normalized to the respective β-actin levels in knocked down N2a-
ANPC cells relative to control N2a-APP cells as determined by quantitative real-time PCR and western blot 
analysis respectively depicting the efficiency of shRNA reduction. (C) Filipin labeling showing 
sequestration of unesterified cholesterol following Npc1 reduction in N2a-ANPC cells compared to N2a-
APP control cells. (D) Representative immunoblots and histograms showing no alteration in APP 
holoprotein level in N2a-APNC cells relative to N2a-APP cells. (E) Immunoblots and histograms 
illustrating an increase in α-CTF and β-CTF levels in N2a-APNC cells relative to N2a-APP cells. (F) 
Increased intracellular levels of human Aβ1-40 and Aβ1-42 in N2a-APNC cells relative to N2a-APP cells as 
detected by ELISA. (G) Immunoblots and histograms showing no alteration in secreted soluble APPα 
(sAPPα) and soluble APPβ (sAPPβ) levels in N2a-APNC cells relative to N2a-APP cells. (H) Histograms 
showing no significant alteration in secreted human Aβ1-40 and Aβ1-42 levels in N2a-APNC cells relative to 
N2a-APP cells as detected by ELISA. Values represent the means ± SEM of 3-4 independent experiments. 
*, p < 0.05; **, p < 0.01; ***, p < 0.001.  
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Figure 4.5: Effect of cholesterol accumulation on α- and β-secretases. (A, B) Immunoblots and respective 
histograms showing significant decrease in mature ADAM10 (~60 kDa; A) but no alteration in BACE1 
(~70 kDa; B) steady-state levels in the cerebellum of 4- and 10-week old ANPC mice compared to WT, 
APP-Tg and Dhet mice. Values are means ± SEM from n = 4-6 animals per genotype/age group. (C, D) 
Immunoblots and respective histograms showing no significant alteration in mature ADAM10 (C) or 
BACE1 (D) levels in N2a-ANPC cells compared to N2a-APP controls. Protein levels were normalized to 
respective β-actin levels. Values are means ± SEM from 3 independent experiments. *, p < 0.05. 
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Figure 4.6: Effect of cholesterol sequestration on γ-secretase level and activity. (A, B) Immunoblots and 
respective histograms showing significant increase in presenilin 1 N-terminal fragment (PS1-NTF, ~27 
kDa; A) and nicastrin (~110 kDa; B) steady-state levels in the cerebellum of 4- and 10-week old ANPC 
mice compared to WT, APP-Tg and Dhet mice. Protein levels were normalized to respective β-actin levels. 
(C) Histograms showing increased γ-secretase specific activity in cerebellar homogenates of ANPC mice at 
10 weeks of age compared to the age-matched WT, APP-Tg and Dhet mice. Values are means ± SEM from 
n = 4 animals per genotype/age group. (D) Immunoblots and respective histograms showing no significant 
alteration in presenilin 1 (PS1-NTF), nicastrin, APh-1 or Pen-2 levels in N2a-ANPC cells compared to 
N2a-APP controls. Protein levels were normalized to respective β-actin levels. (E) Histograms showing an 
increasing trend (which did not reach statistical significance level) in γ-secretase activity in N2a-ANPC 
cells compared to N2a-APP controls. Values are means ± SEM from 3 independent experiments for culture 
studies. *, p < 0.05.  
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Figure 4.7: Proteasomal activity is not affected by cholesterol sequestration. (A) Histograms depicting the 
20S proteasomal chymotrypsin-like, trypsin-like and PGPH activity in the cerebellar homogenates of 10 
week old WT, APP-Tg, Dhet and ANPC mice without any significant variation between the genotypes. (B) 
Immunoblots and respective histograms showing no significant alteration in the proteasome β-2 subunit 
levels in the cerebellum of 4- and 10-week old ANPC mice compared to WT, APP-Tg and Dhet mice. 
Protein levels were normalized to respective β-actin levels. Values are means ± SEM from n = 4 animals 
per genotype/age group. (C) Histograms showing no significant alteration in the 20S proteasomal 
chymotrypsin-like, trypsin-like and PGPH activity in the N2a-ANPC cells compared to N2a-APP controls. 
Values are means ± SEM from 3 independent experiments. (D) Representative immunoblot from 3 
independent experiments illustrating similar accumulation of ubiquitinated proteins in N2a-APP and N2a-
ANPC cells following inhibition of proteasomal activity by MG132 (10μM) treatment for different periods 
of time. β-actin was used as a loading control. 
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Figure 4.8: Impaired autophagic clearance in ANPC cerebellum. (A, B) Immunoblots and respective 
histograms showing progressive accumulation of LC3-II (~15 kDa; A) and p62 (~62 kDa; B) in the 
cerebellum of ANPC mice compared to WT, APP-Tg and Dhet mice between 4 and 10 weeks of age. 
Protein levels were normalized to respective β-actin levels. Values are means ± SEM from n = 4 animals 
per genotype/age group. (C, D) Representative immunoblots of cerebellar homogenates probed with anti-
ubiquitin antibody showing increased levels of poly-ubiquitinated proteins in ANPC compared to WT, 
APP-Tg and Dhet mice at 10 weeks (D) but not at 4 weeks (C) of age. β-actin was used as a loading 
control. *, p < 0.05. 
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Figure 4.9: APP-CTF accumulation following cholesterol sequestration in N2aANPC cells is mediated by 
impaired lysosomal degradative activity. N2a-APP and N2a-ANPC cells were treated with chloroquine 
(50μM) for the specified time points. (A) Representative immunoblot showing LC3-I/II and APP-CTF 
levels at different time points following chloroquine treatment. (B, C) Histograms depicting α-CTF (B) and 
β-CTF (C) levels expressed as percentage of the respective controls at different time points following 
chloroquine treatment. Data represent means ± SEM from 3 independent experiments. Note that N2a-APP 
cells show a time-dependent (0h - 10h) increase in α-CTF and β-CTF levels, whereas the N2a-ANPC cells 
show an increase in CTF levels only at later time points (5h and/or 10h). Also, the percent increase of CTF 
levels above basal level (0h) is much less in N2a-ANPC cells compared to N2a-APP cells, suggesting 
impaired lysosomal clearance activity in N2a-ANPC cells. *, p < 0.05; ** p < 0.01; #, p < 0.001.  
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Figure 4.10: Age-dependent increase in oxidative stress in ANPC cerebellum. (A, B) Representative 
immunoblots showing increased protein carbonyl levels in ANPC cerebellar homogenates compared to 
those of WT, APP-Tg and Dhet mice at 10 weeks (B) but not at 4 weeks (A) of age. β-actin was used as a 
loading control. 
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Figure 4.11: Involvement of the accumulated Aβ-related peptides in mediating oxidative stress-induced 
toxicity. (A) N2a-APP and N2a-ANPC cells were treated with different doses of H2O2 (0-500μM) for 3h 
and cell viability was determined by methyl thiazole tetrazolium (MTT) assay. Histograms showing 
decreased viability of N2a-ANPC cells to H2O2 treatment compared to N2a-APP cells. (B, C) Histograms 
showing reversal of H2O2-induced toxicity following 24 h pre-treatment of the cells with β-secretase (BIV 
- 10μM, B) or γ-secretase (DAPT - 1μM, C) inhibitor. Data are expressed as a percentage of control and 
represented as means ± SEM from 3 independent experiments. #, p < 0.05; ###, p < 0.001; **p < 0.01; 
***p < 0.001 
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Figure 4.12: Suppl Figure 1; Representative images for extracellular Aβ deposits as seen in ANPC brain. 
(A,B) Photomicrographs showing 6E10-labeled extracellular Aβ deposits in the hippocampus (A) and 
cortex (B) of ANPC mice at 10 weeks of age. Scale bar, 50 μm. 
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4.4 Discussion 

Using a new line of bigenic ANPC mice, the present study provides evidence that 

intracellular cholesterol accumulation can significantly increase APP-CTF and Aβ levels 

in the affected cerebellar region of the ANPC mice compared to APP-Tg and Dhet mice, 

albeit no changes in APP mRNA or protein levels were evident among the genotypes. 

Similar results were obtained in the stable N2a-ANPC cells that overexpress mutant 

human APP in the absence of Npc1 protein. While enhanced APP-CTF levels may be the 

consequence of decreased clearance, increased Aβ1-40 and Aβ1-42 levels are possibly 

derived from differential regulatory mechanisms. We also observed that cholesterol 

accumulation did not affect the ubiquitin-proteasome system but impaired the 

autophagic-lysosomal pathway both in ANPC mice and in N2a-ANPC cells. 

Additionally, our results revealed that increased levels of β-CTF and Aβ peptides 

rendered N2a-ANPC cells more vulnerable to oxidative injury than N2a-APP cells. These 

results, together with the observed increase in the protein carbonyls in the cerebellum of 

ANPC mice, suggest that enhanced levels of APP-CTFs and Aβ peptides can render 

neurons vulnerable to oxidative injury in NPC disease.  

 

Earlier studies have shown that elevated cholesterol levels can increase Aβ 

production, whereas inhibition of cholesterol synthesis can lower Aβ levels (5, 6, 38, 39). 

The critical factor influencing Aβ production may depend not only on total levels but also 

on the compartmentalization of cholesterol within the cell (40). Considering the evidence 

that a subset of cellular APP, as well as β- and γ-secretases, are localized in cholesterol-

rich lipid-raft domains (41-43), a number of in vitro studies have shown that increased 

levels or altered distribution of cholesterol can enhance APP levels and its processing via 

the amyloidogenic pathway, leading to increased Aβ production (39, 44, 45). However, 

our studies showed that cholesterol sequestration in the neuronal EL system by genetic 

means under in vitro as well as in vivo conditions does not influence either APP mRNA 

or holoprotein levels. This is consistent with recent data which show that cholesterol 

accretion in neurons following treatment with the cholesterol transport inhibitor 

U18666A (46) or decreased cholesterol synthesis in APP-Tg mice (47, 48) did not affect 
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APP levels. Thus cholesterol may influence Aβ levels/deposition by regulating Aβ 

production and/or clearance mechanisms rather than altering APP levels.  

 

With regards to APP endoproteolysis, our results show that intracellular 

cholesterol accumulation within EL system can significantly increase α- and β-CTF 

levels in the cerebellum of ANPC mice as well as in N2a-ANPC cells. However, the 

levels of sAPPα or sAPPβ are not altered either in the cerebellum of ANPC mice or in the 

conditioned media of N2a-ANPC cultured cells. While these changes are accompanied by 

unaltered BACE1 levels, the ADAM10 levels are decreased in ANPC mice but not in 

cultured cells. Thus it is likely that enhanced levels of α- and β-CTFs may be the 

consequence of decreased clearance of the peptides rather than increased production. This 

is partly supported by the evidence that γ-secretase activity, which can regulate the levels 

of both α- and β-CTFs, is found to be either increased or unaltered in our experimental 

paradigms. Although an alteration in cholesterol levels can influence APP processing by 

regulating α- or β-secretase activity (49, 50), some animal models do not display any 

variation in levels/activity of either α- or β-secretases in spite of altered cholesterol levels 

(47, 51). Thus it remains to be established whether subcellular cholesterol distribution 

and/or factors other than cholesterol may influence APP processing by regulating 

level/activity of the α- or β-secretase. 

 

In contrast to α and β-secretases, the levels of PS1 and nicastrin as well as activity 

of the γ-secretase are increased in the ANPC mouse cerebellum compared to other 

genotypes, thus raising the possibility that intracellular cholesterol accumulation may 

influence the functioning of the γ-secretase complex, as reported in Npc1-null mouse 

brains (20, 51). Although there is an increasing trend, we did not observe any significant 

alterations in the levels or activity of the γ-secretase complex in N2a-ANPC cells as 

reported in Chinese hamster ovary cells deficient in Npc1 protein and in neuronal cells 

exposed to the cholesterol transport-inhibiting agent U18666A (45). Whether the 

disparity relates to the presence or absence of mutant human APP, variation in cell types 

and/or other experimental paradigms remains to be determined. Nevertheless, our results 

clearly showed that levels of both Aβ1-40 and Aβ1-42 are enhanced in the cerebellum as 



216 
 

well as in the N2a-ANPC cells as reported in Npc1-null mice (39, 51) and cholesterol-

accumulating cultured cells (39, 45, 46, 52). There is also evidence that partial depletion 

of NPC1 in mutant APP+PS1 double transgenic mice can increase Aβ levels and 

deposition, albeit intracellular accumulation of cholesterol remains unclear (53). The 

intracellular Aβ levels in N2a-ANPC cells, in the absence of any significant alteration in 

γ-secretase activity, most likely derived from decreased clearance rather than enhanced 

production. This is partially supported by the observation that the secretory pool of Aβ 

peptides was unaffected, as reported in some earlier studies (39, 46). In contrast to the 

cultured cells, increased levels of Aβ peptides in ANPC mouse cerebellum possibly 

originate from enhanced processing of β-CTFs by the γ-secretase complex. However, 

given the evidence that autophagic-lysosomal pathway, which is known to be impaired in 

NPC pathology (54, 55), plays a critical role in the clearance of Aβ-related peptides, it is 

likely that decreased clearance of the peptide may also partly contribute to the observed 

increase in Aβ1-40 and Aβ1-42 levels. 

 

The ubiquitin-proteasome system plays important roles in a variety of cellular 

processes including the degradation of short-lived proteins. In this pathway, ubiquitin, a 

highly conserved 76 amino acid peptide, is first covalently conjugated to lysine residues 

of the substrate which are then transported to 26S proteasome and degraded by three 

different types of proteolytic activity: a chymotrpysin-like, a trypsin-like and a PGPH-

like activity. Many of the core proteins involved in APP processing including the APP-

CTFs (56), BACE1 (57) and γ-secretase complex (i.e., PS1, Pen2, nicastrin and APH1) 

(58-61) are known to be degraded by the proteasomal pathway. There is also evidence 

that a subset of APP holoprotein (62) and Aβ-related peptides (63) can be targeted to the 

proteasomal pathway. Notwithstanding the importance of this system in Aβ homeostasis, 

we did not observe any alteration of the chymotrypsin-like, trypsin-like or PGPH-like 

activity in ANPC mouse cerebellum or in N2a-ANPC cells. The catalytic β2 subunit 

levels of the ubiquitin proteasome system were also not affected in the cerebellum of 

ANPC mice compared to WT, APP-Tg and Dhet mice. Although ubiquitinated protein 

levels were not altered in N2a-ANPC cells, they are found to be markedly increased in 

the cerebellum of ANPC mice compared to other genotypes. In the absence of any 
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alteration in the proteasomal activity, this possibly reflects an abnormal autophagic-

lysosomal system which is known to degrade certain p62-conjugated ubiquitinated 

proteins. Collectively, these results suggest that increased levels of APP-CTFs and Aβ-

related peptides observed in ANPC mouse cerebellum as well as in N2a-ANPC cells are 

not the consequence of an abnormal ubiquitin-proteasome system. 

 

The significance of the autophagic-lysosomal system in regulating the production 

and/or clearance of APP-CTFs and Aβ peptides remains controversial. Some studies have 

shown that inhibition of autophagy by 3-methyladenine treatment or down regulation of 

autophagy-related protein 5 (Atg5) can decrease APP-CTF and Aβ levels which can 

subsequently lead to cell survival (64, 65). In contrast, a number of studies have clearly 

demonstrated that induction of autophagy by overexpression of beclin1, an initiator of 

autophagy (66), or pharmacological treatments with rapamycin as well as a small 

molecule enhancer of rapamycin (SMER28) can decrease the levels of APP-CTFs and Aβ 

peptide and protect the cells from toxicity (67, 68). There is also evidence that an 

autophagy inducer can reduce Aβ pathology and ameliorate cognitive deficits in animal 

models of AD (69). Although the exact role of autophagy in Aβ homeostasis is still 

debated, there is convincing data that the autophagic-lysosomal system is impaired in 

NPC disease – reflected by an increased number of autophagosomes and lysosomes in the 

vulnerable neurons of the brain (54, 55). This is accompanied by up-regulation of the 

autophagic marker LC3-II as well as expression of lysosomal hydrolases such as 

cathepsins B and D within the cells (54, 55, 70). Consistent with these data we observed 

increased levels of LC3-II and/or p62 in the cerebellum of ANPC mice as well as N2a-

ANPC cells. At the cellular levels both APP-CTFs and Aβ-related peptides, which 

showed intense immunoreactivity in ANPC mice compared to other genotypes, were 

localized mostly in endosomes rather than lysosomes. Given the unaltered BACE1, 

sAPPα and sAPPβ levels, it is likely that increased levels of APP-CTFs and Aβ peptides 

observed in our studies are the consequence of an impaired-autophagic-lysosomal 

system. This is partly supported by the evidence that chloroquine treatment enhanced 

APP-CTF levels somewhat earlier in N2a-APP cells than in N2a-ANPC cells. However, 

additional experiments are needed to establish whether induction of the autophagic 
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pathway or inhibition of autophagosome formation and its fusion with lysosomes can 

lead to clearance of APP-CTFs and Aβ-related peptides and cell survival. 

 

Although there is evidence that accumulation of β-CTF and Aβ-related peptides 

can trigger degeneration of neurons both under in vitro and in vivo conditions (35-37), the 

significance of these peptides in NPC pathology remains unclear. Some earlier studies 

have shown that oxidative damage can play a critical role in the pathophysiology of NPC 

disease. This is supported by data showing that i) degeneration of neurons induced by 

U18666A, a class-II amphiphile that triggers an NPC-like cellular phenotype, is partly 

mediated by oxidative stress (71), ii) synthesis of an antioxidant enzyme (i.e., catalase) or 

molecules (i.e., allopregnanolone and glutathione) are substantially diminished, whereas 

oxidative stress markers (i.e., protein carbonyls) are increased in Npc1-deficient mice 

(72-74) and iii) treatments of Npc1-null mice with antioxidants such as allopregnanolone 

and curcumin have been shown to increase the life-span, delay the onset of neurological 

impairments and/or enhance viability of cerebellar Purkinje cells (74, 75). Interestingly, 

our results clearly showed that N2a-ANPC cells are not only more vulnerable to H2O2-

induced toxicity than N2a-APP cells, but inhibiting β-secreatse or γ-secretase activity 

with specific inhibitors can significantly protect these cells against toxicity. Thus, it is 

likely that increased levels of β-CTF and/or Aβ-related peptides by activating oxidative 

stress pathways can trigger cell death mechanisms in NPC pathology. This is partly 

validated by the observation that the vulnerable cerebellar region of ANPC mice, which 

exhibits an up-regulation of β-CTF and Aβ levels, showed a parallel increase in carbonyl 

protein levels compared to other genotypes. In summary, the present study using a new 

line of bigenic ANPC mice as well as stable cell lines showed that cholesterol accretion 

within EL system did not affect APP levels but increased APP-CTF and Aβ levels that 

can render the cells vulnerable to oxidative injury. Additionally, we observed that up-

regulation of APP-CTFs and Aβ peptides may possibly be the consequence of an 

impaired autophagic-lysosomal, but not proteasomal, clearance pathway.  
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5.1 Summary of the findings 

This thesis consists of studies which are designed to examine the role of altered 

intracellular cholesterol level/distribution in the brain on the development of AD-related 

pathology. The approach is based on the disruption of intracellular cholesterol trafficking 

leading to cholesterol accumulation in the EL system of mouse and cell culture models 

overexpressing mutant human APP. Using a wide variety of experimental paradigms in 

our newly developed mouse model and/or stable cell lines, we have shown that: 

1. Intracellular cholesterol accumulation can alter expression profiles of a wide 

spectrum of genes in the cerebellum and hippocampal brain regions. These 

include the transcripts involved in brain cholesterol metabolism, Aβ clearance, 

intracellular vesicular trafficking and cell death/survival mechanisms thereby 

indicating an overall disturbance in the CNS cholesterol homeostasis and 

impairment of vital cellular functions (Chapter 2). 

2. Intracellular cholesterol accumulation in an APP-Tg model of AD can reduce 

longeivity and exacerbate a wide variety of behavioral and neuropathological 

abnormalities including tau phosphorylation/cleavage, lysosomal dysfunction and 

neurodegeneration. Furthermore, we have shown that reversal of the accumulated 

cholesterol can be beneficial in attenuating the majority of these pathological 

changes, thereby establishing the significance of intracellular cholesterol 

levels/distribution in proper brain functioning (Chapter 3). 

3. Cholesterol sequestration in the EL system can cause progressive intracellular 

accumulation of APP-CTFs and Aβ peptides by influencing both generation and 

clearance of the APP metabolites. While the increased levels of APP-CTFs are 

mainly due to impaired functioning of the lysosomal degradation machinery, 

elevated intracellular Aβ levels are possibly the consequence of different 

regulatory mechanisms including increased production by γ-secretase cleavage as 

well as reduced lysosomal degradation. Furthermore, our results show that 

intracellular accumulation of the APP-CTFs and Aβ peptides following altered 

cholesterol levels/distribution might be responsible for increasing oxidative 

damage and subsequent cell death, thereby suggesting that use of antioxidants 

might be beneficial in reversing the pathological changes (Chapter 4). 
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While in-depth analyses of the results have been included in the respective chapters, 

the purpose of this “General Discussion” is to evaluate our experimental findings in 

relation to what has been previously reported by others, the novelty of our work and to 

discuss the possible future directions - all of which will aid in further understanding the 

significance of cholesterol in proper brain functioning and development of future AD and 

NPC therapeutics. 

 

5.2 ANPC mice: intracellular cholesterol accumulating APP-Tg models 

To study the significance of cholesterol in the development of AD-related pathology, we 

have generated a new transgenic mouse line (ANPC) that overexpresses human APP 

harboring “Swedish” (KM670/671NL) and “Indiana” (V717F) mutations and lack 

functional Npc1 protein due to a spontaneous insertion mutation in the Npc1 genomic 

sequence. The ANPC mice show massive accumulation of intracellular cholesterol in all 

major brain regions and produce high levels of human APP and Aβ1-40/1-42 peptides thus 

recapitulating the respective characteristics of its two progenitor lines, the Npc1-null and 

the APP-Tg (TgCRND8) mouse models of NPC and AD, respectively (1, 2). Most of the 

APP-Tg models of AD including the one used in the current study recapitulate amyloid 

pathology and show spatial learning deficits but do not exhibit any overt loss of neurons 

as seen in AD brains. In TgCRND8 mice in particular, memory deficits are apparent at 

~8 weeks (3), amyloid plaques first appear at about 3 months (1) and tau abnormalities 

develop only at later ages of 7 months or older (4). Here, we show that human APP 

overexpression when combined with altered intracellular level/distribution of cholesterol 

act in an additive manner to markedly exacerbate the pathology of the bigenic ANPC 

mice. Thus, the ANPC mice develop pathology starting at a very young age of 4-5 weeks 

and have a significantly reduced survival of no more than 9-11 weeks in our colony. The 

ANPC phenotype includes memory and motor deficits, gliosis, demyelination, 

degeneration of cerebellar Purkinje cells, abnormal tau phosphorylation/ cleavage and 

lysosomal dysfunction - all of which appear to be far more profound than either APP-Tg 

or Npc1-null littermates. In addition, ANPC mice have increased intracellular levels of 

human Aβ1-40/1-42 and APP-CTFs that are significantly higher compared to the age-

matched APP-Tg mice. A detailed comparison of the phenotypic, behavioral and 
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neuropatholological changes observed in the APP-Tg, Npc1-null and ANPC mice are 

provided in the Tables 5.1-5.3. 

 

Research over the past two decades has generated ambiguity in establishing the 

the potential role for cholesterol in regulating APP processing leading to Aβ production. 

While the majority of the earlier in vivo studies have been done by modulating peripheral 

cholesterol levels by dietary intake or pharmacological treatments (Tables 1.3-1.5, 

Chapter 1), we have attempted to address the relationships between cholesterol and AD-

related pathology by genetic manipulation of cellular cholesterol distribution which can 

have a more direct impact on the brain cholesterol metabolism. Importantly, ANPC mice 

accumulate cholesterol in the EL system which acts as a major site for APP/Aβ 

metabolism and exhibits striking alterations in “at risk” neurons of AD brains. Very 

clearly, our results suggest that intracellular cholesterol levels/distribution plays a crucial 

role in regulating the amyloidogenic processing of APP. Additionally, our results 

highlight the significance of a proper lysosomal clearance system that is required for the 

removal of the unwanted materials including the Aβ-containing fragments and 

maintaining cellular homeostasis. Taken together, our results show that altered 

cholesterol homeostasis in the ANPC mice leads to abnormal APP metabolism, increased 

Aβ generation and accumulation of toxic Aβ-containing fragments in the EL system, 

which as in NPC disease are also hallmarks of AD. 

 

Although ANPC mice develop major features of AD-related pathology, caveats 

must be considered when interpreting ANPC phenotype and its relationship to human 

AD. First, ANPC mice display the majority of the pathological changes including 

abnormal tau phosphorylation/cleavage, increased Aβ1-40/1-42 and APP-CTF levels and 

loss of neurons in the cerebellum, a region that is not affected until very late stages in AD 

brains (5, 6). The hippocampus of ANPC mice displays only reactive gliosis, 

demyelination and amyloid deposits but no loss of neurons or abnormal tau pathology in 

spite of having intracellular cholesterol accumulation. However, while the motor deficits 

in ANPC mice relate mostly to the loss of cerebellar neurons (7, 8), the observed deficits 

in novel object recognition tasks which use mostly cortical and hippocampal inputs (9) 
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Table 5.1: Behavioral and phenotypic characterization of mutant APP-Tg, Npc1-null and ANPC mice compared to the wild-type 
mice. 

 APP-Tg Npc1-null ANPC 

Behavioral characterization 
4wks 7wks 10wks 4wks 7wks 10wks 4wks 7wks 10wks 

Novel object-recognition memory - - ↓ - - ↓↓ - ↓↓ ↓↓ 
Motor co-ordination (rotarod test) - - - - - ↓ - ↓ ↓↓ 
Gait asymmetry (footprint analysis) - - - - - ↑↑ - ↑ ↑↑↑ 
 Open-field activity:          
   (a) Walking - - - - ↓ ↓ - ↓ ↓ 
   (b) Rearing - - - - - ↓ - ↓ ↓ 
   (c) Pausing - - - - - ↑ - ↑ ↑ 

Phenotypic characterization 
         

Body weight - - - - - ↓↓ ↓ ↓↓ ↓↓↓ 
Survival >90% mice survived  

past 90 days 
~ 40% mice survived at 90 
days (median survival: ~ 85 

days) 

All mice died by 77 days 
(median survival: 69 days) 

-, No change; ↑, significant increase; ↓, significant decrease; the number of arrows correspond to the degree of change observed. 
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Table 5.2: Neuropathological changes observed in the hippocampus of mutant APP-Tg, Npc1-null and ANPC mice compared to the 
wild-type mice. 

 APP-Tg Npc1-null ANPC 
 4wks 7wks 10wks 4wks 7wks 10wks 4wks 7wks 10wks 
Intracellular cholesterol accumulation  -  -  - ↑ ↑ ↑ ↑ ↑ ↑ 
Astrocytic activation (GFAP)  -  - ↑  - ↑ ↑↑ ↑ ↑ ↑↑ 
Microglial activation (Iba1)  -  -  - ↑ ↑ ↑↑ ↑ ↑ ↑↑ 
Demyelination (CNPase)  - ↑ ↑ ↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ 
Neuronal loss na  - na na  - na na  - na 
Presynptic loss (Synaptophysin)  -  -  -  -  -  -  -  -  - 
Postsynaptic loss (PSD95)  -  -  -  -  - ↓  -  - ↓ 
Tau phosphorylation and cleavage na  - na na  - na na  - na 
Lysosomal enzyme level/activity (CatB, CatD, 
GusB) 

na  - na na  - na na  - na 

Lysosomal membrane destabilization  na  - na na  - na na  - na 
Aβ plaques  -  - ↑  -  -  -  -  - ↑ 

-, No change; ↑, significant increase; ↓, significant decrease; na, not analysed; the number of arrows correspond to the degree of 
change observed.  
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Table 5.3: Neuropathological changes observed in the cerebellum of mutant APP-Tg, Npc1-null and ANPC mice compared to the 
wild-type mice. 

 APP-Tg Npc1-null ANPC 
 4wks 7wks 10wks 4wks 7wks 10wks 4wks 7wks 10wks 
Intracellular cholesterol accumulation  -  -  - ↑ ↑ ↑ ↑ ↑ ↑ 
Astrocytic activation (GFAP)  -  -  - ↑ ↑↑ ↑↑↑ ↑↑ ↑↑ ↑↑↑ 
Microglial activation (Iba1)  -  -  - ↑ ↑↑ ↑↑ ↑↑ ↑↑ ↑↑ 
Demyelination (CNPase)  -  -  - ↑ ↑↑ ↑↑ ↑↑ ↑↑ ↑↑ 
Neuronal loss na  - na na ↑ na na ↑↑ na 
Presynptic loss (Synaptophysin)  -  -  -  -  - ↓  -  - ↓ 
Post-synaptic loss (PSD95)  -  -  -  - ↓ ↓  - ↓ ↓ 
Tau phosphorylation and cleavage na  - na na ↑ na na ↑↑ na 
Proteasomal activity na - na na - na na - na 
Lysosomal enzyme level/activity (CatB, 
CatD, GusB) 

na  - na na ↑ na na ↑↑ na 

Lysosomal membrane destabilization  na  - na na ↑ na na ↑↑ na 
Aβ plaques  -  -  -  -  -  -  -  -  - 
APP-CTF levels ↑ na ↑ na na na ↑↑ na ↑↑↑ 
Aβ levels ↑ ↑ ↑ na na na ↑ ↑↑ ↑↑↑ 
Oxidative stress level (Protein carbonylation)  - na  - na na na  - na ↑ 
-, No change; ↑, significant increase; ↓, significant decrease; na, not analysed; the number of arrows correspond to the degree of change observed. 
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suggest that altered cellular cholesterol levels/distribution does affect the functioning of 

the hippocampal circuitry without any significant loss of neurons at the age groups 

studied. This is substantiated, in part, by our results showing that the ANPC mice, as the 

Npc1-null mice, do show significant loss of pre-synaptic and post-synaptic markers in the 

hippocampus but only at the terminal age of 10 weeks. Whether the hippocampal neurons 

would also be a target of neuronal death pathways at a later age, if the animals would 

have lived longer, remains a matter of open question. However, the mechanisms by 

which hippocampal neurons being spared from degeneration in ANPC as well as in 

Npc1-null animals still remain to be elucidated.  

 

Second, AD brains do not show intracellular cholesterol accumulation as seen in 

NPC although disturbances in cholesterol metabolism have been reported in AD and also 

in APP-Tg mouse models (10-13). This together with the evidence that neurons bearing 

tangles as well as Aβ-containing plaques have higher levels of cholesterol in AD brains 

(14-16) makes it particularly important to evaluate the role of intracellular 

levels/distribution of cholesterol in the development of AD pathology.  

 

Third, no patient has been described carrying both recessive mutations in NPC 

and a dominant mutation in APP and therefore unanticipated effects on APP processing 

and/or cholesterol metabolism could potentially occur as a consequence of combined 

mutations as seen in ANPC mice. Moreover, the high Aβ levels produced due to 

overexpression of mutant human APP raises the possibility of greater Aβ toxicity in 

ANPC brain than observed in NPC pathology. In general, most transgenic mouse models 

of human diseases face similar criticisms because of the overexpression of one or 

multiple disease-causing variants in genes that are required to recapitulate the human 

pathology, yet they have provided valuable insights into the pathogenesis and 

development of therapeutic strategies. The fact that ANPC mice display the majority of 

the pathological changes associated with AD including behavioral deficits, tau 

hyperphosphorylation/cleavage, intracellular accumulation of Aβ-related peptides, EL 

system dysfunction along with significant loss of neurons, which most APP-Tg models 

lack, suggests that the ANPC mice are potentially relevant and a valuable tool for 
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studying the importance of cellular cholesterol balance on the development of these 

pathological changes and the cross-talk between them.  

 

5.3 Cholesterol in amyloidogenesis: possible implications in AD and NPC 

Accumulating evidence points to a potential role for cholesterol in the development of 

AD. Repeated genetic studies have revealed a strong, dose-dependent association 

between the incidence of late-onset AD and the inheritance of the APOE ε4 genotype 

(17). Recent genome-wide association studies have also linked single nucleotide 

polymorphisms in several genes related to cholesterol metabolism such as APOJ (CLU), 

LRP, CYP46A1, ABCA1 and ACAT1 to AD, although the strength of some of these 

associations remain to be established (18-20). Several epidemiological studies have 

suggested that a high total plasma cholesterol level in mid-life is a risk factor for 

developing AD. Supporting this, previous retrospective studies reported that the 

prevalence of AD was lower in patients taking statins compared with those receiving 

other medications typically used in cardiovascular disease (21) or even compared to the 

total population (22). However, some of the recent prospective studies have brought the 

efficacy of statins in slowing the progression of AD into question (23-26). 

 

In addition to the genetic and epidemiological studies, multiple lines of 

experimental data using in vitro and in vivo models have reported that cholesterol can 

influence APP processing, leading to Aβ generation which can subsequently influence 

AD pathology (Tables 1.3-1.6, Chapter 1). Considering the evidence that a subset of 

cellular APP, as well as β- and γ-secretases, are localized in cholesterol-rich lipid-raft 

domains (27-29), a number of in vitro studies have shown that the crucial factor 

influencing Aβ production and the risk of AD may depend not only on total cellular level 

of cholesterol but also on the subcellular distribution of the lipid (30-35). We have 

determined the effects of altered intracellular cholesterol distribution on APP metabolism 

including processing as well as clearance pathways, which work together in regulating 

the levels of APP metabolites, using in vitro and in vivo genetic models of human APP 

overexpression and Npc1 deficiency. We provide evidence that intracellular cholesterol 

distribution is intrinsically linked to APP proteolytic pathways and that disruption of 
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normal cholesterol trafficking enhances amyloidogenesis via increased Aβ generation and 

accumulation of Aβ and APP-CTFs without altering APP holoprotein expression. These 

findings agree with previous in vitro data that showed increased Aβ levels/production in 

cultured NPC model cells (34, 35) and also with results in Npc1-null mouse brain (35, 

36).  

 

Earlier studies have found a correlation between cholesterol levels and α-secretase 

(37, 38), β-secretase (39), or γ-secretase (29) activity. With regards to APP 

endoproteolysis, our results show that cholesterol accumulation within the EL system 

following Npc1 deficiency does not alter BACE1 levels, and the levels of sAPPβ 

fragments were unchanged both in vivo and in vitro. Although the levels of the α-

secretase ADAM10, were found to be decreased in ANPC mouse brain compared with 

age-matched APP-Tg and Dhet mice, the corresponding sAPPα levels were unaltered, 

suggesting no change in α-secretase cleavage of APP. This was further substantiated by 

our in vitro studies showing no alteration in α-secretase levels and the corresponding 

sAPPα levels secreted into the culture media. However, the levels of the associated C-

terminal APP cleaved products, α-CTF and β-CTF, were found to be significantly 

increased in our ANPC mouse model as well as in the Npc1-deficient N2aAPPsw cells 

(referred here as N2a-ANPC) compared with the respective controls, suggesting 

decreased catabolism of these fragments which are the substrates for γ-secretase. While 

similar activities of α- and β-secretase were previously reported in Npc1-deficient mouse 

brains compared to age-matched WT controls, γ-secretase activity was found to be 

increased in Npc1-null brain homogenates (36). Supporting this, our results in ANPC 

mouse brain homogenates also showed increased levels of γ-secretase components 

(nicastrin and PS1) and activity of this enzyme complex in an in vitro assay. 

 

Interestingly, the increased γ-secretase activity generated enhanced levels of only 

the intracellular pool of the associated cleaved products, Aβ1-40 and Aβ1-42, without 

affecting the secretory pool of Aβ. These findings, though reported in earlier studies by 

Yamazaki and colleagues (35) and Jin and colleagues (40), do not explain fully how 

enhanced γ-secretase cleavage of β-CTFs leading to increased Aβ generation can also 
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lead to increased β-CTF levels without any alteration in β-secretase activity. Thus it 

appears that the observed increase in γ-secretase activity was not sufficient to cleave all 

of its available substrate, leading to a buildup of the APP-CTFs inside the cell. It is 

possible that the enzyme cannot cleave its available substrates due to their differential 

spatial distribution or even steric hindrance caused by the accumulated cholesterol or 

other lipids that occur in Npc1 deficiency. In this context, a further analysis of the 

different subcellular compartments in which the enzyme and its substrate APP-CTFs are 

localized in ANPC brain would probably help in understanding the contribution of the 

increased γ-secretase activity on the APP-CTFs leading to the generation of Aβ. Future 

experiments using γ-secretase inhibitor treatments in cultured cells would also help in 

determining whether EL cholesterol accumulation can in fact reduce the availability of 

the APP-CTF substrates to the γ-secretase complex, thereby promoting their 

accumulation inside the cells. Together, our results so far suggest that the accumulation 

of APP-CTFs is most likely due to a reduced clearance mechanism caused by lysosomal 

dysfunction, as reported in Npc1-null mice (41, 42), while the increased intracellular Aβ 

levels is probably due to increased generation by γ-secretase cleavage and/or reduced 

lysosomal degradation. 

 

Although several studies have emphasized the pathological role of Aβ (especially 

Aβ1-42) and β-CTF in AD, the pathological consequence of intraneuronal Aβ/APP-CTF 

accumulation in NPC is unknown. Aβ accumulates within vulnerable neurons of AD 

brains (43) and also in APP-Tg mice (44, 45). Accumulation of intraneuronal rather than 

extracellular Aβ has been shown to be an early step in Aβ aggregation and neurotoxicity 

(46-48). Within neurons, Aβ accumulates in various organelles including the 

endosomes/lysosomes and possibly exerts its neurotoxic effects by compromising 

organelle membrane integrity, causing organelle leakage and leading to eventual neuronal 

death (48-51). Intracellular accumulation of APP-CTFs has also been proposed to 

participate in the neurodegenerative process in AD by differential mechanisms. 

Accumulation of APP-β-CTFs is a characteristic feature of AD brains and has been 

reported to exhibit much higher toxicity than Aβ peptides in a variety of experimental 

conditions (52). Importantly, transgenic overexpression of APP-CTFs in mice and 
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cultured cells induces AD-like pathological features including impaired learning and 

memory (53, 54), strong inflammatory reactions involving astrocytosis (55, 56), 

abnormal calcium homeostasis (57) and eventually neuronal and synaptic degeneration 

(58-60). Furthermore, it has been recently reported that β-CTFs, independent of Aβ, can 

cause endosomal abnormalities characteristic of AD (61). 

 

Our in vivo and in vitro results suggest that APP amyloidogenesis leading to 

neuronal degeneration in AD may also have a role in NPC pathology. We have 

demonstrated a substantial accumulation of Aβ and APP-CTFs, likely in aggregated state, 

in neurons and cultured cells following cholesterol accumulation due to Npc1 deficiency. 

The concordance of increased APP-CTFs and Aβ levels both in cultured cells and in 

ANPC brains suggest that they are the direct consequences of Npc1 deficiency. However 

in ANPC brains, a major portion of these deposits resided in the endosomal 

compartments that were distinct from those that sequestered the endogenous cholesterol, 

thereby suggesting absence of any direct or close interaction between the APP 

amyloidogenic fragments and the accumulated cholesterol. This probably suggests that 

EL system abnormalities rather than accumulated cholesterol per se are responsible for 

the accretion of Aβ and APP-CTFs in ANPC mouse brains. This is consistent with 

studies by Jin and colleagues in cultured cortical neurons treated with U18666a and NPC 

patient brains (40) and also with studies in AD brains where similar accumulation of 

Aβ/APP-CTFs is noted without any detectable accumulation of cholesterol in the EL 

system (62). In addition, we observed that levels of certain transcripts (including A2m, 

Plat, Plau and Mme) and some of the corresponding proteins (for example, neprilysin 

encoded by Mme) that are known to be involved in the degradation of Aβ-related 

peptides, were significantly upregulated in the cerebellum of ANPC and Npc1-null mice. 

Whether this upregulation merely reflects a compensatory response for the increased 

levels of amyloidogenic peptides or cholesterol accumulation can actually regulate the 

degradation of the Aβ peptides and other proteins in Npc1-null and ANPC brains remains 

to be elucidated. Furthermore, our results suggest that the accumulated Aβ/APP-CTFs in 

Npc1-deficient cells/neurons can cause increased generation of reactive oxygen species 

(ROS), contributing significantly to the neurodegeneration and pathology. This is 
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supported by results showing that the N2a-ANPC cells compared to the control N2a-APP 

cells are more susceptible to H2O2 induced toxicity, an effect that was reversible with 

prior treatment of these cells with β- or γ-secretase inhibitors. Furthermore, analyses of 

ANPC cerebellar tissue indicated the presence of age-dependent increased levels of 

oxidative stress markers in parallel with the accumulation of Aβ/APP-CTFs and the loss 

of Purkinje neurons. In summary, our studies support the growing consensus indicating a 

role for cholesterol in amyloidogenesis which by oxidative injury can accelerate neuronal 

degeneration and influence other pathological features, including the abnormal tau 

homeostasis, that are common to both AD and NPC pathology. 

 

5.4 Cholesterol and Tau pathology: possible implications in AD and NPC 

One of the most striking similarities that exists in the pathological features between AD 

and NPC includes the presence of intra-neuronal NFTs (63-65), raising the possibility of 

shared pathogenic mechanisms of neurodegeneration in both these diseases. In AD 

brains, the NFTs develop over many years or even decades before the onset of clinical 

signs of cognitive decline and their number and regional spread correlate strongly with 

the degree of cognitive impairment and neuronal death (66-68). However, only a small 

proportion of the various nerve cell types in the brain are prone to form NFTs, suggesting 

regional and cellular specificity in tangle formation. In AD, NFTs first appear in the 

trans-entorhinal region of the temporal lobe, lateral to the hippocampus, and then spread 

to the entorhinal cortex, hippocampus and association neocortex (68). In contrast to AD, 

NPC brains develop tangles in young adolescence (69) which are found predominantly in 

the hippocampus, medial temporal lobes, mid brain and brain stem, with only mild to 

moderate involvement of the cerebral cortex (63, 65). Notably, in both diseases the 

cerebellum does not form tangles probably because of a relatively low amount of tau 

itself (70, 71).  

 

Despite differences in the distribution of NFTs in NPC and AD, the NFTs in both 

disorders are identical structurally and immunologically and consist of abundant paired 

helical filaments of hyperphosphorylated forms of the microtubule-associated tau protein 

(63-65). Tau hyperphosphorylation is an early event in the pathogenesis of AD and NPC 
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and appears before the development of NFTs. The phosphorylation and 

dephosphorylation of tau plays a physiological role in stabilizing the microtubules by the 

balance between activities of several kinases and phosphatases. The kinases that regulate 

tau phosphorylation include GSK-3, Cdk5, ERK1/2, calmodulin-dependent protein 

kinase II (CaMKII), protein kinase A (PKA), the stress-activated c-Jun N-terminal kinase 

(JNK) and p38 kinase, whereas the phosphatases that mediate dephosphorylation of tau 

are protein phosphatase 2A (PP2A), PP2B and PP1 (72). It is believed that 

hyperphosphorylation results in loss-of-function of the physiological tau via its 

diminished association with microtubules resulting in the destabilization of the 

cytoskeleton. This supposedly impacts the efficiency of numerous microtubule-based 

intracellular trafficking events that are essential for normal cellular function, 

subsequently leading to an overall neuronal dysfunction/death (73). Thus tau loss-of 

function is sufficient on its own to compromise the normal functioning of the neuron, 

leading to its death.  

 

Of the many cellular trafficking processes, the two major protein quality control 

pathways, the ubiquitin-proteasomal pathway and the autophagic-lysosomal pathway, in 

particular require microtubule based trafficking for efficient protein degradation (74, 75). 

Dysfunction of each of these pathways has been implicated in neurodegeneration (76-79), 

and it is possible that loss of functional tau influences several of these pathways in AD 

and NPC. Indeed, a recent study by Pacheco and colleagues has demonstrated that tau 

deletion exacerbates the NPC phenotype in mice primarily by impairing protein 

degradation through autophagy, suggesting that diminishing functional tau might have 

dire consequences in certain neurodegenerative disorders (80). Our results reveal changes 

in tau phosphorylation in the cerebellum of ANPC and Npc1-null mice, including a 

reduction in total tau (both at mRNA and protein levels) and increase in phospho-tau 

levels at epitopes recognized by AT8, PHF1, AT100 and AT270 antibodies. These 

changes were accompanied by an increase in phospho-ERK1/2 and a decrease in p35 (a 

negative regulator of Cdk5 activity) levels which might be involved in regulating tau 

hyperphosphorylation in Npc1-null and ANPC brains. Although APP-Tg mice show tau 

abnormalities only at later ages of 7 months or older (4), we did not observe any changes 
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in total or phospho-tau levels or any of the tau kinases either in the hippocampus or 

cerebellum of the APP-Tg line at 7 weeks of age. Surprisingly, overexpression of APP in 

Npc1-null mice led to a substantial increase in tau abnormalities including a further 

reduction in total tau levels and an increase in tau phosphorylation in the cerebellum but 

not in the hippocampus of ANPC mice. This is particularly interesting in the context of a 

recent study showing that deletion of App in Npc1-null mice also causes similar tau 

abnormalities including a reduction in overall tau levels as well as an increase in AT8 and 

PHF1 immunoreactivity (81). While these findings, taken together, suggest that abnormal 

function/metabolism of APP disrupts normal tau homeostasis and sensitizes the mice to 

stresses of Npc1 deficiency, it would be challenging to define the pathways that regulate 

the cross talk between APP and tau function and their role in exacerbating the pathology. 

 

Although tau hyperphosphorylation similar to those seen in early stages of AD 

and NPC has been noted in APP-Tg and Npc1-null mouse models, there is no evidence of 

its association with tangle formation or cell death in either model (4, 82). However, given 

the evidence that partial or complete loss of tau expression can reduce lifespan and 

aggravate pathology in Npc1-null mice (80), and Cdk5 inhibitors attenuating tau 

phosphorylation can ameliorate the phenotype in Npc1-null mice (83, 84), it is likely that 

alterations in tau levels and phosphorylation observed specifically in the cerebellum of 

ANPC and Npc1-null mice may be involved in the degeneration of Purkinje neurons. 

More recently, a growing number of studies indicate a potential role for tau proteolytic 

fragments in neuronal death pathways. Two proteases, caspase-3 and calpain, can 

mediate tau cleavage in the presence of Aβ peptides. Immunohistochemical studies have 

shown the presence of caspase-3-cleaved tau at Asp421 in neuronal lesions of several 

tauopathies including AD. Caspase-3-cleaved tau fragments exhibit a higher propensity 

to aggregate than full-length tau in the presence of Aβ peptides, and generation of these 

fragments has been shown to precede alterations in tau conformation, phosphorylation, 

and aggregation, suggesting cleavage is a relatively early event in NFT formation (85-

87). Additionally, mutant forms of tau that are resistant to caspase-3 cleavage prevent 

caspase-induced cell death, indicating a direct relationship between the generation of tau 

fragments and neuronal demise (85, 86). Our findings show that caspase-cleaved tau 
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levels are specifically elevated in the affected cerebellar region of Npc1-null mice and 

more so in the ANPC mice in keeping with accelerated cell loss in this bigenic line. At 

the cellular level we observed cleaved tau immunoreactivity along with caspase-3 

labeling in the degenerating Purkinje neurons of ANPC and Npc1-null mice, indicating a 

possible involvement of the cleaved tau fragments in a cell death mechanism. This is 

partly supported by our results showing that 2-HPC treatment, which rescued the Npc1 

deficiency in mice, increases the number of surviving Purkinje cells along with a 

reduction in the phosphorylation and cleavage of tau protein. The generation of the other 

tau fragments, such as the calpain-cleaved tau, has also been linked to Aβ-induced 

neuronal death. Importantly, cholesterol levels have been shown to be a key parameter in 

regulating Aβ-induced tau proteolysis by calpain (88, 89). Other than caspase and 

calpain, cathepsin D has also been shown to cleave tau at neutral (cytosolic) pH, resulting 

in fragments corresponding in mass to those found in tangles in AD brains (90, 91). 

Given that the ANPC mice have severe disturbances in cholesterol homeostasis along 

with abnormally high intracellular Aβ and cytosolic cathepsin D levels, it is likely that 

tau can also be cleaved by calpain and cathepsin D in addition to caspase-3 in both ANPC 

and Npc1-null brains. A further examination of these different cleavage events would 

probably shed light on the initiating factors of tau pathology and their role in influencing 

AD and NPC pathogenesis. 

 

5.5 Lysosomal system dysfunction and its role in neurodegeneration 

The lysosomal system is an integral component of all nucleated cells. It consists of a 

dynamic network of organelles working to degrade and recycle cellular macromolecules, 

thereby controlling organelle and cell homeostasis. The importance of the lysosomal 

system for proper brain functioning is underscored by the fact that extensive 

neurodegeneration, mental retardation and often progressive cognitive decline are among 

the most prominent phenotypic features of more than 40 known primary lysosomal 

disorders involving defects in the synthesis, sorting or targeting of a ubiquitous lysosomal 

protein (92-95). The close connection between neurodegeneration and lysosomal system 

dysfunction is further highlighted by the growing number of studies reporting prominent 
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alterations in the lysosomal system in several neurodegenerative disorders including 

Huntington's disease, Parkinson’s disease, NPC disease and AD (96-100). 

 

The lysosomal system comprises two major degradative pathways, the endocytic 

pathway and the autophagic pathway, each of which terminates in the lysosome which is 

often referred to as the “terminal degradation compartment” of the cell. The endocytic 

pathway internalizes extracellular materials (e.g., nutrients and trophic factors) as well as 

cellular proteins and lipids from the cell surface which it further modifies and recycles or 

degrades in the intracellular compartments involving a series of fission and fusion events. 

In neurons, endocytosis is especially critical, as it supports such specialized functions as 

synaptic transmission and retrograde trophic signaling (97). Endocytic pathways can be 

subdivided into two major pathways depending on their mode of internalization of the 

cargo: 1) clathrin-dependepent endocytosis where the cargo is recruited into developing 

clathrin-coated pits, and subsequently forms clathrin-coated vesicles (101) and 2) 

clathrin-independent endocytosis which does not require the formation of the clathrin 

coat and can be further classified into seemingly distinct pathways, based on their 

reliance on certain proteins and lipids, differential drug sensitivities and abilities to 

internalize particular cargoes (102). The endocytic pathway of mammalian cells 

comprises distinct membrane compartments. During endocytosis, internalized 

macromolecules are initially directed to the early endosomes which are the first major 

sorting station on the endocytic pathway. After internalization, many cell surface proteins 

and lipids are recycled back to the plasma membrane via the recycling endosomes. The 

other early endosomal cargos are directed to the late endosomal compartments either by 

budding off transport vesicles or by directly maturing to late endosomes. During this 

maturation process, an inward budding of the surface membrane often creates a collection 

of internal vesicles called as a multivesicular body (MVB) (103). Late endosomes/MVBs 

often contain proteins characteristic of lysosomes, including lysosomal membrane 

glycoproteins and acid hydrolases which are delivered when transport vesicles from the 

trans-Golgi network or lysosomes fuse with these compartments. Fusion of the late 

endosome with lysosome delivers the endocytosed macromolecules for final proteolytic 

degradation.  
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 In contrast to endocytosis, autophagy involves the sequestration and 

degradation of cytoplasmic constituents of the cell. It is the principal degradative 

pathway for long-lived, stable proteins and is the only mechanism by which entire 

organelles such as mitochondria are recycled. Large membrane proteins and protein 

complexes (including oligomers and aggregates) that fail to pass through the narrow 

barrel of the proteasome can be degraded by autophagy (104-107). Autophagy is 

constitutively active in neurons and is essential for neuronal survival in part by clearing 

damaged, aggregated, or obsolete proteins in disease states and cellular aging. However, 

most of the recent studies propose a dual role of autophagy in cell survival and death 

pathways. While basal autophagy seems absolutely essential for neuronal survival, 

inappropriate or prolonged activation of autophagy can lead to complete degeneration of 

the cells involved (76, 77, 106, 108, 109). Knowledge of the autophagic pathway has 

advanced rapidly in the last few years and its dysfunction has emerged as a theme in 

neurodegenerative disorders. Three different autophagic pathways are known by which 

intracellular constituents enter lysosomes for degradation: (1) chaperone-mediated 

autophagy (CMA), (2) microautophagy, and (3) macroautophagy (110). In CMA, 

cytosolic proteins containing a KFERQ motif are selectively targeted by chaperone 

proteins to the lysosomal lumen for degradation. In microautophagy, small quantities of 

cytoplasm non-selectively enter lysosomes by invagination of the lysosomal membrane. 

The most common form of autophagy is however macroautophagy (usually referred to as 

autophagy), which mediates “in bulk” degradation of cytoplasmic constituents and has 

been the focus of recent research due to its potential roles in cell survival and 

degeneration. During macroautophagy, an elongated “isolation” membrane, created from 

a pre-autophagosomal structure (PAS) or “phagophore”, sequesters a region of cytoplasm 

to form a double-membrane-limited vesicle called autophagosome. Autophagosomes then 

fuse with late endosomes or lysosomes and become auto(phago)lysosomes, also called 

autolysososomes, where the cytosolic contents are degraded by lysosomal hydrolases 

(104, 106, 111). 
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Thus, both endocytosis and autophagy are multi-step processes, and deficiencies 

at any of the steps of the two pathways may consequently cause intracellular 

accumulation of aberrant proteins and glycoconjugate species, leading to 

neurodegeneration. Since both these pathways deliver their cargoes finally to lysosomes, 

an efficient functioning of either endocytic or autophagic machinery depends on the 

presence of functional lysosomes. Lysosomes are acidic (pH ≤ 5) membrane-bound 

organelles which contain more than 50 acid hydrolases, including proteases, lipases, 

nucleases, glucosidases, phospholipases and sulfatases that work together to contribute to 

the total catabolic function of the lysosomal system (112, 113). Most of the lysosomal 

hydrolytic enzymes are processed in the trans-Golgi network and subsequently trafficked 

to the late-endosomes and lysosomes under the regulation of two species (~ 46 kD cation-

dependent and ~300 kD cation-independent) of mannose 6-phosphate (M6P) receptors. 

To prevent premature activation of the hydrolases outside of the lysosomes, the 

lysosomal hydrolytic enzymes are synthesized and transported in their precursor 

“proenzyme” forms which are cleaved into their “mature/active” forms in the late 

endosomes and lysosomes. The compartmentalized activity of the lysosomal enzymes is 

regulated by the lysosomal membrane which helps to maintain the acidic pH (4.6-5.0) 

within the lumen of the lysosome. The lysosomal membrane also plays a key role in 

importing the substances for degradation from the cytosol by contacting and fusing with 

other vesicles such as late-endosomes and autophagosomes, and exporting degradation 

products back to the cytosol for recycling (114, 115). Accordingly, defects in lysosomal 

enzymes and membranes can cause neurodegenerative diseases (92, 95, 97). Despite the 

universal cellular role of the lysosomal system, the neurons seem to be particularly 

vulnerable to lysosomal system dysfunction. The unique importance of the lysosomal 

system in maintaining neuronal homeostasis could be explained by the following three 

reasons: 1) neurons cannot reduce their concentration of aberrant unwanted proteins and 

damaged organelles by cell division, 2) endocytic and autophagic activities are 

particularly high at synapses and along the long neuritic processes, hence demanding an 

efficient clearing of the cargo-laden vesicular compartments for maintaining neuronal 

homeostasis and, 3) neurons are confronted with additional aging-related lysosomal 

degradative impairments. Thus, while impairments of the endosomal-autophagosomal-
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lysosomal pathway can be tolerated to some extent by cells in peripheral tissues, these 

abnormalities can trigger selective neurodegenerative phenotypes in the CNS. 

 

Among the various neurodegenerative diseases, both AD and NPC are 

particularly well-characterized by marked defects in the EL and autophagosomal–

lysosomal pathways, all of which are intimately associated with APP processing and Aβ 

generation (116, 117). Furthermore, the endosomal system also plays a critical role in the 

intracellular processing and trafficking of cholesterol regulated by NPC1/2 proteins. 

Thus, the endocytic-autophagic-lysosomal degradative pathways possibly represent a 

convergence point for the pathogenetic mechanisms in AD and NPC pathologies, 

although the significance of this system in the development/progression of the either 

disease remains unclear.  

 

In AD brains, the changes associated with the endocytic pathway include 

increased volume of Rab5-positive early endosomal compartments together with 

increased mobilization of proteins facilitating Rab5 function such as early endosome 

antigen 1 (EEA1) and rabaptin 5 and enhanced expression of Rab4, an index of 

endosome recycling in the hippocampal neurons that are preferentially vulnerable to 

degeneration (118, 119). These alterations, which possibly increase the rates of 

endocytosis and endosome recycling, appear prior to substantial Aβ deposition in the 

brain and are believed to be accelerated by inheritance of the ε4 allele of APOE, the 

major genetic risk factor for late-onset AD (61, 118, 120). Supporting this notion, a 

recent study suggests that the genes related to endocytosis, such as Rab5, Rab7 and Rab4, 

are among the first group to be upregulated in AD and are abnormally recruited to 

endosomes, which progressively enlarge during the disease progression (121). As seen in 

AD, enlarged early endosomal compartments are also noted in the vulnerable Purkinje 

cells of NPC brains (40, 122). In NPC as well as AD cases, the early endosomes are also 

found to accumulate APP-CTFs and Aβ peptides. In addition, the enlarged endosomal 

compartments in both the diseases contain abnormally high levels of the lysosomal 

hydrolase cathepsins B and D, suggesting that cathepsins are partially re-routed to early 

endosomes in the vulnerable neurons of AD and NPC brains (40, 118). This is, at least in 
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part, due to an increase in M6P receptor expression, which usually carries newly 

synthesized lysosomal enzymes from the trans-Golgi network to late-endosomes. 

Accordingly, overexpression of the cation-dependent M6P receptor in fibroblasts has 

been demonstrated to mistarget cathepsin D to early endosomes and to increase Aβ 

secretion, suggesting that activation of the early endosomes in AD brains could 

mechanistically relate to the increased production of Aβ peptides (123). Unlike AD, there 

are conflicting reports regarding M6P receptor expression in NPC, with the receptor level 

either being elevated (124) or unchanged (125). However, studies in Npc1-model cells 

have shown that cholesterol accumulation can cause redistribution of the cation-

independent M6P receptors to endosomes and impair its retrograde transport from late 

endosomes to the trans-Golgi network (126, 127). In a recent study it has been shown that 

cholesterol enrichment not only disrupts trafficking of the cation-independent M6P 

receptor but also causes accumulation of Rab9 in late-endosomes, thus suggesting that 

targeting of a variety of proteins is likely to be impaired in NPC-deficient cells (124). In 

our studies, we did not observe any significant alteration in the expression of transcripts 

encoding the cation-independent M6P receptor (Igf2r) or the Rab GTPases including 

Rab5, Rab7 and Rab9 in Npc1-null and ANPC brains. However, certain other 

components of vesicular trafficking such as the levels of mRNAs encoding Klc2, Kif1c, 

Anx6, Tubb4 and Mapt were found to be differentially altered in Npc1-null and ANPC 

brain regions. Taken together, these findings suggest that the overall intracellular 

vesicular movement including the EL pathway is possibly dysfunctional, which in turn 

might disrupt the sorting and recycling of various proteins and lipids and promote 

amyloidogenic APP processing within the endocytic pathway in both AD and NPC 

pathologies. 

 

In addition to endocytic abnormalities, an increasing number of studies suggest an 

impairment of the autophagic-lysosomal pathway in AD and NPC disease, which could 

significantly contribute to amyloidogenesis. Abundance of autophagosomes and late 

autophagic vacuoles packed with Aβ and other potentially neurotoxic substances in 

dystrophic neurites is characteristic of AD as well as NPC brains (117, 128) and recent 

studies indicate that impaired clearance of autophagic vacuoles might contribute to this 
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pathology (129). Moreover, new studies are now revealing that the genetic factors that 

cause or the increase risk of AD also have significant effects on autophagic-lysosomal 

function (97). More specific to the mechanism of neurodegeneration in AD and NPC, Aβ 

generated in the endocytic and autophagic pathways can accumulate when degradation 

via the lysosomal pathway is impaired. The resultant accumulation of Aβ can cause free-

radical generation, disruption of the lysosomal membrane impermeability and leakage of 

lysosomal hydrolases such as cathepsin D and β-hexosaminidase into the cytosol, prior to 

other morphological signs of cellular toxicity (49, 51, 130). This is further supported by 

the evidence that hydrolase leakage and cell death can be mitigated partly by the 

antioxidant n-propyl gallate, suggesting that the lysosomal membrane may be a target of 

lipid peroxidation induced by Aβ aggregates (51, 130). Moreover, recent studies 

employing experimental strategies to stimulate autophagy to restore lysosomal 

proteolysis to normal levels have yielded beneficial effects on neuronal function and 

cognitive performance in AD mouse models (131-133) – thus suggesting a crucial role 

for the autophagic-lysosomal pathway in the extensive neuritic dystrophy seen in AD, 

which can possibly be extended to NPC pathology as well. 

 

In our studies, we found an age-dependent increase in the levels of the autophagic 

protein LC3-II in brains of ANPC mice. Similar increases in LC3-II levels have been 

previously reported in Npc1-null brains, suggesting that autophagic activity might be 

increased under conditions of cholesterol sequestration in late-endosomes/lysosomes (80, 

125). Cholesterol depletion, either by inhibition of its synthesis or acute extraction, has 

been previously shown to induce autophagy under various experimental conditions (134, 

135), suggesting that “lipid starvation” may also lead to autophagy (136). Whether the 

increased autophagic acitivity observed in the brains of ANPC and Npc1-null mice is 

because of “lipid starvation” in selected cellular organelles remains to be determined. 

Autophagic induction is generally regulated by the mTOR (mammalian target of 

rapamycin) kinase, with activated mTOR (Akt and MAPK signaling) suppressing 

autophagy, and negative regulation of mTOR (AMPK and p53 signaling) promoting it 

(137). Induction of mTOR-independent autophagy involving beclin-1 is also known to 

occur under conditions of starvation to preserve cell homeostasis (138). Earlier studies 
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have reported upregulation of beclin-1 dependent autophagy in models of NPC1 

deficiency (139). In this regard, it would be interesting to evaluate whether beclin-1 and 

other molecules involved in early stages of autophagosome formation like Atg5/Atg12 

are altered in ANPC brains in response to cholesterol accumulation. This would enable us 

to understand the potential contribution of the increased autophagic activity, if any, to the 

increasing LC3-II and amyloidogenic peptide levels in ANPC brains. However, it is also 

possible that reduced lysosomal clearance activity caused by the EL cholesterol 

sequestration in ANPC brains could decrease the turnover of autophagic vacuoles, 

leading to their progressive buildup in the cells/tissue. Our results clearly indicate an age-

dependent increase in the most well-known autophagic substrate, p62, along with 

polyubiquitinated proteins in the brains of ANPC mice, thus suggesting that the increase 

in LC3-II levels in the brain could be a consequence of decreased lysosomal clearance. 

Interestingly, the elevated LC3-II levels in ANPC brains were also accompanied by 

parallel increases in APP-CTF and Aβ levels. Given that lysosomes and autophagic 

vacuoles could contribute to both generation and degradation of APP-CTFs (117, 140), it 

is possible that both processes, i.e. increased autophagic induction and inhibition of 

lysosomal clearance, might together contribute to the increased APP-CTF and Aβ levels 

in the ANPC brain. Although understanding the contribution of the former event towards 

increased Aβ/APP-CTF levels needs further experimentation, our results clearly suggest a 

crucial role for lysosomal degradation in regulating APP-CTF levels under conditions of 

cholesterol sequenstration. Thus, while treatment of the N2a-APP cells with chloroquine, 

a lysosomotropic agent neutralizing the lysosomal acidic pH and thereby decreasing the 

activity of the lysosomal hydrolases, produced an increase of LC3-II and APP-CTF 

levels, the N2a-ANPC cells showed only a minor increase, suggesting that lysosomal 

degradative activity is already impaired in these cells. 

 

In keeping with these in vitro experiments, changes in the lysosomal function in 

the brain following cholesterol accumulation were also evident in the increased 

levels/expression of the lysosomal enzymes cathepsin B, cathepsin D and Gus B. Earlier 

studies have reported upregulation of lysosomal enzymes in at “risk neurons” in both 

diseases accompanied by autophagic vacuole accumulation (42, 125, 141). While the 
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upregulation of different lysosomal enzymes could be a consequence of defects in their 

own trafficking and degradation secondary to lysosomal cholesterol accumulation or a 

compensatory mechanism for the increasing accumulation of unwanted materials (142), 

our study clearly highlights a role for the increased levels of lysosomal enzymes, 

particularly cathepsin D, in neurodegeneration. Interestingly, increasing evidence 

suggests a dual role for cathepsin D in cell death and survival. Several studies have 

shown that increased cathepsin levels within the lysosomes can prevent sub-lethal 

damage (143), whereas, destabilization of lysosomal membrane integrity leading to 

sustained release of cathepsins into the cytosol can trigger cell death by activating a 

caspase-dependent intracellular signaling mechanism (125, 144, 145). In our study we 

clearly showed that levels/expression and activity of cathepsin D are increased in both 

ANPC and Npc1-null mice more prominently in the affected cerebellar region than in the 

relatively spared hippocampus. In addition, the cytosolic levels of cathepsin D and the 

pro-apoptotic molecules like cytochrome c and Bax are increased specifically in the 

cerebellum ANPC and Npc1-null mice. Furthermore, the increase in cathepsin D level, in 

keeping with the magnitude of Purkinje cell loss, is found to be higher in ANPC mice 

compared to the Npc1-null mice, suggesting a potential role for the enzyme in the 

degeneration of the cerebellar Purkinje neurons. These results raise the possibility that 

while increased cathepsin D levels mostly within the lysosomes of the hippocampus may 

counter the cellular abnormalities caused by increased levels of mutant human APP/APP-

fragments and cholesterol sequestration, up-regulation of cathepsin D levels and activity 

together with its release into the cytosol might trigger cell death in the cerebellum of 

ANPC and Npc1-null mice. This is further supported by our observation of active 

caspase-3 labeled neurons in the degenerating Purkinje cell layer of the cerebellum but 

not in the hippocampus that is spared from cell death. 

 

At present, however, the factors that might trigger breakdown of lysosomal 

membrane integrity, releasing its hydrolytic enzymes into the cytosol under conditions of 

NPC1 deficiency, remain unclear. Of the many known factors that can induce lysosomal 

membrane permeabilization (LMP), the best characterized mechanism is the reactive 

oxygen species (ROS)-mediated lysosomal destabilization. There is evidence that ROS 
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are produced as a normal by-product of cellular metabolism of oxygen and play 

important role in cell signaling and homeostasis. However, under conditions of stress, 

ROS levels might increase dramatically and cause significant damage of cell structures 

including oxidation of proteins, lipids and nucleic acids. Earlier studies have established 

that intracellular accumulation of Aβ peptides can cause rapid induction of ROS 

generation within lysosomes and disruption of lysosomal membrane proton gradients 

which precedes cell death (51, 130). Considering that inhibition of lysosomal proteolysis 

following cholesterol accumulation causes massive accumulation of amyloidogenic Aβ 

fragments, it is intriguing to speculate that increased intracellular Aβ levels in ANPC 

mouse brains might induce ROS-mediated LMP, leading to leakage of cathepsin D into 

the cytosol and subsequent cell death. Accordingly, we observed an age-dependent 

increase in oxidative stress markers, the protein carbonyls, in the affected cerebellum of 

ANPC mice. This is also substantiated, at least in part, by our H2O2 treatment 

experiments, which showed that the N2a-ANPC cells are more susceptible to H2O2-

induced toxicity than the N2a-APP cells, suggesting pre-existing oxidative stress 

conditions in the former cell line. More interestingly, the observed increase in H2O2-

toxicity was partially rescued by pre-treatment with β- or γ-secretase inhibitors reducing 

Aβ levels. Taken together, our studies suggest that the increased intracellular Aβ/APP-

CTF accumulation caused by EL cholesterol sequestration might be involved in inducing 

ROS-mediated LMP which can subsequently trigger cell death via leakage of the 

lysosomal cathepsin D into the cytosol.  

 

5.6. Conclusion 

Our data provide the first in vivo evidence that human APP expression in a model of NPC 

disease exacerbates the disease phenotype by amplifying the changes caused by NPC1 

deficiency alone, highlighting a crucial role for APP in the disease process. Consistent 

with the previous studies, our results suggest that intracellular cholesterol distribution is a 

major regulator of APP processing and Aβ generation. Additionally, our studies indicate 

that impaired lysosomal activity, as evident in NPC and AD pathogenesis, is a major 

contributor to increased generation and accumulation of toxic Aβ and/or tau species. 

Hence, from a broader perspective, our studies highlight that strategies aiming at 
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improving the lysosomal clearance might offer a promising therapeutic approach for 

treating both AD and NPC disease. In conclusion, our results are consistent with a 

mechanism of neurodegeneration in both AD and NPC brains in which altered cholesterol 

homeostasis is a key early event in the pathogenesis that could drive both amyloid and 

tau pathologies either in parallel or independent of each other. 
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