
 

University of Alberta 
 
 
 

Cholesterol Metabolism in the Niemann-Pick Type C Brain 
 

by 

 
Kyle Bradley Peake 

 
 
 
 

A thesis submitted to the Faculty of Graduate Studies and Research  
in partial fulfillment of the requirements for the degree of  

 
 

Doctor of Philosophy 
in 

Experimental Medicine 
 
 
 
 

Department of Medicine 
 
 
 
 
 

©Kyle Bradley Peake 
Spring 2011 

Edmonton, Alberta 
 
 
 
 

 
Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis 
and to lend or sell such copies for private, scholarly or scientific research purposes only. Where the thesis is 

converted to, or otherwise made available in digital form, the University of Alberta will advise potential 
users of the thesis of these terms. 

 
The author reserves all other publication and other rights in association with the copyright in the thesis and, 

except as herein before provided, neither the thesis nor any substantial portion thereof may be printed or 
otherwise reproduced in any material form whatsoever without the author's prior written permission. 



 

 

 

 

 

 

 

 

 

EXAMINING COMMITTEE 

 

Dr. Jean Vance, Department of Medicine, University of Alberta 

Dr. Robert Campenot, Department of Cell Biology, University of Alberta 

Dr. Kathryn Todd, Department of Psychiatry, University of Alberta 

Dr. Satya Kar, Department of Psychiatry, University of Alberta 

Dr. Joyce Repa, Department of Physiology, University of Texas 
Southwestern 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Dedication 

To my wife and family, who have supported me every step of the way 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

Niemann-Pick Type C (NPC) disease is an autosomal recessive 

disorder that results in accumulation of unesterified cholesterol in late 

endosomes/lysosomes (LE/Ls), leading to progressive neurodegeneration 

and premature death. Microglia are resident immune cells of the central 

nervous system, which upon activation can secrete potentially neurotoxic 

molecules such as tumor necrosis factor-alpha (TNFα).  Inappropriate 

activation of microglia has been implicated in NPC disease. Primary 

microglia cultures from the cerebral cortex of Npc1-/- mice have an altered 

cholesterol distribution characteristic of NPC-deficient cells. 

Immunocytochemical analysis revealed increased TNFα staining in Npc1-/- 

microglia.  However, Npc1-/- and Npc1+/+ microglia showed similar mRNA 

levels of pro-inflammatory cytokines and similar levels of TNFα secretion. 

To determine whether Npc1-/- microglia contribute to neuron death in NPC 

disease, microglia were co-cultured with cerebellar granule cells.  

Surprisingly, the extent of neuronal death was the same in neurons 

cultured with Npc1+/+ or Npc1-/- microglia.  Thus, Npc1-/- microglia have an 

altered phenotype compared to Npc1+/+ microglia, but this does not lead to 

neuron death in an in vitro co-culture system.    

Treatment options for NPC disease remain limited. A consequence 

of cholesterol sequestration in the LE/Ls, is that cholesterol movement to 

the endoplasmic reticulum, where cholesterol metabolism is regulated, is 

impaired.  Cyclodextrin (CD), a compound that binds cholesterol, has 



recently been found to delay the onset of neurological symptoms and 

prolong life of Npc1-/- mice. Since the brain consists of both neurons and 

glia, it remains unclear if CD acts directly on neurons and/or  other cells in 

the brain. Neurons cultured from the cerebellum and astrocytes cultured 

from the cortex of Npc1-/- mice were treated with a low dose (0.1mM) of 

CD. This treatment decreased cholesterol sequestration and decreased 

the rate of cholesterol synthesis in Npc1-/- neurons and astrocytes.  CD 

also decreased mRNAs encoding proteins involved in cholesterol 

synthesis in Npc1-/- neurons and increased genes involved in cholesterol 

efflux in Npc1-/- astrocytes.  Moreover, CD increased cholesterol 

esterification in Npc1-/- astrocytes. These results suggest that cholesterol 

trapped in LE/Ls in Npc1-/- neurons and astrocytes was released by CD 

treatment and reached the ER, thereby regulating cholesterol 

homeostasis. 
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1. BACKGROUND AND INTRODUCTIONϕ 

Cholesterol is a key component of mammalian cell membranes, 

playing essential roles in membrane integrity, fluidity, and organization.  

For instance, membrane domains highly enriched in cholesterol and 

sphingolipids are believed to play important roles in cellular processes 

such as signal transduction and membrane trafficking [1, 2].  Cholesterol is 

also the precursor for a variety of important molecules including 

oxysterols, bile acids, and steroid hormones.  Due to the biological 

importance of cholesterol, dysregulation of cholesterol metabolism can 

have a number of detrimental effects.  Elevated levels of plasma 

cholesterol packaged in low-density lipoproteins (LDLs) are correlated with 

an increased risk of atherosclerosis [3].  Furthermore, in the brain, 

alterations in cholesterol metabolism have been implicated in a number of 

neurodegenerative disorders including Alzheimer disease (AD), 

Huntington disease, and Niemann-Pick Type C (NPC) disease.  Thus, 

cholesterol concentrations must be tightly maintained in order to preserve 

proper cell function. 

1.A  CHOLESTEROL METABOLISM 

Cholesterol is synthesized from acetate through a complex pathway 

catalyzed by more than 25 different enzymes [4].  Nearly all mammalian 
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cells are capable of synthesizing cholesterol [5].  Additionally, cells can 

obtain cholesterol through the uptake of exogenous lipoproteins, 

particularly LDLs.  LDLs are brought into the cell via receptor-mediated or 

bulk-phase endocytosis [6, 7], and are delivered to the late 

endosome/lysosome (LE/L), where cholesterol esters (CE) within the LDL 

particle are hydrolyzed by lysosomal acid lipase [6, 8, 9].  Unesterified 

cholesterol exits the LE/L, through an NPC1/NPC2-dependent 

mechanism, and is distributed primarily to the plasma membrane as well 

as the endoplasmic reticulum (ER), which serves as a cholesterol sensor 

[6, 10].  Excess cholesterol can be esterified by acyl-CoA:cholesterol 

acyltransferase (ACAT), allowing cholesterol to be stored in a relatively 

inert form [6, 11].  Moreover, excess cholesterol can be transferred out of 

cells by members of the ATP-binding cassette transporter family such as 

ATP-binding cassette transporters A1 (ABCA1) and G1 (ABCG1).  It has 

been proposed that ABCA1 is involved in transferring cholesterol and 

phospholipids to lipid-poor apolipoprotein AI [12], while ABCG1 transfers 

additional lipids to the partially lipidated particle [13], forming mature high-

density lipoproteins (HDLs).  These HDLs are then brought through the 

circulation to the liver, where cholesterol is converted into bile acids and 

excreted from the body [14, 15].  Recent experiments, however, suggest 

both Abca1+/+ and Abca1-/- mice are capable of excreting similar amounts 

of cholesterol [16].  The mechanism through which this is occurring 

remains to be determined. 
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1.A(i) Regulation of Cholesterol Metabolism 

Due to the importance of cholesterol, cells have developed a 

number of intricate mechanisms through which to control cholesterol 

homeostasis.  The ER is a key site that serves as a cholesterol sensor, 

allowing cells to regulate cholesterol metabolism according to cellular 

demand.  Sterol regulatory element-binding protein 2 (SREBP2) is a 

transcription factor that is central in regulating cholesterol homeostasis 

[10].  The regulation of SREBP is tightly controlled by sterols.  In the 

presence of sterols, full length SREBP is restricted to the ER [10].  Upon 

sterol depletion, the N-terminal fragment of SREBP is cleaved and enters 

the nucleus where it can increase the synthesis of genes involved in 

cholesterol synthesis and uptake [17].  These include genes encoding 3-

hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR), the rate-

limiting enzyme in cholesterol biosynthesis [18], and the LDL-receptor 

(LDLR) [10].  SREBP is oriented in a hairpin fashion, with both the N-

terminal active domain and the C-terminal regulatory domain extending 

into the cytosol, while a transmembrane loop crosses into the ER lumen 

[19].  The C-terminal regulatory domain binds to SREBP cleavage-

activating protein (Scap) [20, 21], a protein involved in shuttling SREBP 

from the ER to the Golgi apparatus [22], where SREBP can be cleaved by 

two sequential proteases that release the active N-terminal fragment [17].  

In the presence of sterols, Scap binds to either Insig-1 or Insig-2, both of 

which retain the SREBP/Scap complex in the ER, and thus prevent 
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SREBP processing [23, 24].  This occurs since binding of cholesterol to 

Scap or binding of oxysterols (oxygenated derivatives of cholesterol) to 

Insig both induce a conformational change in Scap [25-28].  The 

conformational change prevents Scap from binding CopII vesicles which 

transport the SREBP/Scap complex to the Golgi apparatus [28-30].  

 SREBP2 processing is not the only way through which cells are 

able to regulate cholesterol metabolism.  For instance, sterols can 

promote ubiquitination and degradation of HMGCR through an Insig-

dependent mechanism [31-34].  Moreover, PCSK9 (proprotein convertase 

subtilisin/kexin type 9) is capable of binding to the LDLR and promoting 

degradation of the LDLR via the lysosome [35-37].  The liver X receptor 

(LXR) is a nuclear hormone receptor, which functions as a heterodimer 

with the retinoid X receptor in order to regulate genes involved in 

cholesterol homeostasis [38-41].  Binding of oxysterols to LXR leads to the 

activation of genes such as ABCA1 and ABCG1, both of which are 

involved in promoting the flux of cholesterol out of cells [12, 38, 41-43].  

Thus, there are several different ways through which cells can control 

cholesterol metabolism in order to maintain the appropriate concentrations 

of cholesterol within the cell.   

1.A(ii) Cholesterol Metabolism in the Brain 

Cholesterol metabolism in the brain is unique, particularly since 

plasma lipoproteins are unable to cross the blood-brain barrier (BBB).  
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Consequently, essentially all of the cholesterol in the brain must be 

synthesized endogenously [44].  The brain contains ~25% of the body’s 

cholesterol, but comprises only ~5% of the body mass.  The majority (70-

80%) of cholesterol in the brain is present in myelin and as such, the rate 

of cholesterol synthesis in the brain is highest during active myelination, 

and declines once myelination is complete [45].  Despite being physically 

separated from plasma lipoproteins, the central nervous system (CNS) 

contains its own lipoproteins [46, 47], as well as proteins involved in 

lipoprotein assembly (ABCA1, ABCG1) [48-51] and uptake (LDLR and 

members of the LDLR superfamily) [46, 52, 53].  The predominant 

lipoproteins of the CNS are HDL-sized particles containing apolipoprotein 

E, which is mainly synthesized in the astrocytes [46, 54-56].  In the adult 

brain, cholesterol synthesis is thought to occur primarily in astrocytes [57], 

which can supply cholesterol to neurons in the form of apolipoprotein E-

containing lipoproteins (reviewed in [58]).  These astrocyte-derived 

lipoproteins have been shown to promote axon growth [59, 60] and 

synaptogenesis [61].  Controversy still exists whether neurons also 

synthesize cholesterol in the adult brain.  It is clear that neurons have the 

ability to synthesize cholesterol, as primary cultures of neurons can be 

grown in the absence of any exogenous lipids [62, 63] (Fig. 3.19A and 

3.21A), and incorporate [3H]acetate into newly synthesized cholesterol 

(Fig. 3.25A).  Furthermore, HMGCR and Dhcr7, the final enzyme in 

cholesterol biosynthesis, have been detected in adult mouse cortical and 
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hippocampal neurons by in situ hybridization [64].  Likewise, analysis of in 

situ data from the Allan Mouse Brain Atlas shows mRNAs encoding a 

number of genes involved in cholesterol synthesis and homeostasis are 

detectable in hippocampal neurons [65].  However, other studies have 

found that retinal ganglion cells down-regulate squalene synthase, the 

enzyme that catalyzes the first committed step in cholesterol biosynthesis, 

when they are co-cultured with astrocytes [66]. In support of this, 

Funfschilling et al. found very little squalene synthase in cerebellar granule 

cells (CGCs) of adult mice and disruption of the squalene synthase gene 

in CGCs of adult mice caused no detectable neurodegeneration [67].  

Thus, while neurons appear to have the ability to synthesize cholesterol 

endogenously, in adult brains neurons may decrease cholesterol synthesis 

and instead rely primarily upon uptake of astrocyte-derived cholesterol.  

Just as the BBB restricts movement of cholesterol into the CNS, it 

also prevents movement of excess cholesterol out of the CNS.  

Cholesterol synthesis continues at a slow rate in the mature brain [68, 69], 

and cholesterol is constantly being turned over.  Since cells are unable to 

degrade the cholesterol backbone, the brain must have a mechanism to 

move excess cholesterol out of the CNS in order to maintain the 

appropriate concentrations of cholesterol within brain cells.  One way this 

occurs is through the conversion of cholesterol into the oxysterol 24(S)-

hydroxycholesterol [70-72], a reaction catalyzed by the cytochrome P450-

containing enzyme cholesterol 24-hydroxylase [73].  This enzyme is 
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expressed in a subset of neurons that include Purkinje cells of the 

cerebellum and pyramidal cells of the cortex, but is essentially absent in 

astrocytes [73].  Unlike cholesterol, which is unable to penetrate the BBB, 

24(S)-hydroxycholesterol appears able to cross the BBB, entering the 

circulation where it can be delivered to the liver and excreted from the 

body as bile [70-72].  When Cyp46a1 (the gene encoding cholesterol 24-

hydroxylase in mice) is disrupted the brain shows a 40% decrease in 

cholesterol synthesis, while the steady-state concentration of cholesterol 

remains the same [74].  Not only does this imply that a small number of 

neurons are responsible for the flux of at least 40% of cholesterol out of 

the brain, it also demonstrates that another significant pathway must exist 

to excrete cholesterol from the CNS.  It remains to be determined what 

this other pathway is.  Experiments by Repa et al., however, suggest this 

may be occurring through an LXR-dependent pathway, since 

administration of an LXR agonist to Npc1-/- mice led to increased flux of 

cholesterol out of the CNS and increases in ABCA1 and ABCG1 mRNA, 

but caused no changes in cholesterol synthesis or Cyp46a1 [75]. 

1.B  NIEMANN-PICK TYPE C DISEASE 

NPC disease is a fatal, autosomal recessive disorder that affects 

approximately 1 in 150,000 live births [76].  The majority of cases result 

from mutations in the NPC1 gene (95%) while the remainder (5%) are 

caused by mutations in the NPC2 gene.  Loss of function of either of these 

proteins results in an accumulation of cholesterol and other lipids, 
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including sphingomyelin, sphingosine and gangliosides (GM2 and GM3) 

within the LE/L.  In mice and humans, this impairment leads to progressive 

neurodegeneration, hepatosplenomegaly, lung disease and, ultimately, 

premature death.  Typically, clinical manifestations become evident in 

early childhood, although age of onset can range from the perinatal period 

to adulthood.  Disease progression is often more rapid when onset of 

symptoms occurs in early life [77]. 

Initial studies by Pentchev et al. found that fibroblasts from NPC1-

deficient patients have a defect in cholesterol esterification despite having 

normal ACAT activity [78].  Staining of these cells with filipin, which labels 

unesterified cholesterol, suggested that although LDL-cholesterol is 

internalized and hydrolyzed normally in these fibroblasts, its movement to 

the ER is blunted [78].  Consequently, LDL is unable to decrease 

cholesterol biosynthesis and LDLR activity, both of which are regulated at 

the ER [79].  Cytochemical techniques confirmed that there is a massive 

storage of cholesterol within the lysosomes of NPC-deficient fibroblasts 

[80].  More recent studies have begun to unravel the molecular and cell 

biological bases of these findings.   

1.B(i) NPC1 and NPC2 Proteins 

Positional cloning techniques have identified the human NPC1 

gene (on chromosome 18q11) and its orthologs in mice, the yeast 

Saccharomyces cerevisiae, the nematode Caenorhabditis elegans [81, 82] 
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and Drosophila [83].  Expression of NPC1 in cultured fibroblasts from 

patients with NPC disease abolished the lysosomal accumulation of 

cholesterol [81].  NPC1 is an integral membrane protein that is primarily 

localized to the LE/L, although this protein also appears to cycle through 

the trans-Golgi network [84, 85].  Human NPC1 consists of 1278 amino 

acids and contains 13 putative transmembrane domains that are 

separated by three luminal glycosylated loops [81, 86].  Moreover, NPC1 

contains a sterol-sensing domain that has a similar sequence to that in 

HMGCR, SREBP and Patched [81].    

Through studies that were designed to characterize the lysosomal 

proteome, the gene responsible for NPC2 disease was subsequently 

identified [87].  NPC2 (previously called HE1) is a ubiquitously expressed 

151-amino acid, soluble lysosomal protein [87].  Originally, NPC2 was 

identified as a cholesterol binding protein that is a major secretory 

component of epididymal fluid [88].  Fluorescence quenching assays 

showed that NPC2 can transfer cholesterol between phospholipid vesicles 

in vitro. In addition, the transfer of cholesterol from phospholipid vesicles 

to NPC2 is dramatically increased by the presence of 

bis(monoacylglycero)phosphate (a LE/L phospholipid that accumulates in 

NPC-deficient cells) in donor vesicles [89]. 

Homozygous mutations in either NPC1 or NPC2 result in virtually 

identical cellular and clinical phenotypes [90].  Likewise, when NPC1-

deficient mice are crossed with Npc2 hypomorphic mice, which retain      
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0-4% residual NPC2 protein, the phenotype is indistinguishable from that 

of either NPC1- or NPC2-deficient mice [91], suggesting that these 

proteins function in tandem, or sequentially, in the same pathway.  Binding 

studies and crystal structures of NPC1 and NPC2 have provided valuable 

insights into the functions of these proteins.  NPC2 binds cholesterol with 

high affinity in a process that is sensitive to modification of the 

hydrophobic side-chain of cholesterol [88, 92].  A crystal structure of 

bovine NPC2 bound to cholesterol sulfate shows that cholesterol binds in 

a deep hydrophobic pocket, with only the sulfate (substituted for the       

3β-OH moiety) of the sterol exposed to solvent [93].  NPC1 also binds 

cholesterol and fluorescent sterol analogs, as well as oxysterols [92, 94, 

95].  More 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 is buried within the binding pocket 

and the iso-octyl side-chain is exposed on the surface [96].  Since NPC1 

and NPC2 appear to bind cholesterol in opposite orientations, a model for 

the functions of the two NPC proteins was proposed.  In this model, 

unesterified cholesterol in the interior of the LE/L is initially bound by 

NPC2 which subsequently transfers the cholesterol to the N-terminal 

cholesterol-binding domain of NPC1 in the limiting membrane of the LE/L 

(Fig. 1.1) [96].  This model predicts that NPC1 inserts the iso-octyl side-

chain of cholesterol into the lysosomal outer membrane, although this 

feature remains to be confirmed [96].  In support of this model, NPC2 
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greatly accelerates the bi-directional transfer of cholesterol from NPC1 to 

liposome acceptors, particularly those containing the LE/L-specific 

phospholipid, bis(monoacylglycero)phosphate [97].  The role that the 

sterol-sensing domain of NPC1 plays in this process remains unclear 

since mutations in this domain prevent the binding of a photo-activatable 

analog of cholesterol to NPC1 in intact cells [98].  However, direct binding 

of this cholesterol analog to the sterol-sensing domain was not 

demonstrated [98], leaving open the possibility that this domain modulates 

cholesterol binding to the N-terminal domain of NPC1.  An alternative 

model that has been proposed, and not yet ruled out, for the sequential 

action of NPC1 and NPC2 is that NPC1 transfers cholesterol to NPC2.  No 

direct interaction between the NPC1 and NPC2 proteins has been 

detected.   

Other experiments, in which NPC1 was expressed in Escherichia 

coli, indicated that NPC1 might be a fatty acid transporter [99].  In these 

studies, NPC1 was able to transport oleic acid, but not cholesterol or CE, 

across the E. coli membrane [99].  Nevertheless, subsequent work 

showed that the flux of fatty acids through the NPC1-deficient LE/L is 

normal, suggesting that fatty acid export from the LE/L does not require 

NPC1 in mammalian cells [100].  The finding that NPC1 that is expressed 

in E. coli cannot mediate the transbilayer movement of cholesterol might 

indicate that NPC1 requires the presence of functional NPC2 in order to 

transport cholesterol. 
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FIGURE 1.1 - Potential mechanism for NPC1/NPC2-mediated 
cholesterol efflux out of LE/L. (1) NPC2 (soluble protein) binds 
unesterified cholesterol in the LE/L with the isooctyl chain in the binding 
pocket, an event that may be enhanced by/require cholesterol - lyso-bis-
phosphatidic acid interactions. (2) NPC2 transfers cholesterol to the N-
terminal domain of NPC1 (a multi-pass membrane protein) which binds 
cholesterol with the hydroxyl group in the binding pocket.  (3) Cholesterol 
is effluxed out of the LE/L by an unknown mechanism. 
 

1.B(ii) Models of NPC Disease 

NPC disease is studied in a number of different models.  Cellular 

models of NPC disease include human NPC1-/- fibroblasts and Npc1-/- 

Chinese hamster ovary cells, both of which have been used extensively.  

Additionally, the amphipathic steroid 3-β-[2-(diethylamino)ethoxy]androst-

5-en-17-one (U18666A), which blocks the egress of cholesterol out of the 

LE/L, is frequently used to induce an NPC-like phenotype in a variety of 

different cell types [101].  However, U18666A does not perfectly mimic the 

NPC-phenotype, and causes other effects not seen in NPC-deficient cells 
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that include blocking cholesterol synthesis [102, 103].   

 Several mouse models exist that recapitulate the features of human 

NPC disease, including accumulation of cholesterol in the LE/Ls of tissues 

throughout the body, progressive neurodegeneration, ataxia, liver and lung 

disease, and premature death.  The most commonly used mouse model 

contains a naturally occurring null mutation in Npc1 on the BALB/c genetic 

background [82, 104, 105].  However, it is important to note that genetic 

drift can lead to variations in the severity and progression of the disease 

[106].  An Npc2 hypomorphic mouse model also exists, which retains      

0-4% NPC2 in various tissues [91].  This NPC2-deficient mouse model 

has a phenotype that is virtually identical to that in Npc1-/- mice [91].  In 

addition, a feline model exists with a mutation in NPC1 that results in an 

NPC phenotype similar to that seen in human NPC disease [107-109].  As 

well, Drosophila [83] and Saccharomyces cerevisae [110, 111] models 

have been used to study NPC disease. 

1.B(iii) Abnormal Lipid Trafficking in NPC-deficient Cells 

The mechanisms responsible for the various pathways of inter-

organelle trafficking of cholesterol within cells are largely undefined. The 

endocytic uptake of LDLs, and the subsequent hydrolysis of CE, are 

normal in NPC1-deficient cells [78].  However, the export of cholesterol 

and other lipids from the LE/L is defective.  Consequently, normal amounts 

of cholesterol fail to reach the plasma membrane and the ER for regulation 

of cholesterol homeostasis [78, 79].  Since cholesterol trafficking to the ER 
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is impaired in NPC-deficient cells, the cells sense a lack of cholesterol.  

Thus, cholesterol synthesis and LDLR expression are increased despite 

abnormally elevated cholesterol levels in the LE/L [79].  The mechanism 

by which cholesterol reaches the ER from the LE/L remains to be defined.  

Recent findings suggest that cholesterol is first trafficked from the LE/L to 

the trans-Golgi network prior to reaching the ER in a process that is 

dependent upon a SNARE complex, although other possibilities exist 

[112].  Endogenously synthesized cholesterol can also accumulate within 

the LE/L, albeit much more slowly than does LDL-derived cholesterol 

[113].  Unlike LDL-derived cholesterol, the transport of endogenously 

synthesized cholesterol to the plasma membrane is not impaired in NPC1-

deficient fibroblasts [113, 114].  Presumably through formation of 

endocytic vesicles and membrane recycling, this source of cholesterol 

can, however, also become trapped in the LE/L. Furthermore, cholesterol 

that is taken up through bulk-phase endocytosis also enters the LE/L and, 

as a consequence, becomes trapped within the LE/L compartment of 

NPC1-deficient cells [7]. Interestingly, the intracellular transport of 

cholesterol derived from HDL appears to be unaffected by NPC1-

deficiency, suggesting that cholesterol derived from these lipoproteins is 

processed in the cell through a pathway different from that used by LDL-

cholesterol [115].   

In addition to cholesterol, a variety of other lipids, including 

sphingomyelin, sphingosine, bis(monoacylglycero)phosphate, and 
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complex glycosphingolipids (GSLs, particularly the gangliosides GM2 and 

GM3) accumulate in the LE/L of NPC-deficient cells (reviewed in [62]).  

There has been, and still is, debate over which lipid is the first to 

accumulate in NPC-deficient cells, and which lipids are responsible for the 

cellular dysfunction underlying NPC disease.  Although the majority of 

data implicate cholesterol accumulation as the primary defect, there is 

some evidence that points to other lipids.  For example, in a drug-induced 

(U18666A) model of NPC disease the accumulation of sphingosine in the 

LE/L apparently preceded both calcium depletion of these organelles and 

cholesterol accumulation [116].  Moreover, calcium stores in the acidic 

compartment of NPC1-deficient cells were reduced, and the chelation of 

calcium in the lumen of the endocytic pathway of wild-type cells causes an 

NPC disease-like phenotype [116].  Although these experiments show that 

sphingosine is elevated prior to cholesterol in this drug-induced NPC 

model, these studies do not demonstrate that sphingosine accumulation is 

the initial event that causes lipid accumulation in the LE/L of NPC1-

deficient cells.  As U18666A does not precisely mimic NPC deficiency, and 

has additional effects on cholesterol homeostasis, including inhibition of 

cholesterol synthesis [102, 103], it is unclear if the changes seen in this 

U18666A model would also be seen in NPC1-deficient cells, or if they are 

due to other effects of the drug. 

Several studies indicate that GSL accumulation in the LE/L is not 

the causative event in NPC disease.  For example, NPC1-deficient mice 
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that also have disrupted Galgt1 and Siat9 genes, and are unable to 

synthesize GM2/GD2 or GM3 complex gangliosides, accumulate the same 

amount of cholesterol in LE/L in the brain and other tissues as do NPC1-

deficient mice [106, 117].  Moreover, rather than extending the life of 

NPC1-deficient mice, deletion of these genes shortened the life-span, 

most likely because GSLs are important for CNS health and function [106, 

117].  Similarly, when mice lacking N-acetylgalactosamine transferase 

(unable to synthesize GM2 and complex gangliosides) were crossed with 

NPC1-deficient mice, the absence of GM2 did not increase the life-span of 

the NPC1-deficient mice [118]. Thus, elimination of the GSL storage did 

not prevent development of the NPC disease phenotype. On the other 

hand, in another study, elimination of the GSL biosynthetic enzyme N-

acetylgalactosamine transferase in NPC1-deficient mice reduced filipin 

staining of cholesterol in some, but not all, types of neurons in the brain, 

although cholesterol content was not measured directly [119].        

The idea that cholesterol is the initial lipid that accumulates in NPC 

deficiency is strongly supported by the observation that both NPC1 and 

NPC2 bind cholesterol [93, 96], while this evidence is lacking for other 

lipids such as GSLs.  Currently, the majority of experimental evidence 

supports a model in which mutation of either NPC1 or NPC2 initially leads 

to cholesterol accumulation in the LE/L, which in turn causes 

sequestration of a variety of other lipids.  Cholesterol accumulation in the 

LE/L can also cause mis-trafficking of GSLs [120] and GSL accumulation 
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can cause cholesterol entrapment in the LE/L [121].  Cholesterol storage 

in the LE/L is increased in several sphingolipid storage disorders, including 

Niemann-Pick Type A disease, and depletion of cholesterol from 

sphingolipid storage disease cells restored the normal trafficking of a 

fluorescent GSL analog (BODIPY-lactosylceramide) from the LE/L to the 

Golgi apparatus [120].  Moreover, when wild-type cells were overloaded 

with cholesterol, the trafficking of BODIPY-lactosylceramide to the LE/L 

increased [120].  The affinity of cholesterol for GSLs is indicated by their 

association in detergent-resistant domains of cell membranes.  Thus, in 

NPC disease, not only is it possible that the initial sequestration of 

cholesterol leads to the accumulation of GSLs, but these GSLs might 

subsequently induce the accumulation of even more cholesterol.  We 

speculate that this cyclic buildup of lipids within the LE/L might explain why 

treatments that focus on reduction of GSL storage can provide some 

therapeutic benefit in NPC1-deficient models [122].  Devlin et al. provide 

compelling evidence in support of this theory, by demonstrating that 

although impaired cholesterol trafficking is most likely the primary defect in 

NPC1-deficient cells, correction of a secondary defect (sphingomyelin 

accumulation) can substantially improve lipid and protein trafficking [123].   

Another lipid that accumulates in the LE/L of NPC1-deficient cells is 

sphingomyelin.  In response to the abnormal cholesterol accumulation in 

membranes of the LE/L in NPC1-deficient fibroblasts, the activity of acid 

sphingomyelinase was reduced although the amount of this enzyme was 
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normal [123].  When normal acid sphingomyelinase activity was restored 

in the NPC1-deficient fibroblasts, either through cDNA transfection or 

enzyme replacement, a dose-dependent reduction in lysosomal 

cholesterol content occurred and the abnormal recycling of the transferrin 

receptor was partially corrected [123].  Even when normal 

sphingomyelinase activity was restored, the intensity of filipin staining 

remained 25-30% higher than normal, most likely due to the primary 

underlying cholesterol trafficking defect [123].  The same logic might 

explain the partial success of miglustat treatment of children with NPC 

disease [124, 125].  Miglustat is a small iminosugar that reversibly inhibits 

the first step of GSL synthesis (glucosylceramide synthase), improves the 

clinical symptoms, and modestly increases the life-span of NPC1-deficient 

mice and cats [122].  This “substrate reduction therapy” is a potentially 

useful treatment for NPC disease since the residual activity of 

glucosylceramide synthase would likely produce sufficient GSLs for 

functioning of the CNS.  	
  

There is evidence that cholesterol accumulation in the LE/L can 

impair vesicular trafficking pathways.  Vesicles of the endocytic pathway 

are transported along the cytoskeleton, a process that is regulated by Rab 

GTPases (reviewed in [126]).  Over-expression of Rab7, which is involved 

in vesicle trafficking from the early endosomes to LE, or over-expression 

of Rab9, which is involved in LE to Golgi trafficking, corrected the lipid 

trafficking defects in NPC1-deficient fibroblasts [127].  Although Rab4 
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(which is involved in endocytic recycling to the plasma membrane) protein 

levels are elevated in NPC1-deficient cells, the sequestration of 

cholesterol in the LE/L prevents the extraction of Rab4 from the 

endosomal membrane, a key step required for Rab4 function [128].  As a 

consequence, the Rab4-mediated recycling of lipids and proteins is 

impaired [128].  Cholesterol depletion of NPC1-deficient cells restored 

normal BODIPY-lactosylceramide recycling and Rab4 organization [128].  

Modulation of pathways that involve Rab4, Rab7 or Rab9 was suggested 

as a method of overcoming the trafficking defects in NPC-deficient cells.  

Along these lines, over-expression of Rab9 in NPC1-deficient mice 

modestly increased life-span and reduced ganglioside storage in the brain 

[129].  Over-expression of Arf6 (which is involved in regulation of early 

endosomal membrane internalization and recycling) also reduced lipid 

accumulation in NPC1-deficient cells [130].  Furthermore, Goldman and 

Krise have demonstrated that fusion/fission events between the LE and 

lysosomes are severely impaired in NPC1- and NPC2-deficient cells [131].  

Intriguingly, it appears that NPC1 and NPC2 might be involved in different 

aspects of this process, so that NPC1 is important for the retrograde 

fusion of LE and lysosomes, while NPC2 plays a role in fission events that 

might be important for re-formation of lysosomes [132].  Retrograde fusion 

of lysosomes with LE is thought to be important for egress of membrane-

impermeable cargo out of the cell, and impairment of this pathway might 

cause a build-up of toxic metabolites in the LE/L [132].  Indeed, the 
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release of molecules such as dextran and sucrose from NPC1-deficient 

cells is impaired [85, 131, 133].  Thus, lipid accumulation within the LE/L 

can severely reduce the trafficking of lipids and other molecules through 

the endocytic pathway.   

Mitochondria are crucial for providing cells with energy in the form 

of ATP, and also play a central role in apoptosis.  Due to these important 

functions, mitochondrial dysfunction has been implicated in cell death in a 

variety of neurodegenerative disorders.  Cholesterol trafficking from the 

LE/L to mitochondria does not appear to be impaired by NPC1 deficiency 

[134].  Indeed, the cholesterol content of mitochondria in brains, neurons 

and hepatocytes from NPC1-deficient mice is increased by NPC1 

deficiency [134-137], probably due to the increased amounts of 

unesterified cholesterol in the LE/L that are available for import into 

mitochondria.  Interestingly, RNA silencing of the endosomal protein 

MLN64 decreased the cholesterol content of mitochondria, both in the 

absence and presence of NPC1, indicating that MLN64 can mediate the 

transport of endosomal cholesterol into mitochondria independent of 

NPC1 [134].  Since cholesterol regulates membrane fluidity, these 

changes in mitochondrial cholesterol content might have a direct impact 

on mitochondrial function and stability, as suggested in several studies.  

For example, mitochondrial membrane potential, the activity of ATP 

synthase, and levels of ATP are all decreased in NPC1-deficient mouse 

brains and neurons [137].  Mitochondria from NPC1-deficient cells also 
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have decreased levels of glutathione, which serves as an important anti-

oxidant defense.  Consequently, these cells are more susceptible to killing 

by tumor necrosis factor-α (TNFα), as well as by oxidative stress induced 

by amyloid-β1-42 [135, 136]. 

1.B(iv) NPC Deficiency in Liver 

In individuals with NPC disease, cholesterol accumulates in almost 

all tissues of the body in amounts that are proportional to the rate at which 

each tissue obtains cholesterol through the LDLR pathway [138].  The liver 

is responsible for the uptake of ~80% of LDL-cholesterol [138].  Although 

the rate of LDL-cholesterol uptake by the liver is similar in wild-type and 

NPC1-deficient mice, the large flux of cholesterol through the liver causes 

a massive accumulation of cholesterol within the LE/L of livers in NPC1-

deficient mice [138].  Consequently, markers of liver damage (alanine 

aminotransferase and aspartate aminotransferase activities) are 

substantially increased in NPC1-deficient mice [139].  Moreover, ~50% of 

infants with NPC disease exhibit hepatomegaly which can lead to liver 

failure and death [140].  Underscoring the unique role that the liver plays in 

lipoprotein metabolism, the extent of cholesterol accumulation in NPC1-

deficient mouse hepatocytes is much greater than in NPC1-deficient 

fibroblasts [141]; cholesterol levels in hepatocytes from Npc1-/- mice are 5- 

to 10-fold higher than in Npc1+/+ mice [141].  Enigmatically, whereas in 

NPC1-deficient fibroblasts cholesterol esterification is markedly 

attenuated, cholesterol esterification in NPC1-deficient hepatocytes is 
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increased [141].  In addition, NPC1 deficiency in hepatocytes increases 

the expression of ABCA1 and the formation of HDL [142].  It is likely that 

the massive overload of cholesterol in the LE/L of hepatocytes causes a 

leakage of excess cholesterol from the LE/L so that cholesterol can be 

transported to the ER where cholesterol homeostasis is regulated.  

1.B(v) NPC Deficiency in the Brain 

 Defects in cholesterol metabolism in the brain have increasingly 

been linked to neurodegenerative disorders such as AD and Huntington 

disease. Surprisingly, although cholesterol accumulates in tissues 

throughout the body in NPC disease, the amount of cholesterol in the 

brain does not increase, but even decreases, with age [138].  Several 

factors may explain this apparent discrepancy.  First, extensive 

demyelination occurs in the NPC1-deficient brain, and since myelin is 

particularly rich in cholesterol, the demyelination would likely mask any 

increase in cholesterol content of other cells in the brain [143].  Second, 

the rate of cholesterol excretion from the brain is increased in NPC1-

deficient mice [143].  However, as in other NPC1-deficient cells, 

cholesterol does accumulate in the LE/L of neurons of newborn NPC1-

deficient mice [63] and in the brains of young NPC1-deficient mice, prior to 

extensive demyelination [143].  In addition, increased filipin (cholesterol) 

staining was observed in NPC1-deficient brain slices compared to wild-

type brains [144].  However, these studies did not determine if other lipids 

also accumulated in brains of young NPC1-deficient mice.      
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Since the BBB isolates the brain from cholesterol in the circulation, 

treatments that modulate cholesterol homeostasis in other tissues would 

not necessarily be expected to translate into improvement of neurological 

symptoms of diseases that involve defects in cholesterol metabolism.  

Thus, when NPC1-deficient mice were crossed with LDLR knockout mice, 

the neuropathological features of NPC disease did not improve [145].  The 

lack of a beneficial effect of cholesterol-lowering treatments in the brain 

might be due to contributions of other lipoprotein receptors in the brain, or 

to the accumulation of endogenously synthesized cholesterol within 

neurons. In support of the latter explanation, NPC1-deficient mouse 

sympathetic neurons [63], embryonic hippocampal neurons [62], and 

CGCs (Fig. 3.23A) showed the typical punctate filipin staining pattern of 

cholesterol sequestration in the LE/L, even in neurons that had been 

isolated from newborn mice or cultured for 20 days in the complete 

absence of serum lipoproteins.  Pharmacological attempts at lowering 

plasma cholesterol also failed to improve the NPC phenotype [146], 

possibly because some cholesterol-lowering drugs cannot cross the BBB.  

On the other hand, when cholesterol synthesis was blocked using a 

squalene synthase inhibitor in young NPC1-deficient mice prior to 

formation of the BBB, cholesterol accumulation in neurons, and astrocyte 

activation, were attenuated [147].  Importantly, however, blocking 

cholesterol synthesis at this early stage of mouse development might 

disrupt the myelination process, which could negate any beneficial effects 
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of this treatment for NPC1 deficiency [147].  When cholesterol 

homeostasis was altered using an LXR agonist, the life-span of NPC1-

deficient mice was extended and the neurodegeneration was delayed [75].  

While the LXR agonist did not reduce cholesterol concentration or 

synthesis in the brain, excretion of cholesterol from the CNS was 

increased [75].  Thus, modulation of cholesterol metabolism in NPC-

deficient brains might reduce the severity and progression of NPC 

disease.  Nevertheless, the importance of adequate levels of cholesterol 

for brain development and function, along with the problem of overcoming 

the BBB, represent some of the many technical difficulties associated with 

altering cholesterol metabolism in the CNS. 

Neurons            

Neurodegeneration in NPC disease occurs in a progressive and 

neuron-selective manner, and is particularly evident in Purkinje cells of the 

cerebellum.  In NPC1-deficient mice, Purkinje cell death is first evident 

around three weeks after birth, with nearly all Purkinje cells dying by 

eleven weeks [148, 149].  Neuronal loss is also evident in other brain 

regions including the substantia nigra, pons, regions of the brainstem, 

thalamus, and prefrontal cortex [150-152].  NPC1-deficiency in the brain 

causes a variety of neuronal abnormalities that could lead to neuronal 

dysfunction and/or death. The reason for the selective neurodegeneration 

in NPC disease has yet to be elucidated.  Recent experiments have 

shown that in Npc1-/- mice, the levels and activity of the lysosomal 
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enzymes, cathepsins B and D, are elevated to a greater extent in the 

cerebellum than in the hippocampus, which is relatively protected from 

neurodegeneration [153]. Furthermore, cytosolic levels of cathepsins and 

apoptotic molecules are higher in the cerebellum than in the hippocampus 

[153].  Experiments with chimeric mice, that contain both Npc1+/+ and 

Npc1-/- cells, showed that the death of NPC1-deficient Purkinje cells was 

not prevented by the presence of wild-type glia [154].  Nor did NPC1-

deficient glia induce death of wild-type Purkinje cells, suggesting that 

death of Purkinje cells is cell autonomous [154].  In support of these 

findings, Elrick et al. recently generated mice that lacked NPC1 in only the 

Purkinje cells [155].  The same extent of Purkinje cell death occurred in 

these mice as in NPC1 global null mice [155].  Interestingly, however, 

although these mice showed progressive motor impairment, they did not 

exhibit other typical manifestations of NPC disease such as weight loss 

and early death [155].  These important studies demonstrate that the 

premature death of NPC1-deficient mice is not due (solely) to the death of 

Purkinje cells. 

The mechanism by which Purkinje cells, and other neurons, 

degenerate in NPC disease remains unclear.  Increased levels of markers 

of autophagy (beclin-1 and microtubule-associated protein 1 light chain 3-

II) were detected in brains of Npc1-/- mice [156, 157], and electron 

microscopy revealed autophagic vesicles in Npc1-/- Purkinje cells [154].  

Autophagy is the process through which cells degrade long-lived proteins 
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and organelles via lysosomes.  During periods of starvation, autophagy is 

crucial for providing cells with energy through digestion of non-essential 

cellular components [158].  Signs of autophagy have been detected in 

other neurodegenerative disorders including AD, Parkinson disease and 

Huntington disease, leading to speculation that excessive or impaired 

autophagy leads to neuronal cell death.  In NPC disease, the induction of 

autophagy may serve as a mechanism for counteracting the abnormal 

accumulation of lipids within the LE/L, or as a starvation response to the 

sequestration of lipids in LE/L.  Although it is possible that accumulation of 

lipids within lysosomes impairs their ability to bind to autophagosomes for 

degradation of engulfed material, degradation of long-lived proteins was 

increased in NPC1-deficient human fibroblasts, suggesting that the 

autophagy pathway was intact [157].  It remains to be determined whether 

or not autophagy contributes to neuronal death in NPC disease.   

Apoptosis of neurons has also been observed in NPC disease.  

TUNEL-positive staining of nuclei in the cerebral cortex and cerebellum 

was evident in NPC patients and NPC1-deficient mice [159].  Moreover, 

the level of mRNAs encoding TNFα and players in the TNFα death 

pathway in the brain were higher in Npc1-/- mice than in Npc1+/+ mice 

[159].  The expression of other markers of apoptosis, including mRNAs 

encoding caspases 1 and 3 [148], as well as activation of the c-Abl/p73 

pro-apoptotic pathway [160], was also increased in the cerebellum of 

NPC1-deficient mice.  Treatment of Npc1-/- mice with imatinib, an inhibitor 
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of c-Abl, reduced Purkinje cell death, improved neurological symptoms 

and modestly extended the life-span [160].   

 In addition to neuronal death in NPC disease, other neuronal 

functions are likely to be impaired by NPC deficiency.  The transport of 

cholesterol from cell bodies to distal axons of isolated neurons is reduced 

by NPC1 deficiency [161].  Correspondingly, the cholesterol content of cell 

bodies of Npc1-/- neurons is increased whereas the cholesterol content of 

distal axons is reduced [63].  Moreover, the NPC1 protein is present not 

only in the LE/L of cell bodies of sympathetic neurons but also in recycling 

endosomes of pre-synaptic nerve terminals [162].  This observation might 

explain the defects in synaptic functions in NPC1-deficient neurons [163, 

164].  NPC1-deficient neurons in humans, felines, and mice show 

additional abnormalities such as dendritic and axonal alterations that 

include ectopic dendrites and axonal spheroids [165].  Furthermore, NPC 

disease exhibits some similarities to AD as neurofibrillary tangles and 

hyperphosphorylation of tau are evident in both Alzheimer patients and in 

NPC disease patients [166, 167].  However, neurofibrillary tangles are 

absent in NPC1-deficient mice despite tau being hyperphosphorylated 

[150, 168].  

Astrocytes 

Although much focus has been directed at neuronal death in NPC 

disease, the brain also contains many glial cells which are crucial for brain 
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function.  Astrocytes, the major glial cell type in the CNS, play important 

roles in supporting neuronal functions, particularly at the synapse [169].  

As in other NPC1-deficient cells, Npc1-/- mouse astrocytes sequester 

cholesterol within LE/L [50], and reactive astrocytes have been detected 

throughout the brains of 4-week-old Npc1-/- mice, particularly in the 

cerebellum and thalamus [170].  The finding that NPC1 protein is localized 

predominantly in astrocytic processes in monkey brains suggests that 

mutations in NPC1 might impair astrocyte function [171].  Surprisingly, 

despite these astrocyte abnormalities, the quantity and composition of 

apolipoprotein E-containing lipoproteins secreted by Npc1+/+ and Npc1-/- 

mouse astrocytes are similar, and the lipoproteins secreted by astrocytes 

of both Npc1 genotypes promote axon growth to the same extent [50].  On 

the other hand, when Npc1+/+ neurons were cultured on Npc1-/- astrocytes, 

neurite growth was reduced compared to that of Npc1+/+ neurons cultured 

on Npc1+/+ astrocytes [172].  In addition, the expression of neurosteroid 

biosynthetic enzymes, and the secretion of the neurosteroid estradiol, 

were lower in Npc1-/- astrocytes than in Npc1+/+ astrocytes [172].  Estradiol 

levels were also lower in NPC1-deficient mouse brains, and administration 

of estradiol to Npc1-/- mice alleviated some of the symptoms of NPC 

disease [172].  These results imply that impaired neurosteroid synthesis in 

NPC1-deficient astrocytes might contribute to neuronal death in NPC 

disease.  In other experiments, NPC1 was over-expressed in astrocytes of 

NPC1-deficient mice using the glial fibrillary acidic protein promoter [173].  
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Neurodegeneration and the neuronal storage of cholesterol in the mice 

were decreased and life-span was increased compared to those 

parameters in the Npc1-/- mice [173].  However, the expression of NPC1 in 

astrocytes of Npc1-/- mice did not prevent Purkinje cell loss [173], 

suggesting that astrocyte dysfunction alone does not account for the 

extensive neuron loss in NPC disease.   

Oligodendrocytes  

Oligodendrocytes are the glial cells that form myelin sheaths 

around axons in the brain and are, therefore, essential for proper neuronal 

function.  The NPC1-deficient mouse brain exhibits extensive 

demyelination, especially in the corpus callosum, where myelin is 

essentially absent by 8 weeks of age [143, 174].  Pre-myelinating 

oligodendrocytes and oligodendrocyte progenitor cells are abundant in 

Npc1-/- mouse brain regions that show hypomyelination, including the 

corpus callosum and cerebral cortex [175].  The abundance of these 

precursor cells and the lack of mature oligodendrocyte markers in 

hypomyelinated regions suggest that NPC1 deficiency causes a defect in 

myelination [175].  This abnormal myelination might be due to axonal 

damage, which occurs early during development of the NPC1-deficient 

mouse brain [152].  On the other hand, inclusion bodies have been 

detected in Npc1-/- oligodendrocytes, suggesting that defects in 

myelination might be due to oligodendrocyte dysfunction [176].  As is the 

case for oligodendrocytes in the CNS, immortalized Schwann cells of the 
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peripheral nervous system showed punctate filipin staining [177], and 

hypomyelination of peripheral nerves was observed in 70-day-old Npc1-/- 

mice [178].  Furthermore, myelination in the peripheral nervous system of 

Npc1-/- mice was impaired following sciatic nerve crush injury [179].  In 

Npc1+/+ mice, thick myelin sheaths surrounded the axons 4 weeks after 

the crush injury, whereas NPC1-deficient mice had thinner sheaths [179].  

Eventually, however, 10 weeks after the injury, the extent of myelination in 

the Npc1-/- mice was comparable to that in Npc1+/+ mice [180].  These 

alterations in myelination might contribute to the neuronal dysfunction and 

degeneration characteristic of NPC disease. 

Microglia 

Microglia are the resident macrophages of the CNS, functioning as 

the primary immunocompetent and phagocytic cells (reviewed in [181]).  

Microglia are believed to originate from the myeloid lineage, infiltrating the 

brain during embryonic development, and ultimately differentiating into 

mature, ramified microglia [182].  Discovered by del Rio Hortega, microglia 

comprise approximately 10% of the glial cells in an adult brain [183].   In a 

healthy brain, ramified microglia are in close association with neurons and 

other glial cells, continuously monitoring their local environment with 

extended cellular processes [184].  Microglia are typically the first cells to 

respond to disruptions in the CNS that include cellular damage, 

dysfunction, or death.  Upon stimulus, microglia can quickly become 

activated and change from a resting ramified morphology to a motile 



31 

ameboid cell type [185, 186].  Activated microglia are capable of migrating 

to the site of injury [186, 187], proliferating [188], and phagocytosing dying 

cells and debris [189]. The initial activation of microglia typically leads to 

an inflammatory response, causing microglia to release a variety of 

molecules including pro-inflammatory cytokines [190, 191], glutamate 

[192], reactive oxygen species [193], and nitric oxide [194].  This 

inflammatory response is an attempt to prevent further damage to the 

CNS by removing damaged cells and/or offending metabolites.  However, 

molecules produced during an inflammatory response are potentially 

cytotoxic, and thus microglia must tightly control inflammation as 

excessive or prolonged inflammation can lead to neuron death.  As such, 

microglia are also capable of producing anti-inflammatory cytokines and a 

variety of neuroprotective molecules including growth factors [195-197].  

This allows microglia to shift from a classical pro-inflammatory state to a 

more neuroprotective state once damaged cells are removed, promoting 

the repair and regeneration of damaged tissue [198].  These wide ranging 

capabilities allow microglia to provide the first line of defense against a 

variety of insults to the CNS.   

Although microglia play a critical role in maintaining a healthy brain, 

there is increasing evidence that chronic activation, or microglial 

dysfunction, can contribute to cell death in a variety of neurodegenerative 

disorders.  In disorders such as AD, Parkinson disease, amyotrophic 

lateral sclerosis, and the lysosomal storage disorder Sandhoff disease, the 
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number of active microglia is markedly increased [199-202].  Moreover, 

pro-inflammatory cytokines, as well as other neurotoxic molecules, are 

elevated in affected brain regions [202-205].  Along these lines, 

minocycline, a tetracycline derivative which inhibits microglial activation 

[206], is found to delay disease progression in animal models of Parkinson 

disease and amyotrophic lateral sclerosis [207], while anti-inflammatory 

treatment has shown some beneficial effects in AD patients [201].  

Importantly, in amyotrophic lateral sclerosis and Sandhoff mouse models, 

replacing mutant microglia with wild-type microglia by bone marrow 

transplant delays the onset and slows the course of disease [202, 208].  

Thus, microglia appear to be an active component in these disorders, 

although it remains unclear what is causing the microglia dysfunction.  As 

microglia respond to damaged neurons, it is very likely that neurons 

degenerating during the course of the disorder recruit microglia which 

exacerbate the damage.  The increased cellular damage caused by 

excessive microglial activation could lead to further microglial activation 

and neurodegeneration, creating a highly damaging cycle.  Other evidence 

suggests microglia may be even more intimately involved in the 

neurodegenerative process.  For example, increases in active microglia 

were found to precede neuron loss in Sandhoff disease [202].  

Furthermore, pathogenic amyloid β-peptide (in AD) and prion protein are 

both capable of activating microglia in primary cultures, leading to 

increased production of cytotoxic molecules [209-211].  Thus, microglial 
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dysfunction, as well as expression of defective proteins within the CNS, 

may impair normal responses of microglia, or lead to microglial activation.  

Ultimately, activation or dysfunction of microglia could contribute to 

neurodegeneration directly, as well as by altering functions/survival of 

other neuron-supporting glial cells.  Since microglia play a key role in 

maintaining CNS health, altered states of microglial activation or microglial 

dysfunction could also impair beneficial actions such as production of anti-

inflammatory cytokines and growth factors, as well as cell migration and 

phagocytosis.  Impairment in these microglial abilities would be predicted 

to be detrimental to neuron survival, particularly during periods of cellular 

stress or damage.    

NPC1-null microglia show intracellular inclusions similar to those 

seen in other NPC1-null cells [174, 176].  In the NPC1-null brain, there are 

increased numbers of microglia showing an active morphology [170, 174, 

212].  These microglia are found in regions such as the thalamus and 

cerebellum, prior to any detectable neurodegeneration, eventually 

spreading throughout the brain as the disease progresses [170].  This 

observation suggests microglia may play a role initiating 

neurodegeneration, although neuronal damage that is undetectable by the 

techniques employed in this paper may be responsible for activating the 

microglia [170]. Moreover, neuronal dysfunction, or death of other brain 

cells such as oligodendrocytes, could also be initiating microglial 

activation.  The mRNA encoding the proinflammatory cytokine TNFα and 
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other mRNAs involved in the TNFα death pathway are increased in the 

cerebellum of NPC1-null mice [75, 148, 159].  Additionally, interleukin-6 

and the toll-like receptor 4 (which can lead to production of interleukin-6 

and other cytokines) are increased in microglia and other glial cells in the 

cerebellum of NPC1-null mice [213].  Notably, deletion of interleukin-6 in 

NPC1-null mice prevents activation of glia and causes a moderate 

increase in life-span, without increasing Purkinje cell survival [213].  

Treatment of NPC1-null mice with an LXR agonist decreases Purkinje cell 

loss, prolongs life, and causes microglia to shift from an active state to a 

resting morphology [75].  Other studies found degenerating Purkinje cells 

in areas that show microglial infiltration.  Treatment of NPC1-null mice with 

allopregnanolone delivered in methyl-β-cyclodextrin results in decreased 

Purkinje cell loss, increased survival, as well as decreased microglial 

infiltration and inflammatory markers [214, 215].  Although it remains 

unclear whether these effects are mediated by the allopregnanolone or the 

vehicle itself, the findings might implicate microglia in NPC disease 

progression. 

These experiments, however, do not provide direct evidence that 

microglia are causing neuron death in NPC disease.  Indeed, other groups 

have reported results that suggest microglia are not involved in NPC 

disease progression.  Treatment of NPC1-null mice with minocycline did 

not lead to increased survival, although the authors did not show that the 

treatments actually inactivated microglia [216].  Additionally, treatments 
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with minocycline are not always well tolerated by mice due to the acidity of 

the compound, and thus effects of the compound may be masked by the 

stress induced by injecting the mice (unpublished data K. Peake et al.).  

Findings by Ko et. al., using a chimeric mouse model, show NPC1-

expressing Purkinje cells survive in the presence of NPC1-null microglia, 

and NPC1-expressing microglia are not capable of rescuing NPC1-null 

Purkinje cells [154].  Furthermore, when NPC1 is eliminated exclusively in 

Purkinje cells, Purkinje cell death still proceeds at a rate that is 

comparable to that seen in Npc1-/- mice [155].  These results suggest that 

Purkinje cell death in Npc1-/- mice may be cell autonomous.  However, in 

these experiments, active microglia are still present when NPC1 is absent 

in Purkinje cells [155].  Thus, microglia may accelerate Purkinje cell death.  

Additionally, it remains possible that active microglia may be leading to 

death of neurons other than Purkinje cells in the NPC brain. In support of 

non-cell autonomous death, Chen et. al. call attention to experiments 

where NPC1 was expressed in NPC1-null mice under control of the 

mouse prion promoter [172, 217]. This treatment prevented Purkinje cell 

death, although there is evidence that the prion-promoter may not drive 

transgene expression in Purkinje cells [172, 218-220]. Furthermore, 

NPC1-null astrocytes release less estradiol, resulting in decreased neurite 

growth in neuron-astrocyte co-cultures, and administration of estradiol to 

NPC1-null mice increased Purkinje cell survival, delayed onset of 

symptoms, and increased life-span [172].  Thus, the role of microglia in 
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NPC disease remains controversial.  Further work is needed to elucidate 

what is leading to microglial activation in NPC disease, and to determine if 

this actually translates to neurotoxicity.  Furthermore, as microglia secrete 

beneficial molecules and clean up cellular debris by phagocytosis, it is 

also possible that microglial contribution to the NPC phenotype may not be 

direct, but instead through lack of trophic support or other beneficial 

functions. 

1.B(vi) Therapies for NPC Disease 

No treatments are currently available for NPC disease other than 

those used to alleviate the symptoms caused by disease progression.  

Recently, however, miglustat (an inhibitor of glucosylceramide synthase, 

the first step in GSL synthesis) was approved in Europe for the treatment 

of adult and pediatric patients with NPC disease.  Miglustat was initially 

approved for treatment of patients with Gaucher disease, a lysosomal GSL 

storage disorder [221].  Administration of miglustat to animal models of 

NPC disease, including mice and cats, reduced ganglioside accumulation 

in the brain, delayed neurological symptoms, and modestly increased life-

span [122].  Data from initial clinical trials suggest that long-term treatment 

of NPC patients with miglustat is well tolerated in adult and juvenile 

patients, and can stabilize some of the neurological symptoms [124, 125].  

Another therapeutic strategy that was proposed for NPC disease 

was the administration of neurosteroids [222]. Cholesterol is a precursor of 
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the neurosteroids (i.e. steroids that are synthesized in the brain) that are 

important for neuron growth and development.  In brains of NPC1-deficient 

mice, levels of pregnenolone and the neurosteroid allopregnanolone 

(ALLO), as well as the activities of the enzymes involved in ALLO 

synthesis, are lower than in wild-type mice [222].  Remarkably, a single 

injection of ALLO in 7-day-old NPC1-deficient mice delayed the onset of 

neurological symptoms and increased life-span.  Purkinje cell survival was 

also increased, while levels of GM1 and GM2 gangliosides were reduced 

[222].  Other studies reported that ALLO reduced microglial activation and 

astrocyte proliferation, and increased myelination [214, 223].  At the 

cellular level, ALLO decreased the amount of filipin-labeled cholesterol, as 

well as markers of autophagy and the levels of lysosomal enzymes [223].  

Although a GABAA receptor antagonist blocked the beneficial effect of 

ALLO on Purkinje cell survival, the stereoisomer of ALLO, ent-ALLO 

(which is not a GABAA receptor agonist) promoted neuronal survival to the 

same extent as ALLO [215, 222]. On the basis of these findings, 

Langmade et al. proposed that induction of pregnane X receptor-

dependent gene expression by treatment of NPC1-deficient mice with 

ALLO or ent-ALLO mediated the beneficial effects of the neurosteroid 

[215].  However, it is difficult to rationalize why ALLO would improve the 

neurodegenerative phenotype through the pregnane X receptor, since 

expression of this receptor was undetectable in the brain [75].  Recently, 

the reported beneficial effects of ALLO have come under intense scrutiny 
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due to effects caused by the vehicle, cyclodextrin (CD), that was used in 

the experiments with ALLO described above.   

Cyclodextrin 

CDs are cyclic oligosaccharides composed of glucose molecules 

linked by α-1,4 glycosidic bonds.  The molecule has a hydrophilic exterior 

and a relatively hydrophobic interior capable of solubilizing a variety of 

hydrophobic molecules, including cholesterol (reviewed in [224]).  Due to 

these properties, CD has been used in a host of different applications that 

include drug delivery [225], food processing [226], the manipulation of 

cellular membranes [227], and gene delivery [228, 229].  CD is formed 

through enzymatic degradation of starch that most commonly results in the 

generation of rings composed of six (α), seven (β), or eight (γ) glucose 

units [230].  The number of glucose units determines the size of the CD 

cavity, and thus is an important factor in determining the specificity of 

binding of CD to specific lipids [231, 232].  Along these lines, αCD binds 

phospholipids with a high affinity whereas βCD binds cholesterol with a 

high affinity [233], while the larger cavity of γCD allows it to bind to a 

variety of lipids with lower specificity [231, 232].   

 The ability of βCD to bind to cholesterol has made it of particular 

interest in the field of NPC research.  Although βCD is able to bind 

cholesterol, it has several properties that make it unsuitable for any 

practical therapeutic applications.  For instance, the hydroxyl groups of the 
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glucose molecules comprising the CD ring structure are responsible for 

the solubility of CD.  In βCD, interactions among the different hydroxyl 

groups actually render it relatively insoluble compared to αCD and γCD 

[225, 230, 234].  Moreover, βCD shows signs of toxicity when 

administered to animal models [235, 236].  As such, βCD has been 

modified to generate several derivatives in which the hydroxyl groups are 

replaced, to various degrees, with alternative groups.  One such derivative 

is methyl-β-CD (MβCD).  MβCD is significantly more soluble than βCD due 

to the substitution of methoxy groups for several of the hydroxyl groups on 

the glucose ring [237].  Not only is MβCD more soluble than βCD, it also 

binds cholesterol with a higher affinity [238].  This property is exploited in 

studies that use MβCD to extract cholesterol from cell membranes in vitro.  

Unfortunately, this property also causes MβCD to be rather toxic, both in 

cell cultures and in vivo [239, 240].  The toxicity of MβCD correlates with 

the ability of CD to extract cholesterol from plasma membranes of cells in 

vitro [240].  Another derivative of βCD substitutes hydroxypropyl groups for 

several of the hydroxyl groups in the oligosaccharide ring structure [241].  

2-hydroxypropyl-β-CD (HPCD) also shows much greater solubility than 

βCD, although this is somewhat lower than the solubility of MβCD [241].  

Moreover, HPCD does not bind cholesterol with as high affinity as seen 

with MβCD [240, 242].  Unlike MβCD, however, HPCD shows significantly 

lower toxicity in vitro and in vivo [243].  Indeed, HPCD was actually 
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approved by the Food and Drug Administration for use in humans as a 

vehicle for the delivery of several different drugs.  

 The impact βCD has on cellular cholesterol depends on several 

factors, including the concentration of βCD, the ratio of βCD to cholesterol, 

and the length of time cells are exposed to βCD [224].  Moreover, different 

cell types show varying sensitivities to βCD treatment [224].  Most 

experiments use βCD, as well as MβCD and HPCD derivatives, to remove 

cholesterol from the plasma membrane of cells.  In these experiments, 

high concentrations (e.g. 5-10 mM) of βCD are used, and the cells are 

exposed to βCD for a short period of time (e.g. 10 min) [227].  In other 

experiments, when βCD is given to cultures along with high concentrations 

of cholesterol, βCD enriches the cholesterol content of these cells [227].  

Importantly, when low concentrations of βCD are used, βCD can mediate 

the transfer of cholesterol between different hydrophobic compartments 

[244, 245].  As such, βCD has been used to transfer cholesterol from 

membranes that are relatively cholesterol-rich, to cholesterol-poor 

acceptor membranes [244, 245].  It is this property of βCD that makes it of 

particular interest for use in the treatment of NPC disease.  

Interestingly, recent work of Liu et al. found that treatment of NPC1-

deficient mice with HPCD delayed the neurodegeneration and prolonged 

the life of the mice by ~3-4 weeks, independent of ALLO administration 

[106].  A single dose of HPCD given to 7-day-old NPC1-deficient mice 

reduced the accumulation of unesterified cholesterol, increased the 
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amount of CE, and decreased cholesterol synthesis in the liver, spleen 

and, to a lesser extent, the brain [246].  Weekly administration of HPCD 

corrected cholesterol metabolism in nearly all organs of NPC1-deficient 

mice, although the lungs did not show improvement and 

neurodegeneration was not entirely prevented [247].  In addition, chronic 

administration of HPCD to mice delayed clinical onset of the disease and 

increased life-span of both NPC1- and NPC2-deficient mice [248].  Filipin 

staining and immunohistochemical analysis revealed that chronic HPCD 

treatment of mice reduced the amount of unesterified cholesterol, as well 

as the gangliosides GM1 and GM2, in NPC1- and NPC2-deficient mouse 

brains [248].  Although the mechanism underlying this remarkable effect of 

HPCD has not been completely elucidated, the current model is that 

HPCD enters the endocytic pathway through bulk-phase endocytosis and 

releases cholesterol and other lipids that are trapped in the LE/L so that 

the cholesterol reaches the ER [246].  In support of this model, in NPC1-

deficient mouse brains and livers, the levels of the mRNAs encoding 

SREBP2 and its target genes were decreased by HPCD administration, 

whereas the mRNAs encoding LXR target genes were increased [246].  In 

addition, when NPC1-deficient cultured human fibroblasts were treated 

with HPCD in vitro, ACAT-mediated cholesterol esterification was 

increased, indicating that cholesterol had been released from the LE/L and 

transported to the ER [249].  If, on the other hand, cholesterol had been 

stripped from the plasma membrane by HPCD, one would have expected 
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that cholesterol synthesis would have increased as compensation for the 

loss of cholesterol.  Thus, the finding that cholesterol synthesis was 

decreased, not increased, by HPCD treatment suggests that the primary 

effect of HPCD is mobilization of cholesterol from the LE/L rather than the 

plasma membrane [246].  The idea that CD can extract cholesterol from 

LE/L is supported by recent work indicating that dextran-conjugated MβCD 

localizes to intracellular filipin-stained organelles and reduces cholesterol 

accumulation in NPC1-deficient cells [250]. Although experiments by 

Davidson et al. suggest that the administration of ALLO alone to NPC1-

deficient mice, without HPCD has no beneficial effects, the administration 

of HPCD with ALLO is more beneficial than HPCD alone [248]; these 

results remain controversial.  Thus, further investigations are needed to 

clarify the role, if any, of ALLO in the improvement of the NPC phenotype.      

Future Therapies 

Although the recent development of potential therapies for NPC 

disease has shown promising advances, one of the major obstacles that 

remains is the efficient and rapid diagnosis of NPC disease which would 

allow treatment to be initiated as early as possible.  NPC disease has a 

significant delay in diagnosis after onset of symptoms, with one recent 

study finding that the average delay in diagnosis was 4.3 years with a 

range of 3 months to 19 years [251].  Most of the experiments in which 

these compounds are administered to animals were performed prior to the 

onset of neurological symptoms.  While these treatments yielded 



43 

encouraging results, when the same compounds were administered at 

later stages of disease progression, the results were not as positive.  For 

example, significant improvements occurred when HPCD was 

administered to 7-day-old mice prior to the onset of overt 

neurodegenerative symptoms [246].  However, when a single dose of 

HPCD was given to 49-day-old mice, the amount of cholesterol that 

accumulated in tissues throughout the body was reduced but life-span was 

not extended [252].  The latter observation might be explained by the fact 

that HPCD can enter the brain from the circulation in 7-day-old mice, prior 

to formation of the BBB, whereas access of HPCD to the brain might be 

impeded in adult mice with an intact BBB.  In addition, beneficial effects 

might occur only if HPCD were chronically administered, particularly at 

later stages of disease progression.  However, it appears that there is a 

critical therapeutic window, after which irreversible damage occurs, so that 

any therapy for the disease will only prevent further progression.  Thus, 

better screening processes and increased awareness of NPC disease are 

needed, as early treatment will likely have the greatest benefit.  

Nonetheless, recent therapeutic advances such as treatments with 

miglustat and HPCD provide options that show promise in slowing the 

progression of NPC disease.  Due to the complex nature of NPC disease, 

a combination of various treatments will probably have the greatest 

therapeutic effect. 
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1.C  RATIONALE FOR THE HYPOTHESES 

The consequences of NPC1 deficiency in the nervous system are 

very complex and incompletely understood.  Experimental evidence 

indicates that the neurological phenotype of NPC disease, and the 

extensive death of neurons, likely arise from an interplay among the 

different cell types in the brain: neurons, astrocytes, microglia and 

oligodendrocytes.  While microglia are implicated in NPC disease, the 

presence of activated microglia in the Npc1-/- mouse brain does not 

necessarily indicate that Npc1-/- microglia are contributing to 

neurodegeneration.  As the primary role of microglia is to maintain brain 

health, it is possible the increase in active microglia is simply an attempt to 

prevent neuronal death in the NPC1-deficient brain.  However, much 

evidence suggests that while the initial inflammatory response is beneficial 

to neuron survival, chronic microglial activation and inflammation 

ultimately lead to increased neurodegeneration, not just of damaged 

neurons, but also of healthy cells surrounding the site of damage.  

Moreover, evidence suggests microglia may be active prior to detectable 

neurodegeneration in the Npc1-/- mouse brain [170].  As microglia can 

secrete a variety of potentially neurotoxic molecules, it is a distinct 

possibility that the high level of activated microglia in the NPC mouse brain 

is indeed exacerbating the neuronal death in NPC disease.  It is also 

possible that the absence of NPC1 in microglia can alter their function, 

making them more reactive, or conversely, less able to carry out normal 
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microglia functions that may promote neuron survival.  In order to 

investigate these possibilities, we used primary microglia cultures that 

allow us to explore the consequences of NPC1-deficiency in microglia.  

We hypothesize that microglial dysfunction plays an important role in 

neurodegeneration in NPC disease. 

The therapeutic options for NPC disease are limited.  Recent 

studies that treated Npc1-/- mice with HPCD have yielded promising 

results, significantly increasing the life-span and ameliorating many of the 

facets of NPC disease.  Additionally, the US Food and Drug Administration 

has already approved HPCD for use in humans as a vehicle for drug 

delivery, and have given HPCD an orphan drug designation for 

compassionate treatment of several children with NPC disease.  While 

HPCD has been shown to decrease neurodegeneration in Npc1-/- mice, it 

is unclear how HPCD is mediating these effects in the CNS.  The brain is 

not only composed of neurons, but also glial cells including astrocytes, 

microglia, and oligodendrocytes.  HPCD can have varying effects on 

different cell types [224]. Neurons are highly polarized, specialized cells, 

and thus HPCD may have different effects on neurons compared to other 

cells such as glia.   As astrocytes play a major role in cholesterol 

metabolism in the CNS, it is possible that HPCD is correcting the 

cholesterol trafficking defect in astrocytes, and that the attenuation of 

neuron death is secondary to this action.  Moreover, high concentrations 

of CD, as well as prolonged exposure to CD, can also lead to cholesterol 
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depletion and cell death.  It remains unclear what concentrations of HPCD 

can be tolerated by neurons, and whether neurons are more sensitive than 

other cells such as glia to HPCD.  In order to investigate the effects HPCD 

has on cells of the CNS, we cultured neurons and astrocytes from Npc1-/- 

and Npc1+/+ mice, and treated these cultures with varying concentrations 

of HPCD.  We hypothesize that low concentrations of HPCD will correct 

the cholesterol trafficking defect in Npc1-/- neurons and astrocytes 

whereas higher doses will be detrimental. 
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2. EXPERIMENTAL PROCEDURES 

2.A  MATERIALS 

Dulbecco’s Modified Eagle Medium (DMEM) high glucose, Ham’s 

F12 medium, NeurobasalTM medium, NeurobasalTM ‘A’ medium, fetal 

bovine serum (FBS), B-27 supplement, and 0.25% trypsin-EDTA were 

purchased from Invitrogen.  L-glutamine, poly-D-lysine hydrobromide, and 

trypsin (type XII-S from bovine pancreas) were purchased from Sigma, 

while deoxyribonuclease I (DNAse I) was from Worthington Biochemical 

Corporation (Lakewood, NJ).  25-cm2 flasks, 75-cm2 flasks, 96-well plates, 

and 100x20 mm tissue culture dishes were purchased from BD Falcon 

(BD Biosciences, Bedford, MA), while 60x15 mm tissue culture dishes 

were purchased from Corning Incorporated (Corning, NY). (2-

Hydroxypropyl)-β-cyclodextrin (H107) was purchased from Sigma and 

U18666A was from Biomol Research Laboratories (Plymouth Meeting, 

PA).  Potassium chloride, sodium acetate, and potassium dihydrogen 

orthophosphate (monobasic) were from BDH Incorporated (Toronto, ON), 

sodium chloride was from EMD Chemicals (Gibbstown, NJ), sodium 

phosphate dibasic was from Anachemia (Montreal, QC), and oleic acid 

was from Sigma.  [1-14C]oleic acid was from Perkin Elmer (Boston, MA), 

while [3H]acetic acid sodium salt and CytoScintTM was from MP 

Biomedicals (Solon, OH).  Chloroform, methanol, n-heptane, isopropyl 

ether, isopropanol, and acetic acid were from Fisher Scientific (Ottawa, 

ON) while anhydrous ethanol was from Commercial Alcohols (Brampton, 
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ON).  Bovine serum albumin (BSA), saponin, and filipin complex were 

from Sigma, paraformaldehyde was from Fisher Scientific (Ottawa, ON), 

while Hoechst 33258 pentahydrate (bis-benzimide), Texas Red® goat anti-

rabbit IgG (H+L) secondary antibody and Alexa Fluor® 488 chicken anti-

mouse IgG (H+L) secondary antibody were from Invitrogen.  Rabbit anti-

Iba1 (ionized calcium binding adaptor molecule 1) antibody was from 

Wako Pure Chemical Industries Ltd. (Osaka, Japan), mouse anti-NeuN 

antibody (MAB377) was from Chemicon International (Jaffrey, NH), mouse 

anti-MAP2 antibody (HM-2, Ab11267) was from Abcam (Cambridge, MA), 

while goat anti-TNFα (R-19, sc-1349) and mouse anti-TNFR1 (H-5, sc-

8436) antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA).  

DNAse I (amplification grade), Oligo(dT)12-18 primer, SuperScript® II, 

Platinum® qPCR SuperMix-UDG, and SYBR Green I nucleic acid gel stain 

were from Invitrogen, while PCR-grade dNTPs (deoxynucleoside 

triphosphates) were from Roche (Laval, QC). 

2.B  CELL CULTURE 

2.B(i) Npc1+/+ and Npc1-/- mice 

A breeding colony of Balb/cNctr-NpcN/+ mice was established at the 

University of Alberta with breeding pairs obtained from Jackson 

Laboratories (Bar Harbor, ME).  The mice were maintained under 

temperature-controlled conditions with a 12-h light:12-h dark cycle and 

were supplied with a 9% fat breeders diet (Purina LabDiet, Richmond, IN) 
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and water ad libitum.  Mice homozygous or heterozygous for the Npc1 

mutation will be referred to as Npc1-/- and Npc1+/-, respectively, while wild-

type mice will be termed Npc1+/+.  Since Npc1-/- mice are unable to 

produce offspring, Npc1+/- mice were used for breeding.  Prior to brains of 

the mice being dissected for cell culture, Npc1 genotypes of the mouse 

pups were determined by PCR analysis of genomic DNA isolated from tail 

clippings using the REDExtract-N-AmpTM Tissue PCR Kit (Sigma).  The 

PCR reaction was carried out as described [82], using the forward primer 

5’-GGTGCTGGACAGCCAAGTA-3’ and the reverse primer 5’-

GATGGTCTGTTCTCCCATG-3’ (IDT Technologies, San Diego, CA).  All 

experiments were approved by the Health Sciences Animal Welfare 

Committee of the University of Alberta.   

2.B(ii) Isolation and culture of cortical glia 

Glial cells were isolated from the cerebral cortices of 1-3 day-old 

Npc1+/+ and Npc1-/- mice, as well as 2d-old Sprague-Dawley rats [253].  

Isolated cortices were cleaned of meninges and blood vessels, finely 

chopped, and digested in 0.25% trypsin (Invitrogen) containing 1 mg/mL 

DNAse I (Worthington).  Cells were dissociated by trituration through a 

Pasteur pipette in DMEM containing 10% FBS.  Glial cells were pelleted 

by centrifugation at 950 rpm, and resuspended in fresh DMEM containing 

10% FBS.  Glial cells from mice were plated at a density of two cortices 

per 75-cm2 flask and one cortex per 25-cm2 flask or 100x20 mm culture 

dish. Glial cells from rats were plated at a density of one cortex per 75-cm2 
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flask. Cultures were maintained at 37°C and 5% CO2 in DMEM containing 

10% FBS, with media being replaced every 3-5 days. 

2.B(iii) Isolation and culture of cortical astrocytes 

Astrocyte-enriched cultures were isolated from glia according to the 

protocol of Hayashi et al. [59].  Following 3-4 weeks of culture, confluent 

glial cells were washed several times in phosphate-buffered saline (PBS), 

harvested by treatment with 0.125% trypsin (Sigma), and replated at a 

density of 1:3 in DMEM containing 10% FBS.   These cultures were highly 

enriched in astrocytes, (>90%), as previously shown [50, 59]. Cultures 

were maintained at 37°C and 5% CO2 in DMEM containing 10% FBS, with 

media being renewed every 3-5 days.  Astrocytes were used for 

experiments within 7-14 days following replating. 

2.B(iv) Isolation and culture of cortical microglia 

Mouse microglia were isolated using the mild trypsinization method 

described by Saura et al. [254].  Following 3-4 weeks of culture in flasks, 

confluent glial cells were washed with DMEM:Ham’s F12 medium (1:1) 

and then incubated at 37°C with DMEM:Ham’s F12 medium (1:1) 

containing 0.0625% trypsin (Invitrogen) for 30-60 min until the astrocyte 

layer lifted.  Medium, along with the astrocyte layer, was aspirated from 

the dish.  For quantitative real-time PCR (qPCR) analysis, microglia were 

washed once with DMEM:Ham’s F12 medium (1:1) containing 10% FBS, 

followed by a another wash with DMEM:Ham’s F12 medium (1:1).  
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Microglia were then fed fresh DMEM:Ham’s F12 medium (1:1) and 

incubated at 37°C and 5% CO2 for 24 h.  For other microglia experiments, 

following removal of the astrocyte layer, microglia were incubated with 

0.25% trypsin (Invitrogen) at room temperature and subsequently scraped.  

DMEM:Ham’s F12 medium (1:1) containing 10% FBS was added to the 

cell suspension, cells were centrifuged at 950 rpm to pellet the cells, and 

microglia were resuspended in fresh DMEM:Ham’s F12 medium (1:1) 

containing 10% FBS.  Microglia were plated in 96-well plates at a density 

of 62,500 cells/well.  

Rat microglia were isolated using the shaking method [255].  Flasks 

containing mixed glia were shaken at 100 rpm at 37°C for 5 min to remove 

microglia loosely bound to the top of the astrocyte layer.  The medium was 

then collected and microglia were pelleted by centrifugation at 950 rpm.  

Microglia were resuspended in DMEM containing 10% FBS and plated in 

96-well plates at a density of 62,500 cells/well.  

2.B(v) Isolation and culture of cerebellar granule cells 

CGCs were cultured according to the protocol of Michikawa and 

Yanagisawa [256], with the medium being adapted to CGCs.  Briefly, 

cerebella were dissected from 7-8 day-old mice, cleaned of meninges and 

blood vessels, finely chopped, and digested in 0.25% trypsin (Invitrogen) 

containing 1 mg/mL DNAse I (Worthington).  Cells were dissociated by 

trituration through a fire-polished Pasteur pipette in NeurobasalTM medium 
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containing 10% heat-inactivated FBS.  Dissociated cells were pelleted by 

centrifugation at 950 rpm, resuspended in NeurobasalTM medium 

supplemented with 2% B27, 0.5 mM glutamine, and 20 mM potassium 

chloride, and passed through a 40 µm nylon cell strainer (BD Falcon, BD 

Biosciences, Bedford, MA) to remove any clumped cells.  Trypan blue-

excluding cells were counted using a haemocytometer and plated in 96-

well plates (31,250 cells/well), 100x20 mm dishes (2.1x106 cells/dish), 75-

cm2 flasks (3.1x106 cells/flask), or 60x15 mm dishes (1.0x106 cells/dish) 

coated with 10 µg/mL poly-D-lysine hydrobromide.  Cells were maintained 

at 37°C and 5% CO2 without refeeding until used for experiments. 

2.B(vi) Isolation and culture of cortical neurons 

Cortical neurons were cultured according to the protocol of 

Michikawa and Yanagisawa [256].  Briefly, cerebral cortices were 

dissected from 0-1 day-old mice, cleaned of meninges and blood vessels, 

finely chopped, and digested in 0.25% trypsin (Invitrogen) containing        

1 mg/mL DNAse I (Worthington).  Cells were dissociated by trituration 

through a fire-polished Pasteur pipette in NeurobasalTM ‘A’ medium 

containing 10% heat-inactivated FBS.  Dissociated cells were pelleted by 

centrifugation at 950 rpm, resuspended in NeurobasalTM ‘A’ medium 

supplemented with 2% B27 and 0.5 mM glutamine, and passed through a 

40 µm nylon cell strainer (BD Falcon, BD Biosciences, Bedford, MA) to 

remove any clumped cells.  Trypan blue-excluding cells were counted 

using a haemocytometer and plated in 96-well plates (31,250 cells/well) 
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coated with 10 µg/mL poly-D-lysine hydrobromide.  Cells were maintained 

at 37°C and 5% CO2 for 3 d until use in co-culture experiments. 

2.C  MICROGLIA EXPERIMENTS 

2.C(i) Immunohistochemical staining of mouse brain slices 

 Brains from 7-wk-old Npc1+/+ and Npc1-/- mice were prepared 

according to Amritraj et al. [153].  Briefly, mice were anesthetized with 4% 

chloral hydrate, perfused with PBS, and subsequently perfused with 4% 

(w/v) paraformaldehyde.  Brains were sectioned on a cryostat (20 µM) and 

processed using the free-floating procedure [257, 258].  Sections were 

washed with PBS and incubated with anti-Iba1 antibody (1:1000) overnight 

at room temperature.  Subsequently, sections were washed with PBS and 

incubated with Texas Red®-conjugated secondary antibody for   2 h at 

room temperature.  Sections were then washed with PBS, mounted on 

slides in glycerol mounting media (1M Tris-Chloride pH 8.0, water, glycerol 

[1:4:5]) and imaged using a Leica DM IRE2 fluorescence microscope 

(Leica Microsystems, Bannockburn, IL).  The excitation wavelength was 

596 nm.  Images were captured using Open Lab 3.1.4 Software 

(PerkinElmer, Waltham, MA) and post-processing of images was done 

using Adobe Photoshop CS4 (San Jose, CA).  

2.C(ii) U18666A treatment of Npc1+/+ microglia 

Npc1+/+ rat microglia were isolated using the shaking method while 

Npc1+/+ mouse microglia were isolated by the mild trypsinization method.  
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Microglia were plated in 96-well plates and allowed to rest overnight.  

Cultures were re-fed with fresh medium containing vehicle (anhydrous 

ethanol) or 3 µM U18666A and incubated at 37°C.  Following 6 h of 

treatment, phase images were taken with a Leica DM IRE2 fluorescence 

microscope (Leica Microsystems, Bannockburn, IL).  Images were 

captured using Open Lab 3.1.4 Software (PerkinElmer, Waltham, MA) and 

post-processing of images was done using Adobe Photoshop CS4 (San 

Jose, CA).  

2.C(iii) Filipin staining and phase images 

Npc1+/+ and Npc1-/- microglial cultures were isolated using the mild 

trypsinization method, plated in 96-well plates, and allowed to rest 

overnight.  Microglia were washed with PBS, fixed for 15 min in 4% (w/v) 

paraformaldehyde, and stained for 1.5 h with 0.15 mg/mL filipin complex at 

room temperature.  Following staining, cells were washed with PBS and 

examined with a Leica DM IRE2 fluorescence microscope (Leica 

Microsystems, Bannockburn, IL).  The excitation wavelength was 351 nm.  

Phase images were also taken of the cells.  Images were captured using 

Open Lab 3.1.4 Software (PerkinElmer, Waltham, MA) and post-

processing of images was done using Adobe Photoshop CS4 (San Jose, 

CA).  
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2.C(iv) Measurement of TNFα secretion 

Npc1+/+ and Npc1-/- microglia were isolated using the mild 

trypsinization method, plated in 96-well plates, and allowed to rest 

overnight.  Medium was removed, and cells were incubated with fresh 

DMEM/Ham’s F12 medium (1:1) containing 10% FBS for 24 h.  Media 

were collected and stored at -20°C.  TNFα concentrations were 

determined using a TNFα ELISA kit (Biosource, Camarillo, CA) according 

to the manufacturer’s instructions.  Samples were measured using a 

Spectra Max 250 plate reader (Molecular Devices, Sunnyvale, CA), and 

concentrations of TNFα were calculated from a standard curve generated 

from known TNFα concentrations.   

2.C(v) Immunocytochemical staining 

Npc1+/+ and Npc1-/- microglia used for TNFα ELISA experiments 

were also used for immunocytochemical analysis.  Following removal of 

conditioned media, cells were washed with PBS and fixed for 15 min in 4% 

(w/v) paraformaldehyde.  Cells were then washed with PBS and 

permeabilized for 1 h at room temperature with PBS containing 1% BSA 

and 0.05% saponin.  Following permeabilization, cells were incubated with 

anti-TNFα (1:50) or anti-TNFR1 (1:50) antibodies diluted in PBS 

containing 1% BSA and 0.05% saponin for 1 h at room temperature.  Cells 

were then washed with PBS and incubated with the appropriate (Texas 

Red®-conjugated or Alexa Fluor® 488-conjugated) secondary antibody 
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(1:200) for 45 min at room temperature in the dark.  Cells were rinsed with 

PBS and examined using a Leica DM IRE2 fluorescence microscope 

(Leica Microsystems, Bannockburn, IL).  The excitation wavelength was 

596 nm for Texas Red® or 495 nm for Alexa Fluor® 488.  Images were 

captured using Open Lab 3.1.4 Software (PerkinElmer, Waltham, MA) and 

post-processing of images was done using Adobe Photoshop CS4 (San 

Jose, CA).   

2.C(vi) RNA isolation and quantitative real-time PCR analysis 

Newly isolated Npc1+/+ and Npc1-/- microglia were cultured for 24 h 

in DMEM:Ham’s F12 medium (1:1) in 75-cm2 flasks.  Flasks were washed 

with ice-cold PBS, and total RNA was isolated using the RNeasy Mini Kit 

(Invitrogen) and stored at -80°C.  RNA was treated with DNAse I 

(amplification grade, Invitrogen) to prevent DNA contamination, and cDNA 

was synthesized from 0.5 µg total RNA using oligo(dT)12-18 random 

primers and Superscript II reverse transcriptase according to the 

manufacturer’s instructions.  qPCR reactions were performed using 

Platinum® Quantitation PCR supermix, SYBR Green I and 250 nmol of 

gene-specific primers.  Reactions were carried out in 25 µL total volume in 

0.2 mL tubes (Axygen, Union City, CA).  Transcripts were detected by 

qPCR with a Rotor-Gene 3000 instrument (Montreal Biotech, Montreal, 

QC) and data were analyzed with Rotor-Gene 6.0.19 software.  Relative 

concentrations of transcripts were determined using the standard curve 

method.  Intron-spanning primers were designed using OLIGO 6.71 
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software (Cascade, CO) and specificity was confirmed using the NCBI 

BLAST nucleotide query tool, by melt curve analysis, and by agarose gel 

electrophoresis.  All primers were synthesized by IDT Technologies (San 

Diego, CA) with the sequences shown in Table 2.1.  Results are presented 

relative to the control gene glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH).  

Table 2.1 - Mouse qPCR primers designed to quantify mRNA levels of 
genes involved in microglial functions 

Gene Primer Sequence 
Tumor necrosis factor-α 

(TNFα) 
F: 5’- GTCTACTGAACTTCGGGGTGA -3’ 
R: 5’- CACTTGGTGGTTTGCTACGAC -3’ 

Interleukin-1β 
(IL1β) 

F: 5’- GAAGTTGACGGACCCCAAAA -3’ 
R: 5’- CCACGGGAAAGACACAGGTAG -3’ 

Inducible nitric oxide synthase 
(iNOS) 

F: 5’- AAGCCCCGCTACTACTCCATC -3’ 
R: 5’- GCCACTGACACTTCGCACAA-3’ 

NADPH oxidase 
(NADPHox) 

F: 5’- GACTGGACGGAGGGGCTAT -3’ 
R: 5’- ACTTGAGAATGGAGGCAAAGG -3’  

Interleukin-10 
(IL10) 

F: 5’- GCTGGACAACATACTGCTAAC -3’ 
R: 5’- CCGCATCCTGAGGGTCTTC -3’ 

Transforming growth factor-β 
(TGFβ) 

F: 5’- CGCCATCTATGAGAAAACCA -3’ 
R: 5’- CCAAGGTAACGCCAGGAAT-3’ 

Glutaminase 
(GLTase) 

F: 5’- GTTTGCCGCATACACTGGAG -3’ 
R: 5’- ACATGGAGGGCTGTTCTGGA-3’ 

Macrophage colony-stimulating 
factor receptor (M-CSFR) 

F: 5’- CAAGATTGGGGACTTTGGACT -3’ 
R: 5’- AGAGGAGGATGCCGTAGGA -3’ 

Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) 

F: 5’- GAGCCAAACGGGTCATCATC -3’ 
R: 5’- CATCACGCCACAGCTTTCCA -3’ 

 

2.C(vii) Microglia-neuron co-cultures 

Npc1+/+ and Npc1-/- CGCs were cultured in 96-well plates for 7 d 

prior to use in co-cultures.  Npc1+/+ and Npc1-/- microglia were isolated 

using the mild trypsinization method and plated directly on to CGC 

cultures at densities that were either 25% or 50% of the CGC density 
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(7,800 cells/well or 15,600 cells/well respectively).  Co-cultures were fed 

NeurobasalTM medium supplemented with 2% B27, 0.5 mM glutamine, and 

20 mM potassium chloride.  Following 24 h of co-culture, cells were fixed 

with 4% (w/v) paraformaldehyde. Cells were then washed with PBS and 

permeabilized for 1 h at room temperature with PBS containing 1% BSA 

and 0.05% saponin.  Following permeabilization, cells were incubated with 

anti-MAP2 (1:500) and anti-Iba1 (1:500) antibodies diluted in PBS 

containing 1% BSA and 0.05% saponin for 1 h at room temperature.  Cells 

were then washed with PBS and incubated with Alexa Fluor® 488- and 

Texas Red®-conjugated secondary antibodies (1:200) for 45 min at room 

temperature in the dark.  Cells were rinsed with PBS, stained for 12 min 

with 0.5 µg/mL Hoechst 33258, and examined using a Leica DM IRE2 

fluorescence microscope (Leica Microsystems, Bannockburn, IL).  The 

excitation wavelength was 495 nm for Alexa Fluor® 488, 596 nm for Texas 

Red® and 351 nm for Hoechst staining.  Images were captured using 

Open Lab 3.1.4 Software (PerkinElmer, Waltham, MA) and the number of 

apoptotic cells staining with the neuronal marker MAP2 was quantified.   

Microglia-cortical neuron co-cultures were used in a similar fashion 

with a few modifications. Npc1+/+ and Npc1-/- cortical neurons were 

cultured in 96-well plates for 3 d prior to use in co-cultures.  Npc1+/+ and 

Npc1-/- microglia were isolated using the mild trypsinization method and 

plated directly on to cortical neuron cultures at a density of 10,000 

cells/well in NeurobasalTM ‘A’ medium lacking supplements.  Following    
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48 h of co-culture, cells were immunostained with anti-NeuN antibodies 

and nuclei were labeled with Hoechst 33258 as above.  The number of 

apoptotic cells staining with the neuronal marker NeuN was quantified.     

2.C(viii) Treatment of neurons with microglia-conditioned media 

For treatment of CGCs with microglia-conditioned media, Npc1+/+ 

and Npc1-/- microglia were isolated using the mild trypsinization method, 

plated in 96-well plates, and allowed to rest overnight.  The medium was 

replaced with NeurobasalTM medium supplemented with 2% B27, 0.5 mM 

glutamine, and 20 mM potassium chloride, which was incubated with the 

cells for 24 h at 37°C and 5% CO2.  Following 24 h, the conditioned 

medium was removed and frozen at -20°C until use.  Medium in 7-d-old 

Npc1+/+ and Npc1-/- CGC cultures was replaced with microglia-conditioned 

media and CGCs were incubated for 24 h.  Following conditioned media 

treatment, CGC cultures were fixed with 4% (w/v) paraformaldehyde, 

stained for 12 min with 0.5 µg/mL Hoechst 33258, and observed using a 

Leica DM IRE2 fluorescence microscope (Leica Microsystems, 

Bannockburn, IL). The excitation wavelength was 351 nm.  Images were 

captured using Open Lab 3.1.4 Software (PerkinElmer, Waltham, MA) and 

the number of apoptotic cells was quantified.  

Treatment of cortical neurons with microglia-conditioned media was 

conducted in a similar fashion with a few modifications. Npc1+/+ and   

Npc1-/- microglia were isolated using the mild trypsinization method, plated 
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in 96-well plates, and allowed to rest overnight.  The medium was 

replaced with NeurobasalTM ‘A’ medium without supplements, and 

incubated with the cells for 48 h at 37°C and 5% CO2.  Following 48 h, the 

conditioned medium was removed and frozen at -20°C until use.  Medium 

from 3-d-old Npc1+/+ and Npc1-/- cortical neuron cultures was replaced with 

microglia-conditioned media and neurons were incubated for 48 h.  

Following conditioned media treatment, cortical neurons were fixed and 

stained with Hoechst stain as above. The number of apoptotic neurons 

was quantified.  

2.C(ix) Phagocytosis assay 

Npc1+/+ and Npc1-/- microglia were isolated using the mild 

trypsinization method, plated in 96-well plates, and allowed to rest 

overnight.  Medium was then replaced with fresh medium containing      

1.0 µm fluorescent carboxylate-modified polystyrene latex beads (Sigma, 

L4655) at a concentration of 3.1x106 beads/well (50 beads/microglia).  

Cells were incubated with beads at 37°C for 2 h, followed by three washes 

with ice-cold PBS.  Microglia were examined using a Leica DM IRE2 

fluorescence microscope (Leica Microsystems, Bannockburn, IL).  The 

excitation wavelength for the beads was 505 nm.  Phase and fluorescent 

images were captured using Open Lab 3.1.4 Software (PerkinElmer, 

Waltham, MA) and the number of beads associated with microglia was 

quantified.  To control for beads that were bound to the microglia, but not 

internalized, we performed identical experiments with the cultures 
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incubated at 4°C to block phagocytosis.  The number of beads associated 

with microglia incubated at 4°C was subtracted from the number of beads 

associated with microglia at 37°C.   

2.C(iix) Statistical analysis 

The statistical significance of differences (** p < 0.01; *** p < 0.001) 

was determined using the Student’s t test. 

2.D  CYCLODEXTRIN EXPERIMENTS 

2.D(i) Cyclodextrin treatments 

Stock solutions of 2-hydroxypropyl-β-cyclodextrin (H107, Sigma) 

were made in double-distilled water and sterilized using a 0.22 µm Millex-

GV syringe driven filter unit (Millipore, Bedford, MA).  For all experiments, 

vehicle (double-distilled water), 0.1 mM HPCD, and 1.0 mM HPCD were 

incubated with the cells for 24 h.  Additionally, 10 mM HPCD was 

incubated with cells for 24 h in cell survival experiments.  For CGC 

experiments, the appropriate agent was added directly to the medium in 

the culture dishes.  For astrocyte experiments, cultures were fed fresh 

DMEM containing 10% FBS 24 h prior to the start of the treatment.  The 

medium was then replaced with DMEM containing the appropriate 

treatment in the absence of serum.  
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2.D(ii) Staining with filipin and Hoechst 

CGCs and replated astrocytes were cultured 7 d in 96-well plates 

prior to being given the indicated treatment.  Following treatment, cells 

were washed with PBS, fixed for 15 min in 4% (w/v) paraformaldehyde, 

and stained for 12 min with 0.5 µg/mL Hoechst 33258 or 1.5 h with 0.15 

mg/mL filipin complex at room temperature.  Following staining, cells were 

washed with PBS and examined using a Leica DM IRE2 fluorescence 

microscope (Leica Microsystems, Bannockburn, IL).  The excitation 

wavelength was 351 nm for both Hoechst and filipin staining.  Phase 

images were also taken of the cells.  Images were captured using Open 

Lab 3.1.4 Software (PerkinElmer, Waltham, MA) and post-processing of 

images was done using Adobe Photoshop CS4 (San Jose, CA).   

2.D(iii) Metabolic labeling of cholesterol and cholesteryl esters 

CGCs and replated astrocytes were cultured for 7 d in 60x15 mm 

dishes before administration of the indicated treatment for 24 h.  For 

cholesterol labeling experiments, cultures were then incubated with fresh 

medium containing the appropriate agent, 5 µCi/mL [3H]acetate and      

100 µM sodium acetate for an additional 4 h.  For CE formation, cultures 

were incubated with fresh medium containing the indicated additive,       

0.2 µCi/mL [14C]oleate, 100 µM oleic acid, and 0.5% BSA for 4 h, in the 

presence or absence of 2 µg/mL of the ACAT-specific inhibitor Sandoz  

58-035 (Sigma). In preliminary experiments with CGCs, very little 
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radioactivity was detectable in CE.  Consequently, in subsequent 

experiments we added 0.2 µCi/mL [14C]oleate, 100 µM oleic acid, and 

0.5% BSA alongside the initial treatment for 24 h, in the presence or 

absence of 2 µg/mL Sandoz 58-035 (Sigma).  Following radiolabeling, 

cells were washed twice with ice-cold PBS, scraped in double-distilled 

water, sonicated, and protein concentrations determined using a BCATM 

protein assay kit (Thermo Scientific, Rockford, IL).  Lipids were extracted 

with chloroform/methanol (2:1), washed with methanol/water (1:1), and 

separated by thin-layer chromatography on TLC silica gel 60 plates (EMD 

Chemicals Inc., Gibbstown, NJ) in the solvent system heptane/isopropyl 

ether/acetic acid/isopropanol (65:35:4:2). Bands corresponding to 

standards of cholesterol, CE, and phospholipids were scraped, mixed with 

CytoScint scintillation fluid, and radioactivity measured using an LS 6500 

Multi-Purpose Scintillation Counter (Beckman Coulter, Brea, CA).  Results 

are presented as dpm/mg protein.   

2.D(iv) RNA isolation and quantitative real-time PCR analysis 

CGCs were cultured 7 d in 75-cm2 flasks and replated astrocytes 

were cultured 14 d in 100x20 mm dishes, prior to being given the indicated 

treatment.  Dishes were washed with ice-cold PBS, and total RNA was 

isolated using the RNeasy Mini Kit (Invitrogen) and stored at -80°C.  RNA 

was treated with DNAse I (amplification grade, Invitrogen) to prevent DNA 

contamination, and cDNA was synthesized from 1.25 µg total RNA using 

oligo(dT)12-18 random primers and Superscript II reverse transcriptase 
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according to the manufacturer’s instructions.  qPCR reactions were 

performed using Platinum® Quantitation PCR supermix, SYBR Green I 

and 250 nmol of gene-specific primers.  Reactions were carried out in both 

20 µL and 25 µL total volumes, in 0.1 mL (Corbett, Sydney, AU) and      

0.2 mL tubes (Axygen, Union City, CA), respectively.  Transcripts were 

detected by qPCR with a Rotor-Gene 3000 instrument (Montreal Biotech, 

Montreal, QC) and data were analyzed with Rotor-Gene 6.0.19 software.  

Relative concentrations of transcripts were determined using the standard 

curve method.  Intron-spanning primers were designed using OLIGO 6.71 

software (Cascade, CO) and specificity was confirmed using the NCBI 

BLAST nucleotide query tool, by melt curve analysis, and by agarose gel 

electrophoresis. All primers were synthesized by IDT Technologies (San 

Diego, CA) with the sequences given in Table 2.2.  ACAT1 primers were 

kindly provided by Dr. Rene Jacobs (University of Alberta, Edmonton, AB).  

All results are presented relative to the control gene GAPDH.  

Table 2.2 - Mouse qPCR primers designed to quantify mRNA levels of 
genes involved in cholesterol metabolism 

Gene Primer Sequence 
Sterol regulatory element binding 

protein 2 (SREBP2) 
F: 5’- CAGGCGACCAGGAAGAAGA -3’ 
R: 5’- CACGGAACTGCTGGAGAATG -3’ 

3-hydroxy-3-methylglutaryl 
coenzyme A reductase (HMGCR) 

F: 5’- TGGGCATGAACATGATCTCTA -3’ 
R: 5’- GGCTTCACAAACCACAGTC -3’ 

Low-density lipoprotein receptor 
(LDLR) 

F: 5’- CCGTCTCTATTGGGTTGATT -3’ 
R: 5’- GAGTCGATTGGCACTGAAA -3’ 

ATP-binding cassette   
transporter A1 (ABCA1) 

F: 5’- AGTTTCTGCCCTCTGTGGTC -3’ 
R: 5’- GGGTCGGGAGATGAGATGT -3’  

ATP-binding cassette   
transporter G1 (ABCG1) 

F: 5’- ACCCGCCTGTCATGTTCTTT -3’ 
R: 5’- ACTGGGCTGGTGGATGGTA -3’ 

Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) 

F: 5’- GAGCCAAACGGGTCATCATC -3’ 
R: 5’- CATCACGCCACAGCTTTCCA -3’ 
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2.D(v) Statistical analysis 

The statistical significance of differences between vehicle and 0.1 

mM HPCD treatments or vehicle and 1.0 mM HPCD treatments (* p < 

0.05; ** p < 0.01; *** p < 0.001) were determined using Student’s t test. 
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3. RESULTS 

3.A  ROLE OF MICROGLIA IN NPC DISEASE 

3.A(i) Microglia with an active morphology accumulate in the Npc1-/- 

mouse brain 

Microglia have been implicated in a number of neurodegenerative 

disorders.  In order to investigate the involvement of microglia in NPC 

disease, we performed immunohistochemical analysis of brain slices from 

the cerebellum and cerebral cortex of Npc1+/+ and Npc1-/- mice.  Sections 

were taken from 7-week-old mice, as this is a time point when overt signs 

of NPC neurological disease are apparent, and the slices were 

immunostained for the microglial marker Iba1.  In the Npc1+/+ cerebellum 

and cortex, microglia were present in a ramified, resting morphology (Fig. 

3.1A and 3.2A).  In the Npc1-/- cerebellum and cortex, there was a 

dramatic increase in the number of microglia (Fig. 3.1B and 3.2B).  

Moreover, these microglia had swollen cell bodies and shortened 

processes (Fig. 3.1B and 3.2B), suggesting that the microglia were 

activated.  Thus, microglia number and morphology are dramatically 

altered in the NPC mouse brain. 
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FIGURE 3.1 - Active microglia accumulate in the 7-week-old Npc1-/- 
mouse cerebellum.  Immunohistochemical staining of microglia in 
cerebellar slices from 7-wk-old Npc1+/+ (A) and Npc1-/- (B) mice.  Brains 
from 7-wk-old mice were fixed, and cerebella were sectioned and labeled 
with Iba1, a microglial marker.  Results are representative images from 
three independent mice.   
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FIGURE 3.2 - Active microglia accumulate in the 7-week-old Npc1-/- 
mouse cortex.  Immunohistochemical staining of microglia in cortical 
slices from 7-wk-old Npc1+/+ (A) and Npc1-/- (B) mice.  Brains from 7-wk-
old mice were fixed, and cerebral cortices were sectioned and labeled with 
Iba1, a microglial marker.  Results are representative images from three 
independent mice. 
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3.A(ii) U18666A induces an active morphology in Npc1+/+ microglia 

We used primary microglia cultures to determine if impaired 

cholesterol transport through the LE/L altered the morphology of the 

microglia.  Microglia isolated from Npc1+/+ rats were treated with U18666A, 

a compound that blocks cholesterol transport out of the LE/L, inducing an 

NPC-like accumulation of unesterified cholesterol within the LE/L.  

Microglia show several different morphologies in vitro: ramified (resting), 

ameboid (phagocytic), and spherical (fully activated) (Fig. 3.3) [259]. 

Vehicle treated microglia showed a variety of morphologies, mainly 

consisting of ramified and ameboid cells, with few spherical microglia (Fig. 

3.4A).  Addition of U18666A to the microglia cultures caused a dramatic 

shift in morphologies, with the majority of microglia showing a spherical 

morphology within 6 h of treatment (Fig. 3.4B).  Identical experiments were 

also conducted with Npc1+/+ microglia isolated from mice.  Similar changes 

occurred, with U18666A causing the morphology to shift to a spherical, 

fully activated morphology, compared to vehicle treatment (Fig. 3.5).  

These results suggest that altering cholesterol efflux from LE/L in microglia 

can potentially lead to microglial activation. It is important to note, 

however, that U18666A has other effects in addition to inhibiting 

cholesterol export from LE/Ls, including inhibition of cholesterol synthesis 

[102, 103], that could be responsible for the changes in microglia 

morphology. 
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FIGURE 3.3 - Microglia cultured 
in vitro show several different 
morphologies.  Phase images of 
primary microglia cultures showing 
a ramified (resting), ameboid 
(phagocytic), and spherical (fully 
activated) morphology.  Primary 
microglia were isolated from glia 
cultures by mild trypsinization, 
replated, and allowed to rest 
overnight prior to being imaged. 
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FIGURE 3.4 - U18666A treatment of Npc1+/+ rat microglia induces an 
active morphology.  Primary cultures of Npc1+/+ rat microglia were 
treated with vehicle (A) or U18666A (B) for 6 h prior to being imaged.  
Primary microglia were isolated from glia cultures by mild trypsinization, 
replated, and allowed to rest overnight before treatment.  Results are 
representative images from one cell preparation analyzed in triplicate.   
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FIGURE 3.5 - U18666A treatment of Npc1+/+ mouse microglia induces 
an active morphology.  Primary cultures of Npc1+/+ mouse microglia 
were treated with vehicle (A) or U18666A (B) for 6 h prior to being imaged.  
Primary microglia were isolated from glia cultures by mild trypsinization, 
replated, and allowed to rest overnight before treatment.  Results are 
representative images from three independent cell preparations analyzed 
in duplicate. 
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3.A(iii) Npc1-/- microglia have an altered morphology and an altered 

cholesterol distribution  

Since perturbation of cholesterol trafficking through the endosomal 

system had such drastic effects on Npc1+/+ microglia, we isolated microglia 

from Npc1-/- mice to determine if these cells exhibited any obvious 

abnormalities.  Unlike U18666A-treated microglia, Npc1-/- microglia 

cultures had a variety of different morphologies and appeared similar to 

Npc1+/+ microglia cultures, except that Npc1-/- microglia appeared to be 

larger than Npc1+/+ microglia (Fig. 3.6).   

	
  
FIGURE 3.6 – Npc1-/- microglia appear to be larger than Npc1+/+ 
microglia.  Phase images of primary Npc1+/+ (A) and Npc1-/- (B) microglia 
isolated from glia cultures by mild trypsinization, replated, and allowed to 
rest overnight prior to being imaged. Results are representative images 
from three independent cell preparations. 
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When unesterified cholesterol was labeled using filipin, Npc1-/- 

microglia showed a punctate intracellular staining pattern, which is 

characteristic of other NPC-deficient cells, while Npc1+/+ microglia showed 

diffuse cholesterol staining (Fig. 3.7). Npc1+/+ microglia also showed some 

intracellular cholesterol staining (Fig. 3.7A), which is most likely present in 

the endosomal recycling compartment, a region that has been shown to 

be enriched in cholesterol [260].  These experiments show that cholesterol 

distribution is indeed altered in Npc1-/- microglia.  While this sequestration 

might cause a slight change in microglial morphology, this change is not 

nearly as dramatic as that induced with U18666A treatment. 

3.A(iv) Npc1-/- microglia show increased TNFα immunostaining, but not 

increased TNFα secretion 

TNFα mRNA levels are increased in the brains of Npc1-/- mice [148, 

159].  Since microglia are considered to be the primary source of TNFα in 

the brain [261], we performed immunocytochemical staining of microglia 

cultures using a TNFα antibody.  Npc1-/- microglia showed markedly 

increased TNFα immunostaining compared to Npc1+/+ microglia (Fig. 3.8).  

We also compared immunostaining of the TNF-receptor 1 (TNFR1) in 

Npc1+/+ and Npc1-/- microglial cultures; this TNFα receptor is involved in 

the TNFα-mediated death pathway.  Npc1-/- microglia showed increased 

immunostaining for the TNFR1 compared to Npc1+/+ microglia (Fig. 3.9).  

Surprisingly, however, the amount of TNFα secreted into the medium of 

Npc1-/- microglia was not higher than that of Npc1+/+ microglia (Fig. 3.10).   
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FIGURE 3.7 - Npc1-/- microglia show an altered unesterified 
cholesterol staining pattern.  Filipin staining of unesterified cholesterol in 
Npc1+/+ (A) and Npc1-/- (B) microglia cultures.  Primary microglia were 
isolated from glia cultures by mild trypsinization, replated, and allowed to 
rest overnight prior to being stained.  Results are representative images 
from three independent cell preparations. 
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FIGURE 3.8 - Npc1-/- microglia show increased immunostaining for 
TNFα.  Immunocytochemical staining of TNFα in Npc1+/+ (A) and Npc1-/- 
(B) microglia cultures.  Primary microglia were isolated from glia cultures 
by mild trypsinization, replated, and allowed to rest overnight prior to being 
immunostained.  Results are representative images from three 
independent cell preparations. 
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FIGURE 3.9 - Npc1-/- microglia show increased immunostaining for 
TNFR1.  Immunocytochemical staining of TNFR1 in Npc1+/+ (A) and  
Npc1-/- (B) microglia cultures.  Primary microglia were isolated from glia 
cultures by mild trypsinization, replated, and allowed to rest overnight prior 
to being immunostained.  Results are representative images from three 
independent cell preparations. 
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FIGURE 3.10 - Npc1+/+ and Npc1-/- microglia secrete similar levels of 
TNFα in vitro.  Amount of TNFα secreted into the media by Npc1+/+ (black 
bars) and Npc1-/- (white bars) microglia.  Primary microglia were isolated 
from glia cultures by mild trypsinization, replated, and allowed to rest 
overnight.  Microglia were refed with fresh medium and, following a 24 h 
incubation, the amount of TNFα in the medium was determined by ELISA. 
Values are means ± SE of three independent microglia preparations 
analyzed in duplicate.  Data were analyzed using the Student’s t test.  
 

3.A(v) NPC1 deficiency in microglia decreases the level of mRNA 

encoding the anti-inflammatory cytokine IL10, but does not change levels 

of mRNAs encoding pro-inflammatory cytokines or oxidative stress genes 

Microglia produce not only pro-inflammatory cytokines, but also a 

range of other molecules including those involved in oxidative stress, as 

well as anti-inflammatory cytokines.  We performed qPCR analysis of 

primary microglia in order to compare the mRNA levels of these factors in 

Npc1-/- microglia and Npc1+/+ microglia.  The levels of mRNAs encoding 

the pro-inflammatory cytokines, TNFα and interleukin-1β (IL1β), were not 
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different between Npc1-/- and Npc1+/+ microglia (Fig. 3.11A).  Similarly, 

levels of mRNAs encoded by genes involved in oxidative stress such as 

inducible nitric oxide synthase (iNOS) [which produces nitric oxide [262]], 

and NADPH oxidase (NADPHox) [which produces superoxide [263]], were 

similar in Npc1-/- and Npc1+/+ microglia (Fig. 3.11B).  However, levels of 

mRNAs encoding the anti-inflammatory cytokine interleukin-10 (IL10) were 

significantly lower in Npc1-/- microglia, while mRNA levels of another anti-

inflammatory cytokine, transforming growth factor-β (TGFβ), were no 

different between Npc1-/- and Npc1+/+ microglia (Fig. 3.11C).  Additionally, 

we quantified mRNAs encoding glutaminase (GLTase), [which produces 

glutamate that can lead to excitotoxic death [264]], as well as the 

macrophage colony-stimulating factor receptor (M-CSFR), [which is 

involved in microglial proliferation and activation [265]].  However, there 

were no differences in the expression of these genes between Npc1-/- and 

Npc1+/+ microglia (Fig. 3.11D).  These results suggest that protective 

functions, or the suppression of an inflammatory response, may be 

impaired in Npc1-/- microglia.  
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FIGURE 3.11 - Npc1-/- microglia have decreased mRNA levels of the 
anti-inflammatory cytokine IL10.  Quantitative real-time PCR analysis of 
mRNAs encoding pro-inflammatory cytokines (A), oxidative stress genes 
(B), anti-inflammatory cytokines (C), as well as genes involved in 
excitotoxicity and proliferation (D) in Npc1+/+ (black bars) and Npc1-/- 
(white bars) microglia cultures.  mRNA levels were quantified relative to 
mRNA encoding GAPDH.  Microglia were isolated by mild trypsinization 
and allowed to rest for 24 h prior to isolating RNA. Data are means ± SE of 
three independent microglia preparations analyzed in triplicate. Data were 
analyzed using the Student’s t test (** p<0.01). 
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3.A(vi) Npc1-/- microglia do not increase neuronal apoptosis in microglia-

neuron co-cultures 

To determine if the alterations we observed in Npc1-/- microglia 

could lead to neuron death, we performed several experiments in which 

neurons were co-cultured with microglia.  Different densities of microglia 

were plated directly on to cultures of CGCs. Different combinations of cells 

and genotypes were plated, such that Npc1+/+ and Npc1-/- neurons were 

independently co-cultured with Npc1+/+ and Npc1-/- microglia.  Following  

24 h of co-culture, cells were fixed with paraformaldehyde, and stained 

with specific markers for neurons (MAP2) and microglia (Iba1).  The 

number of apoptotic neurons was quantified by Hoechst staining (Fig 

3.12).  Interestingly, Npc1-/- microglia, plated at both low and high 

densities, did not increase apoptosis in Npc1+/+ or Npc1-/- CGCs, 

compared to Npc1+/+ microglia (Fig. 3.13).  In fact, a high density of Npc1-/- 

microglia caused a significant decrease in apoptosis of Npc1+/+ CGCs (Fig. 

3.13B).  Notably, the level of apoptosis in Npc1+/+ and Npc1-/- CGCs 

cultured without microglia was similar (Fig. 3.14), and these levels of 

apoptosis were also comparable to those in the co-culture experiments.  

Thus, Npc1-/- microglia do not appear to be causing increased neuronal 

apoptosis, at least within the limits our co-culture system. 
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FIGURE 3.12 – Microglia-cerebellar granule cell co-cultures. Following 
24 h of co-culture, cells were fixed with paraformaldehyde, and stained 
with specific markers for neurons (MAP2, green) and microglia (Iba1, red).  
Nuclei were labeled by Hoechst staining (blue) for quantitation of the 
number of apoptotic neurons (condensed or fragmented nuclei, arrow). 
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FIGURE 3.13 - Npc1-/- microglia do not increase CGC apoptosis in 
microglia-neuron co-cultures.  Number of apoptotic Npc1+/+ and Npc1-/- 
neurons (CGCs) directly co-cultured with Npc1+/+ (black bars) and Npc1-/- 
(white bars) microglia.  Microglia were plated at densities that were either 
25% [low] (A) or 50% [high] (B) of the total number of neurons.  Primary 
microglia were isolated from glia cultures by mild trypsinization, and 
replated in neuronal medium at the indicated densities on 7-d-old CGC 
cultures.  Following 24 h of co-culture, cells were fixed and neurons were 
labeled with Map2, microglia with Iba1, and nuclei with Hoechst stain.  
Data are the mean percentages of apoptotic nuclei in > 1000 cells 
quantified from two independent CGC preparations co-cultured with three 
independent microglia preparations, performed in duplicate. Error bars 
represent SE. Data were analyzed using the Student’s t test (*** p<0.001). 



84 

 

 

 

 

	
  
FIGURE 3.14 - Npc1+/+ and Npc1-/- CGCs have similar levels of 
apoptosis in vitro.  Extent of apoptosis in 7-d-old Npc1+/+ (black bars) 
and Npc1-/- (white bars) CGC cultures.  CGCs were cultured for 7 d, fixed 
with paraformaldehyde, and the nuclei were labeled with Hoechst stain. 
Data are the mean percentages of apoptotic nuclei in > 500 cells 
quantified from two independent CGC preparations, performed in 
duplicate. Error bars represent standard error.  Data were analyzed using 
the Student’s t test. 
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We performed several other experiments where a similar trend was 

observed.  These included experiments in which medium was incubated 

on microglia cultures for 24 h and then the conditioned medium was added 

to neurons for an additional 24 h, in order to determine if microglia 

secreted any factors that were toxic to neurons.  Medium conditioned by 

Npc1-/- microglia, however, caused no increase in apoptosis in Npc1-/- or 

Npc1+/+ CGC cultures compared to Npc1+/+ microglia-conditioned medium 

(Fig. 3.15).  As our neuron culture conditions are normally optimized for 

survival, it is possible growth factors added to the culture medium might 

prevent microglial factors from inducing apoptosis.  Thus, we also 

performed co-culture experiments using microglia and cortical neurons 

cultured in NeurobasalTM ‘A’ medium without the addition of any 

supplements.  Under these conditions, Npc1-/- microglia cultured directly 

with Npc1+/+ and Npc1-/- cortical neurons, did not increase neuronal 

apoptosis compared to Npc1+/+ microglia co-cultures (Fig. 3.16).  Similarly, 

the level of apoptosis in Npc1+/+ and Npc1-/- cortical neurons incubated 

with Npc1-/- microglia-conditioned medium (lacking supplements) was not 

different from that of neurons cultured with Npc1+/+ microglia-conditioned 

medium (Fig. 3.17).  These results suggest that factors in the media were 

not preventing Npc1-/- microglia from inducing apoptosis in neuron 

cultures.  Furthermore, these results also imply that the ability of Npc1-/- 

microglia to prevent apoptosis under these culture conditions was not 

impaired. 
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FIGURE 3.15 - Npc1-/- microglia-conditioned medium does not 
increase apoptosis in CGC cultures.  Extent of apoptosis in Npc1+/+ and 
Npc1-/- CGCs incubated with Npc1+/+ (black bars) and Npc1-/- (white bars) 
microglia-conditioned medium. Neuronal medium was incubated on 
microglia cultures for 24 h prior to being incubated on 7-d-old CGC 
cultures.  Following 24 h of conditioned medium treatment, neurons were 
fixed with paraformaldehyde and the nuclei labeled with Hoechst stain. 
Data are the mean percentages of apoptotic nuclei in > 2000 cells 
quantified from one CGC preparation treated with conditioned medium 
from one microglia preparation, performed in triplicate. Error bars 
represent standard error.  Data were analyzed using the Student’s t test. 
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FIGURE 3.16 - Npc1-/- microglia do not increase cortical neuron 
apoptosis when co-cultured in medium lacking neuronal 
supplements.  Extent of apoptosis in Npc1+/+ and Npc1-/- cortical neurons 
directly co-cultured with Npc1+/+ (black bars) and Npc1-/- (white bars) 
microglia.  Microglia were plated at a density that was 30% of the total 
number of neurons. Primary microglia were isolated from glia cultures by 
mild trypsinization and replated in neuronal medium lacking supplements 
at the appropriate density on 3-d-old cortical neuron cultures.  Following 
48 h of co-culture, cells were fixed and neurons were labeled with NeuN, 
microglia with Iba1, and nuclei with Hoechst stain. Data are the mean 
percentages of apoptotic nuclei in > 1000 cells quantified from one cortical 
neuron preparation co-cultured with one microglia preparation, performed 
in triplicate. Error bars represent standard error.  Data were analyzed 
using the Student’s t test. 
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FIGURE 3.17 - Npc1-/- microglia-conditioned medium lacking neuronal 
supplements does not increase apoptosis in cortical neuron 
cultures.  Extent of apoptosis in Npc1+/+ and Npc1-/- cortical neurons 
incubated with Npc1+/+ (black bars) and Npc1-/- (white bars) microglia-
conditioned medium.  Neuronal medium lacking supplements was 
incubated on microglia cultures for 48 h prior to being incubated on 3-d-old 
cortical neuron cultures.  Following 48 h of conditioned medium treatment, 
neurons were fixed with paraformaldehyde, and the nuclei labeled with 
Hoechst stain. Data are the mean percentages of apoptotic nuclei in > 
4000 cells quantified from one cortical neuron preparation treated with 
conditioned medium from one microglia preparation, performed in 
triplicate. Error bars represent standard error.  Data were analyzed using 
the Student’s t test. 
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3.A(vii) Phagocytosis is not impaired in Npc1-/- microglia 

 Microglia are the resident phagocytic cells of the CNS, engulfing 

degenerating cells and other debris [189].  It is possible that the 

sequestration of cholesterol within Npc1-/- microglia could impair their 

phagocytic abilities.  Conversely, if Npc1-/- microglia were in a more 

activated state, their ability to phagocytose may instead be increased.  

Microglia were incubated for 2h with fluorescent latex beads, after which 

the cells were extensively washed and the number of beads internalized 

by the microglia quantified.  As a control for beads that may have been 

attached to the cells, but not actually internalized, some cultures were 

incubated at 4°C in order to block phagocytosis. Npc1-/- and Npc1+/+ 

microglia exhibited similar levels of phagocytosis of the beads (Fig. 3.18).  

Thus, phagocytosis does not appear to be impaired in Npc1-/- microglia. 

Nevertheless, other phagocytic pathways, such as the uptake of apoptotic 

cells, may be disrupted in NPC1-deficient microglia. 
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FIGURE 3.18 – Phagocytosis is not impaired in Npc1-/- microglia. 
Phagocytosis of carboxylate-modified polystyrene latex beads in Npc1+/+ 
(black bars) and Npc1-/- (white bars) microglia cultures. Primary microglia 
were isolated from glia cultures by mild trypsinization, replated, and 
allowed to rest overnight.  Beads were added to the culture medium and 
incubated on the microglia cultures for 2 h at 37°C.  As a control, beads 
were also incubated on microglia cultures for 2 h at 4°C to block 
phagocytosis.  Cultures were extensively washed with ice-cold PBS and 
the number of beads/microglia quantified. Values are the means ± SE 
from three independent experiments (> 600 microglia). Data were 
analyzed using the Student’s t test.  
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3.B  MODULATION OF CHOLESTEROL HOMEOSTASIS IN NEURONS 

AND GLIA BY CYCLODEXTRIN  

3.B(i) Low concentrations of cyclodextrin are not toxic to neuron and 

astrocyte cultures 

βCD can have a variety of effects on cells depending upon the 

concentrations used and the duration of the exposure.  Higher 

concentrations typically deplete the cells of cholesterol, ultimately leading 

to cell death, while lower concentrations can facilitate cholesterol transfer 

between hydrophobic compartments [227, 240, 244, 245].  These effects 

depend not only upon the ratio of βCD to cholesterol, but also depend 

upon the cell type, with some cells being more sensitive to βCD than 

others [224].  In order to determine which doses of HPCD could be 

tolerated by our cell cultures, we assessed the morphology and measured 

apoptosis in Npc1-/- mouse CGC and astrocyte cultures treated for 24 h 

with various concentrations of HPCD (Fig. 3.19 and 3.20).  Neither 0.1 mM 

nor 1.0 mM HPCD altered cellular morphology compared to vehicle in 

CGC or astrocyte cultures (Fig. 3.19, A-C and E-G).  Additionally, these 

doses of HPCD did not cause any significant increases in apoptosis 

compared to vehicle (Fig. 3.20).  Treatment of cultures with 10 mM HPCD, 

however, completely destroyed the CGCs such that no cells remained 

(Fig. 3.19D).  While these effects were not as drastic in astrocyte cultures, 

10 mM HPCD did markedly alter the astrocyte morphology (Fig. 3.19H), 

and thus this concentration was not used for any further experiments.  
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Similar results were also seen when the same doses of HPCD were 

administered to Npc1+/+ CGC and cortical astrocyte cultures (Fig. 3.21 and 

3.22). 

 

 

	
  
FIGURE 3.19 - Lower doses of HPCD are not toxic to Npc1-/- neurons 
and astrocytes in vitro.  Phase images of 7-d-old Npc1-/- cerebellar 
granule cells (A-D) and Npc1-/- astrocytes (E-H) treated for 24 h with 
vehicle (A,E), 0.1 mM HPCD (B,F), 1.0 mM HPCD (C,G), or 10 mM HPCD 
(D,H).  Results are representative images from three independent cell 
preparations.  
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FIGURE 3.20 - Lower doses of HPCD do not increase apoptosis in 
Npc1-/- neurons and astrocytes in vitro.  Apoptosis was quantified in 
cultured Npc1-/- cerebellar granule cells (A) and astrocytes (B).  Following 
24 h of treatment, cells were fixed with paraformaldehyde, Hoechst 
stained, and the percentage of apoptotic nuclei quantified for vehicle (dark 
grey bars), 0.1 mM HPCD (light grey bars), and 1.0 mM HPCD (white 
bars).  Data are the mean percentages of apoptotic nuclei in > 750 cells 
quantified from three independent cell preparations performed in duplicate.  
Error bars represent standard error.  Data were analyzed using the 
Student’s t test. 
	
  

	
  
FIGURE 3.21 - Lower doses of HPCD are not toxic to Npc1+/+ neurons 
and astrocytes in vitro.  Phase images of 7-d-old Npc1+/+ cerebellar 
granule cells (A-D) and Npc1+/+ astrocytes (E-H) treated for 24 h with 
vehicle (A,E), 0.1 mM HPCD (B,F), 1.0 mM HPCD (C,G), or 10 mM HPCD 
(D,H).  Results are representative images from one cell preparation 
analyzed in triplicate. 
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FIGURE 3.22 - Lower doses of HPCD do not increase apoptosis in 
Npc1+/+ neurons and astrocytes in vitro.  Apoptosis was quantified in 
cultures of Npc1+/+ cerebellar granule cells (A) and astrocytes (B).  
Following 24 h of treatment, cells were fixed with paraformaldehyde, 
Hoechst stained, and the percentage of apoptotic nuclei quantified for 
vehicle (dark grey bars), 0.1 mM HPCD (light grey bars), and 1.0 mM 
HPCD (white bars). Data are the mean percentages of apoptotic nuclei in 
> 800 cells quantified from one cell preparation performed in triplicate. 
Error bars represent standard error.  Data were analyzed using the 
Student’s t test. 

 

3.B(ii) Cyclodextrin reduces punctate cholesterol staining in Npc1-/- 

neurons and astrocytes  

Npc1-/- CGCs and astrocytes show a punctate intracellular staining 

pattern for unesterified cholesterol, similar to that in other NPC1-deficient 

cells (Fig. 3.23, A and D).  Treatment of Npc1-/- CGCs and astrocytes with 

0.1 mM and 1.0 mM HPCD resulted in decreased punctate filipin staining 

of unesterified cholesterol (Fig. 3.23, B,C and E,F).  The 1.0 mM HPCD 

treatment seemed to reduce punctate filipin staining slightly more than   

0.1 mM HPCD in both neurons and astrocytes.  Interestingly, 0.1 mM and 

1.0 mM HPCD appeared to increase filipin staining of cholesterol in the 

plasma membrane compared to vehicle treatment, an effect that was 

particularly evident in the CGC cultures (Fig. 3.23).  Npc1+/+ CGCs and 
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astrocytes showed filipin staining predominantly in the plasma membrane, 

consistent with the plasma membrane containing the majority of 

cholesterol in cells (Fig. 3.24, A and D).  Administration of 0.1 mM or      

1.0 mM HPCD to Npc1+/+ CGC and astrocyte cultures caused no changes 

in filipin staining compared to vehicle (Fig. 3.24).  

 
FIGURE 3.23 - HPCD treatment reduces intracellular cholesterol 
accumulation in Npc1-/- neurons and astrocytes in vitro.  Filipin 
staining of unesterified cholesterol in 7-d-old Npc1-/- cerebellar granule 
cells (A-C) and Npc1-/- astrocytes (D-F) treated for 24 h with vehicle (A,D), 
0.1 mM HPCD (B,E), or 1.0 mM HPCD (C,F).  Results are representative 
images from three independent cell preparations.	
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FIGURE 3.24 - HPCD treatment does not alter cholesterol staining in 
Npc1+/+ neurons and astrocytes in vitro.  Filipin staining of unesterified 
cholesterol in 7-d-old Npc1+/+ cerebellar granule cells (A-C) and Npc1+/+ 
astrocytes (D-F) treated for 24 h with vehicle (A,D), 0.1 mM HPCD (B,E), 
or 1.0 mM HPCD (C,F).  Results are representative images from one cell 
preparation analyzed in triplicate. 
 

3.B(iii) A low dose of cyclodextrin reduces incorporation of radiolabel into 

newly synthesized cholesterol in Npc1-/- neurons and astrocytes 

In NPC1-deficient cells, the sequestration of lipids within LE/Ls 

prevents cholesterol from reaching the ER [78, 79], where degradation of 
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HMGCR is increased, SREBP2 processing is decreased, and ultimately 

cholesterol synthesis is decreased.  As a consequence, many NPC1-

deficient cells show increased cholesterol synthesis, despite massive 

cholesterol accumulation within LE/Ls [79].  In order to assess cholesterol 

synthesis, cells were given the indicated treatment for 24 h followed by a  

4 h incubation with [3H]acetate (the primary building block of cholesterol) 

and the incorporation of [3H]acetate into unesterified cholesterol was 

measured.  Unlike many Npc1-/- cells, which show increased cholesterol 

synthesis, we found both Npc1+/+ and Npc1-/- CGCs incorporated similar 

amounts of [3H]acetate into newly synthesized cholesterol (Fig. 3.25A).  

Likewise, the amount of radiolabeled cholesterol was comparable in 

Npc1+/+ and Npc1-/- astrocytes (Fig. 3.25B).  These findings parallel those 

of Liu et al., who found no differences in cholesterol synthesis in whole 

brains from Npc1+/+ and Npc1-/- mice [246].  It is also worth noting that 

while CGCs incorporated similar amounts of [3H]acetate into cholesterol 

and phospholipids, astrocytes incorporated much higher levels of 

[3H]acetate into phospholipids compared to cholesterol (Fig. 3.25, A and 

B).  

If HPCD treatment liberated sequestered cholesterol from LE/Ls 

into the cytoplasm and made the cholesterol available to the cell, one 

would expect that cholesterol synthesis would be reduced.  Indeed, 

treatment of Npc1-/- CGCs and astrocytes with 0.1 mM HPCD significantly 

decreased the incorporation of radiolabel into cholesterol compared to 
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vehicle treatment (Fig. 3.26).  Administration of 0.1 mM HPCD to Npc1+/+ 

CGCs and astrocytes, however, did not decrease the incorporation of 

radiolabel into cholesterol compared to vehicle treatment (Fig. 3.27).  In 

fact, Npc1+/+ CGC cultures showed a slight, but statistically significant 

increase in radiolabeled cholesterol with 0.1 mM HPCD treatment 

compared to vehicle, most likely due to cellular cholesterol levels being 

partially depleted by the HPCD (Fig. 3.27A).  This effect did not occur in 

Npc1+/+ astrocytes, which showed no difference in the incorporation of 

[3H]acetate into cholesterol between 0.1 mM HPCD and vehicle treatment 

(Fig. 3.27B).  When cultures were treated with the higher dose of 1.0 mM 

HPCD, the incorporation of radiolabel into cholesterol was no longer 

suppressed, but was dramatically increased compared to vehicle treated 

cultures.  This effect was seen in both Npc1+/+ and Npc1-/- CGCs and 

astrocytes (Fig. 3.26 and 3.27).  These findings suggest that even though 

1.0 mM HPCD reduces punctate filipin staining of cholesterol (i.e. reduces 

sequestration in LE/L) in Npc1-/- CGCs and astrocytes, this dose of HPCD 

ultimately also removes excess cholesterol from the cell surface, forcing 

the cells to increase cholesterol synthesis.  Importantly, HPCD treatment, 

regardless of concentration, did not alter incorporation of [3H]acetate into 

phospholipids (Fig. 3.26 and 3.27), implying that HPCD treatment does not 

alter [3H]acetate uptake into the cells, nor does it alter the rate of 

phospholipid synthesis.  
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FIGURE 3.25 - Incorporation of [3H]acetate into newly synthesized 
cholesterol is the same in Npc1-/- and Npc1+/+ neurons as well as in 
Npc1-/- and Npc1+/+ astrocytes in vitro.  Incorporation of [3H]acetate into 
newly synthesized cholesterol and phospholipids in cerebellar granule 
cells (A) and astrocytes (B), isolated from Npc1+/+ (black bars) and Npc1-/- 
(white bars) mice.  Following 24 h treatment with vehicle, cells were 
incubated an additional 4 h with [3H]acetate, lipids were extracted, 
separated by thin layer chromatography, and radioactivity was measured 
in cholesterol and phospholipids.  Data for cerebellar granule cells are 
means from three independent cell preparations performed in duplicate.  
Data for astrocytes are means from four independent cell preparations.  
Error bars represent standard error.  Data were analyzed using the 
Student’s t test. 
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FIGURE 3.26 - A low dose of HPCD reduces the incorporation of 
[3H]acetate into cholesterol in Npc1-/- neurons and astrocytes in vitro.  
Incorporation of [3H]acetate into newly synthesized cholesterol and 
phospholipids in Npc1-/- cerebellar granule cells (A) and Npc1-/- astrocytes 
(B) treated for 24 h with vehicle (dark grey bars), 0.1 mM HPCD (light grey 
bars), or 1.0 mM HPCD (white bars).  Following the 24 h treatment, cells 
were incubated an additional 4 h with [3H]acetate, lipids were extracted, 
separated by thin layer chromatography, and radioactivity was measured 
in cholesterol and phospholipids.  Data for cerebellar granule cells are 
means from three independent cell preparations.  Data for astrocytes are 
means from four independent cell preparations. Error bars represent 
standard error.  Data were analyzed using the Student’s t test (* p<0.05; 
*** p<0.001). 
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FIGURE 3.27 - A low dose of HPCD increases the incorporation of 
[3H]acetate into cholesterol in Npc1+/+ neurons but not in Npc1+/+ 
astrocytes in vitro. Incorporation of [3H]acetate into newly synthesized 
cholesterol and phospholipids in Npc1+/+ cerebellar granule cells (A) and 
Npc1+/+ astrocytes (B) treated for 24 h with vehicle (dark grey bars), 0.1 
mM HPCD (light grey bars), or 1.0 mM HPCD (white bars).  Following the 
24 h treatment, cells were incubated an additional 4 h with [3H]acetate, 
lipids were extracted, separated by thin layer chromatography, and 
radioactivity was measured in cholesterol and phospholipids. Data for 
cerebellar granule cells are means from three independent cell 
preparations.  Data for astrocytes are means from four independent cell 
preparations. Error bars represent standard error. Data were analyzed 
using the Student’s t test (* p<0.05; *** p<0.001).	
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3.B(iv) A low dose of cyclodextrin increases ACAT-mediated cholesteryl 

esterification in Npc1-/- astrocytes 

Excess cholesterol that reaches the ER is esterified and stored as 

CE in a reaction that is catalyzed by the ER protein ACAT [6, 11].  This 

process is greatly impaired in NPC1-deficient fibroblasts due to cholesterol 

being trapped in the LE/L.  In order to determine whether sequestered 

cholesterol in Npc1-/- neurons and astrocytes was released from the LE/L 

and became available for esterification by ACAT, cells were given the 

indicated treatment for 24 h followed by a 4 h incubation with [14C]oleate 

(which gets covalently linked to cholesterol by ACAT), and the 

incorporation of radiolabel into CE was determined.  When Npc1-/- 

astrocytes were treated with 0.1 mM HPCD, there was a significant 

increase in radiolabeled CE, while 1.0 mM HPCD resulted in a significant 

decrease in radiolabeled CE, compared to vehicle treatment (Fig. 3.28A).  

In order to ensure that ACAT activity was responsible for catalyzing the 

CE formation, Npc1-/- astrocytes were incubated with the ACAT-specific 

inhibitor Sandoz 58-035 along with the HPCD.  The addition of Sandoz 58-

035 greatly attenuated CE formation in Npc1-/- astrocytes (Fig. 3.28A).  

Treatment of Npc1+/+ astrocytes with either 0.1 mM or 1.0 mM HPCD 

showed no differences in radiolabeled CE compared to vehicle treated 

controls (Fig. 3.29A).  There were also no differences in the amount of 

radiolabel that was incorporated into phospholipids in Npc1+/+ or Npc1-/- 

astrocytes treated with vehicle, 0.1 mM or 1.0 mM HPCD, suggesting 
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treatment did not effect the uptake of [14C]oleate into the cells and that 

phospholipid synthesis was not altered by HPCD treatment (Fig. 3.28B 

and 3.29B).  Moreover, Sandoz 58-035 did not reduce the incorporation of 

radiolabel into phospholipids (Fig. 3.28B and 3.29B).  These results 

provide further evidence that cholesterol trapped in the LE/L of NPC1-

deficient astrocytes is able to reach the ER, the site of ACAT, following 

treatment with a low dose of HPCD. 

Very little radiolabeled CE was detected with the same assay in 

Npc1-/- CGCs (data not shown) consistent with very low levels of CE in 

neurons.  Recent experiments by Abi-Mosleh et al. found the rate of CE 

formation in NPC1-/- human fibroblasts increased for 10 h following HPCD 

treatment, and subsequently decreased, an effect that was attributed to 

the depletion of trapped LE/L cholesterol [249].  It is possible that the 

amount of cholesterol trapped in Npc1-/- CGCs is relatively low compared 

to astrocytes, and thus we were not able to detect CE formation by 

treating the cultures with HPCD for 24 h prior to adding radiolabel to the 

culture medium.  In subsequent attempts to measure CE formation in 

CGCs, we incubated the cultures with [14C]oleate, alongside either vehicle 

or 0.1 mM HPCD for 24 h.  Regardless of the treatment, however, very 

little radiolabeled CE was detected in Npc1-/- CGCs, with levels of 

radioactivity approximately equaling background levels measured by the 

scintillation counter (Fig. 3.30).  Additionally, Sandoz 58-035 treatment of 

Npc1-/- CGCs did not reduce the radiolabeling of CE (Fig. 3.30).  The 
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minimal formation of CE in neurons does not appear to be due to NPC1-

deficiency, as very little radiolabelled CE was present in Npc1+/+ CGC 

cultures (Fig. 3.31).  Radiolabel was detectable in phospholipids in both 

Npc1-/- and Npc1+/+ CGCs, indicating that [14C]oleate entered the cells, but 

CE formation is either very low or absent in these neuron cultures (Fig. 

3.30 and 3.31).  In support of the conclusion that very little CE synthesis 

occurs in the neurons, qPCR analysis showed low levels of ACAT1 mRNA 

in Npc1-/- and Npc1+/+ CGCs compared to that in astrocyte cultures (Fig. 

3.32). 



105 

	
  
FIGURE 3.28 - A low dose of HPCD increases the rate of cholesteryl 
ester formation in Npc1-/- astrocytes in vitro.  Incorporation of 
[14C]oleate into newly formed cholesteryl esters (A) and phospholipids (B) 
in Npc1-/- astrocytes treated for 24 h with vehicle (dark grey bars), 0.1 mM 
HPCD (light grey bars), or 1.0 mM HPCD (white bars).  Following the 24 h 
treatment, cells were incubated an additional 4 h with [14C]oleate in the 
presence or absence of the ACAT inhibitor Sandoz 58-035, lipids were 
extracted, separated by thin layer chromatography, and radioactivity was 
measured in cholesteryl esters and phospholipids.  Data are means from 
three independent cell preparations.  Error bars represent standard error.  
Data was analyzed using the Student’s t test (* p<0.05; ** p<0.01). 
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FIGURE 3.29 - A low dose of HPCD does not increase the rate of 
cholesteryl ester formation in Npc1+/+ astrocytes in vitro.  
Incorporation of [14C]oleate into newly formed cholesteryl esters (A) and 
phospholipids (B) in Npc1+/+ astrocytes treated for 24 h with vehicle (dark 
grey bars), 0.1 mM HPCD (light grey bars), or 1.0 mM HPCD (white bars).  
Following the 24 h treatment, cells were incubated an additional 4 h with 
[14C]oleate in the presence or absence of the ACAT inhibitor Sandoz 58-
035, lipids were extracted, separated by thin layer chromatography, and 
radioactivity was measured in cholesteryl esters and phospholipids.  Data 
are means from three independent cell preparations.  Error bars represent 
standard error.  Data were analyzed using the Student’s t test.	
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FIGURE 3.30 - Rate of cholesteryl ester formation is very low in  
Npc1-/- neurons in vitro.  Incorporation of [14C]oleate into newly formed 
cholesteryl esters and phospholipids in Npc1-/- cerebellar granule cells 
treated with vehicle (dark grey bars) or 0.1 mM HPCD (light grey bars).  
Cells were incubated 24 h with the indicated treatment and [14C]oleate in 
the presence or absence of the ACAT inhibitor Sandoz 58-035, lipids were 
extracted, separated by thin layer chromatography, and radioactivity was 
measured in cholesteryl esters and phospholipids.  Data are means from 
three independent cell preparations. Error bars represent standard error.  
Data were analyzed using the Student’s t test. 
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FIGURE 3.31 - Rate of cholesteryl ester formation is very low in 
Npc1+/+ neurons in vitro.  Incorporation of [14C]oleate into newly formed 
cholesteryl esters and phospholipids in Npc1+/+ cerebellar granule cells 
treated with vehicle (dark grey bars).  Cells were incubated 24 h with the 
indicated treatment and [14C]oleate, lipids were extracted, separated by 
thin layer chromatography, and radioactivity was measured in cholesteryl 
esters and phospholipids.  Data are means from three independent cell 
preparations.  Error bars represent standard error.  
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FIGURE 3.32 – ACAT1 mRNA levels are lower in cultured Npc1+/+ and 
Npc1-/- neurons than in Npc1+/+ and Npc1-/- astrocytes. Quantitative 
real-time PCR analysis of ACAT1 mRNA in Npc1+/+ (black bars) and  
Npc1-/- (white bars) cerebellar granule cells and astrocytes treated for 24 h 
with vehicle.  Data are means from three independent cell preparations 
analyzed in duplicate and normalized to GAPDH mRNA.  Error bars 
represent standard error.  
 

3.B(v) A low dose of cyclodextrin decreases expression of genes involved 

in cholesterol synthesis in Npc1-/- neurons and increases expression of 

genes involved in cholesterol efflux in Npc1-/- astrocytes 

At the transcript level, cells differentially regulate the expression of 

a variety of genes in response to alterations in cellular cholesterol levels.  

For instance, when cholesterol levels increase, genes involved in 

cholesterol synthesis and uptake, including the transcription factor 

SREBP2 and its target genes HMGCR and LDLR, are normally 
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decreased, while genes involved in cholesterol efflux, such as the LXR 

target genes ABCA1 and ABCG1, are increased.  Conversely, if 

cholesterol were depleted from cells, the opposite response would occur, 

with expression of genes involved in cholesterol synthesis and uptake 

being increased, while those involved in cholesterol efflux decreased.  To 

investigate these changes in response to HPCD treatments in Npc1-/- CGC 

and astrocyte cultures, we used qPCR analysis.  Npc1-/- CGCs treated 

with 0.1 mM HPCD had significantly lower levels of mRNAs encoding both 

SREBP2 and its target gene HMGCR compared to vehicle treated cultures 

(Fig. 3.33A).  Treatment of Npc1-/- CGCs with 0.1 mM HPCD resulted in no 

changes in LDLR, ABCA1, or ABCG1 mRNA levels compared to vehicle 

treatment (Fig. 3.33A).  When Npc1-/- CGCs were incubated with the 

higher dose of 1.0 mM HPCD, there was a large increase in SREBP2, 

HMGCR and LDLR mRNAs, while ABCA1 and ABCG1 mRNAs were 

significantly lower than for vehicle treatment (Fig. 3.33A).  Importantly, 0.1 

mM HPCD had no effect on genes involved in cholesterol synthesis, 

uptake, or efflux in Npc1+/+ CGCs (Fig. 3.33B).  Treatment of Npc1+/+ 

CGCs with 1.0 mM HPCD had similar effects to those in Npc1-/- CGCs, so 

that SREBP2 mRNA, and mRNAs encoding its target genes, were 

dramatically increased while mRNAs encoding ABCA1 and ABCG1 were 

significantly decreased (Fig. 3.33B).  These results correlate with the 

changes in incorporation of [3H]acetate into cholesterol mediated by 

HPCD treatment (Fig. 3.26 and 3.27). 
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In contrast, treatment of Npc1-/- astrocytes with 0.1 mM HPCD did 

not change the amount of SREBP2 mRNA or its target genes, but did 

significantly increase mRNAs encoding both ABCA1 and ABCG1 

compared to vehicle (Fig. 3.34A).  Treatment of Npc1-/- astrocytes with 1.0 

mM HPCD increased SREBP2 and HMGCR mRNAs, but had no effect on 

LDLR, ABCA1, or ABCG1 (Fig. 3.34A).  Npc1+/+ astrocytes treated with 

0.1 mM HPCD showed no differences in levels of mRNAs encoding 

SREBP2, HMGCR, LDLR, ABCA1, or ABCG1 compared to vehicle 

treatment (Fig. 3.34B).  While 1.0 mM HPCD treatment of Npc1+/+ 

astrocytes had no effect on mRNA levels of SREBP2 or its targets, 

mRNAs encoding ABCA1 and ABCG1 were decreased compared to 

vehicle treatment (Fig. 3.34B).  Taken together, these results suggest that 

Npc1-/- neurons may be responding to the liberated cholesterol by 

decreasing cholesterol synthesis, while Npc1-/- astrocytes appear to 

respond by increasing cholesterol efflux.  Thus, the decrease in 

[3H]acetate incorporation into cholesterol in 0.1 mM HPCD-treated Npc1-/- 

astrocytes may be a response to increased efflux rather than decreased 

cholesterol synthesis.  Furthermore, 1.0 mM HPCD appears to be 

depleting neurons and astrocytes of cholesterol, presumably by extracting 

cholesterol from the plasma membrane, leading to increases in expression 

of genes involved in cholesterol synthesis and/or decreases in genes 

involved in cholesterol efflux. 
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FIGURE 3.33 - A low dose of HPCD decreases mRNAs encoded by 
genes involved in cholesterol synthesis in Npc1-/- neurons in vitro.  
Quantitative real-time PCR analysis of genes involved in cholesterol 
metabolism in Npc1-/- cerebellar granule cells (A) and Npc1+/+ cerebellar 
granule cells (B) treated for 24 h with vehicle (dark grey bars), 0.1 mM 
HPCD (light grey bars), or 1.0 mM HPCD (white bars).  Results are 
normalized to levels of GAPDH mRNA.  Data for 0.1 mM HPCD v. vehicle 
are means from three independent cell preparations performed in 
duplicate.  Data for 1.0 mM HPCD v. vehicle in Npc1-/- cerebellar granule 
cells are means from two independent cell preparations analyzed in 
triplicate.  Data for 1.0 mM HPCD v. vehicle in Npc1+/+ cerebellar granule 
cells are means from three independent experiments analyzed in triplicate.  
Error bars represent standard error.  Data were analyzed using the 
Student’s t test (* p<0.05; ** p<0.01; ***p<0.001). 
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FIGURE 3.34 - A low dose of HPCD increases mRNAs encoded by 
genes involved in cholesterol efflux in Npc1-/- astrocytes in vitro.  
Quantitative real-time PCR analysis of genes involved in cholesterol 
metabolism in Npc1-/- astrocytes (A) and Npc1+/+ astrocytes (B) treated for 
24 h with vehicle (dark grey bars), 0.1 mM HPCD (light grey bars), or 1.0 
mM HPCD (white bars).  Results are normalized to levels of GAPDH 
mRNA.  Data for 0.1 mM HPCD v. vehicle are means from three 
independent cell preparations analyzed in duplicate, whereas data for 1.0 
mM HPCD v. vehicle are means from three independent experiments 
analyzed in triplicate.  Error bars represent standard error.  Data were 
analyzed using the Student’s t test (* p<0.05; ** p<0.01).	
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4. DISCUSSION 

4.A  ROLE OF MICROGLIA IN NPC DISEASE 

Microglia are the resident immune cells of the CNS, which upon 

activation can secrete potentially neurotoxic molecules such as TNFα 

[181].  Inappropriate activation of microglia has been implicated in several 

neurodegenerative disorders including NPC disease [170, 174, 212].  

However, it remains unclear whether Npc1-/- microglia initiate neuron 

death, or whether microglia are becoming activated in response to cell 

death and dysfunction in the NPC brain.  Moreover, it is unclear whether 

the profound increase in active microglia in the Npc1-/- mouse brain 

actually contributes to neurodegeneration, or if it is a response to prevent 

the progressive neuron death seen in NPC disease.  Consistent with the 

findings of other groups, our immunohistochemical analysis showed active 

microglia accumulate in the Npc1-/- mouse brain.  To further investigate 

microglia in NPC disease, primary microglial cultures were prepared from 

the cerebral cortex of Npc1-/- mice.  Npc1-/- microglia have an altered 

morphology, appearing to be slightly larger than Npc1+/+ microglia.  Filipin 

staining of unesterified cholesterol showed that NPC1-deficient microglia 

have an altered cholesterol distribution characteristic of NPC-deficient 

cells.  Additionally, treatment of wild-type microglia with U18666A, a 

compound which mimics the cholesterol accumulation in NPC disease, 

caused microglia to assume an activated morphology.  Taken together, 

these results suggest that cholesterol accumulation might activate 
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microglia, which in turn could lead to increased secretion of potentially 

toxic molecules such as TNFα.  In support of this idea, 

immunocytochemical analysis of Npc1-/- microglia cultures revealed 

increased staining for TNFα and TNFR1.  However, TNFα levels were not 

increased in the medium of Npc1-/- microglia cultures when compared to 

Npc1+/+ controls. Moreover, qPCR analysis did not reveal any differences 

in pro-inflammatory or oxidative stress genes between Npc1+/+ and Npc1-/- 

microglia, although Npc1-/- microglia did show a signifcant decrease in 

IL10 mRNA, an anti-inflammatory cytokine.  To determine whether Npc1-/- 

microglia contribute to neuron death in NPC disease, microglia were 

cultured directly with CGCs.  Surprisingly, there were no differences in the 

amount of neuronal death between neurons cultured with Npc1+/+ or  

Npc1-/- microglia.  Thus, Npc1-/- microglia have an altered phenotype 

compared to Npc1+/+ microglia, but this does not lead to neuron death in 

the in vitro co-culture system. 

4.A(i) Accumulation of active microglia in the NPC1-deficient brain 

Although activated microglia accumulate extensively in both the 

Npc1-/- mouse cortex and cerebellum compared to Npc1+/+ controls, it 

remains to be determined what is leading to this microglial response.  In a 

healthy brain, microglia play a key role in maintaining tissue integrity, and 

upon detection of damage or dysfunction in the brain environment, can 

become highly activated [184-186].  It seems most likely that microglia are 

becoming activated due to cellular death and dysfunction in the Npc1-/- 
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mouse brain.  However, Baudry et al. found microglia with an active 

morphology in the Npc1-/- mouse brain prior to any detectable 

neurodegeneration, suggesting NPC1 deficiency in microglia might 

autonomously lead to microglial activation [170].  This activation may be 

due to accumulation of cholesterol and other lipids within the LE/L, or 

altered vesicular trafficking within Npc1-/- microglia.  Along these lines, we 

found that primary Npc1-/- microglia had an altered cholesterol distribution 

and morphology, as well as increased immunostaining for TNFα.  

Conversely, Npc1-/- microglia did not have increased levels of mRNAs 

encoding pro-inflammatory cytokine or oxidative stress proteins, and were 

unable to induce neuron death in neuron-microglia co-cultures.  Therefore, 

Npc1-/- microglia do show alterations that may lead to their activation in the 

Npc1-/- mouse brain, though it is also quite possible that microglia are 

being activated in the Npc1-/- mouse brain by neuron death that the 

methods employed by Baudry et al. were not sensitive enough to detect 

[170].  As well, there could be neuronal dysfunction, or damage, that is 

leading to activation of microglia in the young Npc1-/- mouse brain.  

Furthermore, microglia may be activated in response to dysfunction or 

death of other brain cells.  For instance, degeneration of oligodendrocytes 

could lead to microglial activation, particularly since progressive 

demyelination is seen early during the course of NPC disease [143, 174].   

Another possibility, though less likely, is that microglia are 

becoming active in the brain due to events occurring in the peripheral 
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tissues.  For instance, some evidence suggests that inflammation in the 

liver can lead to activation of microglia in the CNS [266].  Furthermore, 

several studies have found that feeding rabbits a cholesterol-enriched diet 

leads to increased activation of microglia within the brain [267, 268].  

Since peripheral cholesterol does not cross the BBB and enter into the 

CNS, this implies that changes peripheral to the brain are responsible for 

these effects.  Pro-inflammatory cytokines including TNFα and IL1β have 

been shown to cross the BBB through a saturable mechanism [269, 270].  

Although in vitro evidence suggests these cytokines could damage the 

BBB [271], experiments performed in mice found that under these 

conditions the BBB remained intact [269, 270].  Thus, inflammation in 

peripheral tissues may be able to effect microglia through cytokines that 

are transported from the circulation into the CNS.  As NPC disease shows 

liver damage and altered cholesterol metabolism in peripheral tissues 

[138, 139], we cannot rule out the possibility that these effects in the 

periphery contribute to microglial activation seen in the Npc1-/- mouse 

brain. 

Recent evidence suggests that macrophages and other immune 

cells may be able to cross the BBB, particularly in states of disease and 

inflammation.  Initial studies proposing this phenomenon used chimeric 

mice that had received a bone marrow transplantation with labeled donor 

cells [272-275].  These results were confounded by the fact that whole 

body irradiation was used in order to generate the chimeric mice, a 
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process which could damage the BBB and alter the CNS.  Thus, it was 

difficult to determine if the macrophages seen infiltrating the CNS of these 

chimeric mice would enter the brain in a healthy mouse, or if the influx of 

these macrophages into the CNS was due to the irradiation treatment.  In 

studies using non-irradiated parabiotic mice, the number of macrophages 

detected in the brain was dramatically reduced compared to irradiated 

studies [276].  Moreover, it has been shown that whole body irradiation 

can drastically alter gene expression in the mouse CNS, leading to 

increased production of chemokines and cytokines such as TNFα [277].  

In order to determine if macrophages could infiltrate the brain 

independently of irradiation of the CNS, Mildner et al. generated chimeric 

mice containing fluorescently labeled macrophages, using targeted 

irradiation that excluded the brain [277].  Not only did this procedure 

prevent chemokine and cytokine induction in the brain, it also eliminated 

the infiltration of donor-derived macrophages into the brain [277].  The 

authors performed similar experiments in mouse models which had CNS 

damage, but retained an intact BBB.  In mice with cuprizone-induced 

demyelination in the corpus callosum, and in mice subjected to unilateral 

facial nerve axotomy, donor-derived macrophages were unable to infiltrate 

the brain, unless it had been irradiated [277].  Other studies suggest that 

macrophages are recruited into the CNS during periods of inflammation 

through a chemokine-dependent mechanism [266].  Macrophages that 

had infiltrated the CNS were identified based on CD45 expression using 
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flow cytometry, with macrophages being defined as CD45high-expressing 

cells and microglia being defined as CD45low-expressing cells [266].  This 

type of classification has been used by other groups [278-280].  However, 

controversy exists over the validity of this marker, as microglia are highly 

plastic cells from the monocytic lineage, and it remains a possibility that 

activating stimuli could lead to increased CD45 expression in activated 

microglia.  Thus, there is still debate as to whether macrophages do 

indeed infiltrate the CNS during disease or inflammation.  Even so, since 

Iba1 is expressed in both microglia and macrophages [281, 282], it 

remains a distinct possibility that the increase in Iba1-positive cells could 

be, at least in part, due to infiltrating macrophages.    

4.A(ii) Consequences of altered cholesterol metabolism in microglia 

Alterations in cholesterol metabolism have been found to impact 

microglia and macrophage function.  Conflicting reports exist regarding the 

effects that statins (inhibitors of HMGCR) have on microglia function.  The 

majority of reports indicate that inhibition of the cholesterol synthesis 

pathway attenuates the activation of cultured microglia in response to 

stimuli such as the bacterial endotoxin lipopolysaccharide (LPS), 

interferon-γ, and β-amyloid [283-285].  Furthermore, statins administered 

to rats decreased both age-related and LPS-induced microglial activation 

[286].  Interestingly, the inhibition of microglial activation did not appear to 

be due to decreases in cholesterol levels, as cholesterol supplementation 

was not sufficient to prevent these effects [283, 285].  Instead, it appears 
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that statins decrease microglial activation by decreasing the synthesis of 

non-steroid isoprenoids, which are synthesized from intermediates in the 

cholesterol biosynthetic pathway [283, 285].  Isoprenoids can be 

covalently linked to proteins in a process termed prenylation.  This post-

translational lipid modification effects protein function and localization 

[287].  Other evidence suggests statins may have negative effects on 

microglial function as well.  For instance, statins have been shown to alter 

the actin cytoskeleton in microglia, and to abolish chemokine-induced 

microglia motility [288].  Such effects could impair microglial functions that 

are necessary for maintaining brain tissue integrity.  Moreover, the 

administration of statins to hippocampal slice cultures isolated from rats 

increased microglial activation in a time- and concentration-dependent 

manner [289].  However, it is possible microglia are becoming activated 

due to the effect of statins on other cells present in the slice cultures, such 

as neurons and astrocytes, rather than direct effects of statins on 

microglia.  Taken together, these results suggest that altering the 

cholesterol biosynthetic pathway can affect microglial function, particularly 

by altering protein prenylation. 

As a consequence of cholesterol being trapped within LE/Ls and 

not reaching the ER where regulation of cholesterol homeostasis occurs, 

NPC1-deficient fibroblasts increase cholesterol biosynthesis [79].  The 

increase in cholesterol synthesis, and flux through the mevalonate 

pathway, could also increase isoprenoid synthesis.  As decreased 



121 

isoprenoid synthesis has been implicated in attenuating microglial 

activation [283-285], it is possible that increased isoprenoid levels may 

render Npc1-/- microglia more susceptible to activating stimuli.  

Conversely, if the cell is depleted of cholesterol due to the impaired 

trafficking of cholesterol from LE/Ls, the cell may preferentially synthesize 

cholesterol and minimize the amount of cholesterol precursors being 

shunted out of the cholesterol biosynthetic pathway for isoprenoid 

synthesis.  This could decrease microglia activation, but may also affect 

microglia motility and the ability of microglia to generate an appropriate 

inflammatory response [288]. Although Npc1-/- microglia show an altered 

cholesterol distribution, it is unclear how cholesterol synthesis is affected 

in Npc1-/- microglia.  Despite the finding that other NPC1-deficient cells 

have increased cholesterol biosynthesis, the NPC1-deficient mouse brain 

shows similar levels of cholesterol synthesis to wild-type brains [246].  

Moreover, our results demonstrate that cholesterol synthesis in Npc1-/- 

neurons and astrocytes is identical to that in Npc1+/+ controls.  Therefore, 

cholesterol synthesis in Npc1-/- microglia may not be altered, but still 

needs to be investigated. 

In order to investigate the effects that altered cholesterol trafficking 

could have on microglia, we initially used the amphipathic amine U18666A 

in order to induce an NPC-like phenotype in microglia.  Vehicle treated 

microglia predominantly displayed ameboid and ramified morphologies, 

while U18666A caused most cells to have a dramatic and rapid shift to a 
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spherical, active morphology.  While it is tempting to conclude that 

accumulation of cholesterol within the LE/L results in activation of 

microglia, U18666A has additional effects alongside its ability to impair 

cholesterol trafficking out of the LE/L.  Particularly, U18666A inhibits 

several enzymes in the cholesterol synthesis pathway [102, 103].  Thus, it 

is entirely possible that inhibition of cholesterol synthesis, rather than the 

impairment of cholesterol trafficking through the endosomal system, leads 

to alterations in microglia morphology.  Interestingly, Kuipers et al. found 

that inhibition of cholesterol synthesis using simvastatin dramatically 

altered actin distribution, causing microglia cells to “round up” [288].  

Moreover, when we cultured Npc1-/- microglia we did not see the same 

drastic change in morphology as we observed with U18666A treatment.  

Instead, primary Npc1-/- microglia appeared, for the most part, similar to 

Npc1+/+ microglia.  Thus, these results support the idea that U18666A 

alters microglia morphology by impairing the cholesterol biosynthetic 

pathway.  Nonetheless, Npc1-/- microglia did appear to be larger than 

Npc1+/+ microglia although the significance of this observation is not 

known.  Furthermore, U18666A treatment of macrophages increases 

TNFα production and impairs phagosome maturation [290, 291].  Although 

these studies failed to determine if the effects were caused by cholesterol 

accumulation, such results suggest that alteration of endosomal 

cholesterol trafficking, as well as cholesterol metabolism, may lead to 

altered microglial function and behavior.  Thus, to determine if NPC1 
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deficiency in microglia altered microglia function, we began to characterize 

further the properties of microglia isolated from Npc1+/+ and Npc1-/- mice. 

4.A(iii) Increased TNFα in NPC1-deficient microglia 

Microglia are considered to be the major source of TNFα in the 

CNS [261].  We performed several different experiments to investigate 

TNFα in Npc1-/- microglia, since TNFα is often associated with 

inflammation-mediated death, and increased levels of mRNAs encoding 

TNFα (and other genes involved in the TNFα death pathway) have been 

detected in the Npc1-/- mouse brain [159].  Moreover, TNFα has been 

implicated in NPC liver disease, as apoptosis seen in NPC1-knockdown 

mouse livers was attenuated through elimination of TNFα by genetic 

manipulation, or through use of anti-TNFα antibodies [292].  TNFα is a 

pro-inflammatory cytokine that exists in a soluble, as well as a membrane-

bound form, both of which are biologically active [293].  The actions of 

TNFα are complex, with TNFα being linked to beneficial, pro-survival 

effects, and also detrimental, cytotoxic consequences [294-296].  These 

actions depend on a number of factors including the stimulus inducing 

TNFα production, the concentration of TNFα, the length of TNFα 

exposure, as well as other molecules present during TNFα exposure [295, 

296].  Moreover, TNFα exerts its effects through two different receptors, 

TNFR1 and TNFR2.  TNFR2 preferably binds membrane-bound TNFα and 

is generally associated with pro-survival effects of TNFα [297].  On the 

other hand, TNFR1 preferentially binds soluble TNFα and is thought to be 
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primarily involved in TNFα-mediated death due to the presence of a death 

domain in its cytoplasmic tail [298, 299].  However, TNFR1 signaling is 

complex, and TNFα signaling through TNFR1 can also lead to anti-

apoptotic effects [294, 300].  It has been proposed that these opposing 

outcomes may be regulated through compartmentalization of TNFR1 

signaling [300, 301].  In this model, the initial binding of TNFα to TNFR1 

results in the recruitment of TNFR-associated death domain, TNFR-

associated factor-2, and receptor-interacting protein-1, which can lead to 

the activation of the survival transcription factor, nuclear factor-κB [300-

304].  Within minutes of TNFα binding to TNFR1, the complex is 

internalized through clathrin-dependent endocytosis [300, 301].  This 

results in the termination of nuclear factor-κB signaling, and the 

recruitment of FAS-associated death domain protein and caspase-8, 

ultimately leading to apoptosis [300, 301].  Thus, while TNFα is often 

associated with inducing cell death, the actions of TNFα are complex and 

can be regulated through a variety of mechanisms. 

We initially performed immunocytochemical staining for TNFα in 

primary microglia cultures and found TNFα staining was profoundly 

increased in Npc1-/- microglia compared to Npc1+/+ microglia.  Surprisingly, 

however, there were no differences in the amount of TNFα mRNA or in the 

amount of TNFα secreted by Npc1-/- microglia compared to Npc1+/+ 

microglia.  Other than mast cells, immune cells do not appear to store 

preformed TNFα [305, 306].  Instead, upon activation, cells such as 
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macrophages and microglia synthesize TNFα, which is initially in a 

membrane-bound form [307].  Membrane-bound TNFα is trafficked to the 

plasma membrane via the Golgi apparatus, where it can be cleaved by 

TNFα-converting enzyme (TACE), releasing mature, soluble TNFα from 

the cell [307-310].  Following activation, the majority of TNFα is located in 

the Golgi apparatus, and only transiently appears on the plasma 

membrane [311].  The amount of TNFα in the Golgi apparatus decreases 

at a rate that correlates with the release of cleaved TNFα from the cell, 

suggesting that TACE catalyzes a rate-limiting step in secretion of mature 

TNFα from the cell [311].  Recent evidence also suggests TNFα can be 

secreted from cells via secretory lysosomes [312], a special class of 

lysosome found in immune cells [313], and that have been implicated in 

the secretion of other cytokines such as IL1β [314].   

What is leading to increased TNFα immunostaining in Npc1-/- 

microglia remains to be determined, although several possibilities exist.  

Most obviously, Npc1-/- microglia may be activated, and thus are producing 

more TNFα.  This seems unlikely, as we do not see increased TNFα 

mRNA or secretion.  Moreover, we did not see increases in the mRNA 

levels of other pro-inflammatory genes such as IL1β or any oxidative 

stress genes.  Another possibility is that movement of TNFα out of Npc1-/- 

microglia is impaired.  This is conceivable, as vesicular trafficking is 

impaired in NPC1-deficient cells [127, 128, 131], and as a result TNFα 

may become trapped within the endosomal compartment of Npc1-/- 
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microglia.  TNFα is trafficked from the Golgi apparatus to recycling 

endosomes, which subsequently fuse with the plasma membrane and 

release TNFα from the cell [308, 311].  Rab4 is a small GTPase that is 

involved in endocytic recycling to the plasma membrane, and has been 

shown to partially co-localize with the trans-Golgi network as well as with 

TNFα [312].  In NPC1-deficient cells, Rab4-mediated recycling of lipids 

and proteins is impaired [128].  Therefore, it is possible that vesicular 

trafficking of TNFα through this pathway is impaired in Npc1-/- microglia, 

resulting in accumulation of TNFα in the cell.  Furthermore, accumulation 

of cholesterol in the LE/L of Npc1-/- microglia may inhibit the trafficking of 

secretory lysosomes to the cell surface where they would release TNFα.  

Other vesicle-mediated processes are also impaired in NPC1-deficient 

cells, including retrograde fusion of lysosomes and late endosomes, as 

well as the retrograde release of molecules such as sucrose and dextran 

[85, 131, 133].  Thus, impaired vesicular trafficking could prevent TNFα 

release via several mechanisms, ultimately leading to TNFα accumulation 

intracellularly.  

A third possibility lies in the degradation of TNFα, which has been 

postulated to occur in the lysosomes.  Several reports suggest excess 

membrane-bound TNFα can be endocytosed and either recycled back to 

the plasma membrane, or degraded within the cell, presumably by the 

lysosomes [309, 315].  One study estimated that approximately half of the 

TNFα that is produced in LPS-stimulated macrophages is degraded by the 
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lysosomes [316].  Thus, the lysosomal traffic jam seen in Npc1-/- cells 

could lead to the accumulation of TNFα that was sent to be degraded 

within lysosomes.  Moreover, these studies also suggest that the rate-

limiting step for processing of membrane-bound TNFα to the soluble form 

is catalyzed by TACE, and that non-processed, membrane-bound TNFα is 

cleared through lysosomal proteolysis [316].  TACE activity has been 

shown to be dependent on cholesterol levels, as depleting cellular 

cholesterol increased TACE activity [317-320].  As NPC1-deficient cells 

show alterations in cholesterol distribution in the cell, it remains a 

possibility that altered TACE function could have effects on TNFα 

secretion. 

An additional explanation for increased TNFα immunostaining lies 

in deficiencies in lysosomal function.  Some evidence has suggested that 

lysosomal enzymes such as cathepsin B and acid sphingomyelinase are 

required for the proper secretion of TNFα.  Inhibition of cathepsin B in 

LPS-stimulated macrophages caused accumulation of membrane-bound 

TNFα in vesicles that failed to reach the plasma membrane [321].  In 

contrast, LPS-stimulated macrophages lacking acid sphingomyelinase 

secreted several-fold more TNFα than did wild-type macrophages [316].  

Therefore, lipid accumulation in Npc1-/- LE/Ls could impair the functions of 

lysosomal enzymes and alter TNFα metabolism.  Though these results 

imply that alterations of lysosomal enzymes could affect TNFα 

metabolism, these studies fail to conclusively establish that lysosomal 
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forms of these enzymes are necessary for the TNFα effects.  As both 

cathepsin B and acid sphingomyelinase have been shown to function at 

sites outside of the lysosomes, such actions cannot be overlooked [321].  

Several other lines of evidence also suggest that alterations of these 

lysosomal enzymes are insufficient to explain the increased TNFα 

immunostaining seen in Npc1-/- microglia.  For instance, cathepsin B is 

increased in the Npc1-/- mouse brain, though it is possible that cathepsin B 

function is impaired [153].  Furthermore, even though acid 

sphingomyelinase activity is impaired in NPC1-deficient cells [123], 

increases in TNFα mRNA or secretion did not occur in our studies of  

Npc1-/- microglia. 

All of these hypotheses fail to address what is initiating the 

increased amounts of TNFα in Npc1-/- microglia.  In general, microglia and 

macrophages do not have an intracellular store of TNFα and instead 

synthesize TNFα upon stimulation [305, 306].  In the majority of 

experiments on TNFα production in these cells, microglia or macrophages 

are initially activated with LPS in order to stimulate TNFα production.  

However, we observed no increase in TNFα mRNA in NPC1-deficient 

microglia, suggesting our Npc1-/- microglia cultures are not actively 

synthesizing TNFα.  There is a possibility that the levels of TNFα are not 

actually increased, but instead the increased TNFα immunostaining is due 

to alteration in the distribution of TNFα.  However, as microglia do not 

store TNFα, it is unclear if microglia would have endogenous TNFα levels 
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that are sufficient to cause the increased staining seen in Npc1-/- microglia.  

Another explanation is that replating microglia during the isolation 

procedure caused them to become activated, so that the TNFα produced 

from this activation became trapped within the cell. Additionally, the TNFα 

could have accumulated through interactions with astrocytes in the initial 

mixed glia cultures prior to isolation of microglia.  We also cannot eliminate 

the possibility that TNFα is produced at low levels within Npc1-/- microglia, 

and these basal amounts of TNFα gradually accumulate in the cell.  In any 

case, TNFα is increased in Npc1-/- microglia, though the events leading to 

this remain to be more clearly defined. 

The fact that pro-inflammatory cytokine and oxidative stress gene 

mRNAs are not increased suggests that our Npc1-/- microglia cultures are 

not activated.  However, the increased TNFα immunostaining clearly 

shows that Npc1-/- microglia are altered in some way.  The significance of 

this alteration may only become evident upon microglia activation.  While 

we attempted to activate the microglia cultures with LPS, our results were 

inconsistent, often showing no indication that activation had actually 

occurred, particularly at the mRNA level.  Nonetheless, increasing 

evidence suggests that microglia can become ‘primed’, which results in 

microglia being more easily activated upon stimulus and/or causes 

microglia to become more highly activated upon stimulation [322-324].  

Often, priming occurs from an initial activating stimulus leaving microglia 

more readily activated upon any subsequent stimulation [322-324].  In the 
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case of Npc1-/- microglia, we suggest that the initial priming event is the 

cholesterol trafficking defect caused by lack of NPC1, and this may cause 

Npc1-/- microglia to become more readily or highly activated upon 

subsequent stimuli.  Upon activation, Npc1-/- microglia may secrete excess 

amounts of TNFα, as Npc1-/- microglia show increased TNFα 

immunostaining.  Whether this TNFα is available for secretion upon 

activation, or if it is simply trapped within the cells, remains to be 

determined.   

As is the case with increased TNFα immunostaining in Npc1-/- 

microglia, it is equally unclear what is leading to increased TNFR1 

immunostaining.  Again, there is a possibility that the actual concentration 

of TNFR1 is unchanged and the increased signal detected by 

immunofluorescence in Npc1-/- microglia is due to an altered localization of 

TNFR1.  This scenario seems more plausible for TNFR1 than TNFα, as 

extensive TNFR1 immunostaining was observed in Npc1+/+ microglia. 

Other possibilities also exist that could lead to increased TNFR1 levels in 

Npc1-/- microglia.  For instance, alterations in TACE function caused by the 

changes in cholesterol metabolism could be responsible for the increased 

amount of TNFR1 [317-320].  TACE not only cleaves TNFα, but also 

cleaves other substrates including TNFR1 [325], generating soluble 

TNFR1 that is thought to neutralize TNFα activity [326, 327].  Along these 

lines, decreased TACE activity could lead to increased TNFR1 that 

remained membrane-bound.  Alternatively, TACE activity may be 
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unaltered, and instead TNFR1 is increased in an attempt to counteract the 

increased levels of TNFα accumulating in Npc1-/- microglia.  Furthermore, 

TNFR1 may also be trapped within the endosomal pathway, as evidence 

suggests that upon TNFα binding, the complex is internalized by clathrin-

dependent endocytosis and enters a Rab-regulated pathway [300, 301].  

As Rab-mediated vesicular trafficking is impaired in NPC1-deficient cells, 

TNFR1 may not be able to efficiently exit from this compartment. 

Increased TNFR1 levels could have both beneficial, as well as 

detrimental, effects.  For instance, TNFR1 might be up-regulated to 

neutralize TNFα, especially since the increased TNFα in NPC1-deficient 

microglia might lead to a larger inflammatory response upon microglial 

activation. The induction of TNFR1 “shedding” has been shown to be 

neuroprotective in vitro and in vivo [328].  Furthermore, Parkinson disease 

patients have been shown to have soluble TNFR1, and high levels of 

soluble TNFR1 were associated with late disease onset suggesting 

soluble TNFR1 may have some neuroprotective effect [329].  Conversely, 

increased TNFR1 could also provoke a stronger pro-inflammatory reaction 

by activated Npc1-/- microglia, as evidence suggests that TNFα can 

activate microglia through TNFR1 via an autocrine pathway [330].  Upon 

TNFα exposure, microglia show increased synthesis of additional TNFα as 

well as other pro-inflammatory cytokine mRNAs [330].  The increased 

TNFR1 levels in Npc1-/- microglia could amplify this effect upon TNFα 

exposure.     
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4.A(iv) Implications of decreased IL10 in NPC1-deficient microglia 

Although much emphasis has been placed on the potentially 

cytotoxic aspects of microglia, the role of microglia is ultimately to maintain 

brain health.  IL10 is an anti-inflammatory cytokine that decreases the 

synthesis of pro-inflammatory cytokines such as TNFα, IL1β, and 

interleukin-6, as well as the production of reactive oxygen species, both in 

vitro and in vivo [331-334].  Following LPS-induced inflammation in the rat 

cerebral cortex, IL10 immunostaining was primarily detected in activated 

microglia [335].  When IL10 activity was abrogated using anti-IL10 

antibodies, the amount of neurodegeneration increased, as did reactive 

oxygen species production and the levels of pro-inflammatory cytokines 

[335].  In a similar fashion, IL10 administration to rats reduced brain injury 

following focal stroke [336], and improved functional motor recovery in rats 

with traumatic spinal cord injury [337].  In addition to anti-inflammatory 

effects, IL10 also prevented excitotoxic death in murine neuron cultures, 

an effect that appeared to be mediated through inhibition of pro-apoptotic 

proteins such as caspase-3 [338, 339].  Thus, it could be hypothesized 

that decreased levels of IL10 contribute to increased neurodegeneration in 

NPC disease through several mechanisms.  While an initial pro-

inflammatory response appears to be beneficial and necessary for 

appropriate wound healing, the activation state of microglia must ultimately 

be shifted to a state that promotes cell survival and tissue repair [198].  As 

IL10 decreases pro-inflammatory cytokine production, the reduction in 
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IL10 mRNA levels in Npc1-/- microglia could prevent microglia from being 

able to properly regulate their activation status.  As a consequence, 

microglia may become chronically activated, leading to prolonged 

production of pro-inflammatory cytokines and other potentially neurotoxic 

molecules that would eventually lead to neuron death.  Furthermore, as 

IL10 appears to have pro-survival effects on neurons, decreased IL10 

could decrease neuroprotection mediated by microglia.  It remains to be 

confirmed, however, whether IL10 protein levels are also decreased in 

Npc1-/- microglia, and whether these changes would actually lead to 

increased inflammation and neurodegeneration in the NPC brain, or if 

other anti-inflammatory cytokines are able to compensate. 

4.A(v) Microglia-neuron co-cultures 

Surprisingly, we did not see any increase in neuron death caused 

by Npc1-/- microglia in our neuron-microglia co-cultures.  While this 

suggests Npc1-/- microglia do not induce neuron death, we cannot rule out 

microglial contribution to the progressive neurodegeneration in NPC 

disease in vivo. Neuron-microglia co-culture systems are extremely 

simplified compared to the CNS, lacking the many cell types, and cell-

connections, that are present in the brain.  It is possible that microglia 

need to interact with other glial cells, such as astrocytes, in order to induce 

neuron death.  Furthermore, microglia may induce neuron death through 

indirect functions such as alteration of astrocyte function, which in turn 

could be neurotoxic.  In a similar fashion, microglia may be toxic to cells 
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other than neurons such as oligodendrocytes, thereby impairing 

myelination, and ultimately causing neuron dysfunction.  Alternatively, the 

culture conditions we used for the CGCs in vitro may not be conducive for 

Npc1-/- microglia to elicit CGC death.  Although Npc1-/- CGCs undergo 

death in Npc1-/- mouse brains [222], in vitro their viability appears to be 

identical to that of Npc1+/+ CGCs, with no increase in apoptosis, despite 

having an altered cholesterol distribution.  The lack of death of Npc1-/- 

CGCs in vitro could be due to absence of exogenous factors that 

contribute to CGC death in the brain, or could be due to the culture media 

and supplements promoting maximal survival of Npc1-/- CGCs in vitro.  

The neurotrophic media may prevent Npc1-/- microglia from inducing death 

in neuron-microglia cultures.  In an attempt to address this possibility, we 

also examined co-cultures in which media supplements were removed and 

found Npc1-/- microglia still failed to induce neuron death.  Nevertheless, 

the NeurobasalTM ‘A’ media may still contain components that prevent 

microglia-induced death, or removal of the supplements might have 

caused a shift from an overly protective culture condition to an overly toxic 

culture condition that might have masked any Npc1-/- microglia-induced 

death.  Furthermore, it may be that Npc1-/- microglia only exacerbate 

neuron death in vivo as a response to neurodegeneration.  Thus, since 

Npc1-/- and Npc1+/+ CGCs show similar levels of apoptosis in vitro, this 

effect is not evident in our cultures. 
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It is also possible that the type of neurons we are using (CGCs) are 

not particularly sensitive to microglia-induced death, or that the microglia 

are not conducive to inducing neuron death.  There is increasing evidence 

that microglia isolated from different brain regions express region-specific 

protein profiles that differ from microglia in other brain regions [340, 341]. 

Thus microglia from one brain region may behave differently from those 

from another brain region.  Consequently, microglia from particular brain 

regions, such as the cerebellum, might be more neurotoxic than other 

types of microglia in NPC disease.  In a similar fashion, the cell death in 

the NPC brain is restricted to particular subsets of neurons [150, 152].  

Thus, perhaps only some of these neurons are susceptible to killing by 

microglia.  Evidence suggests that the extensive Purkinje cell death in 

NPC disease is cell autonomous, as NPC1-deficiency restricted to 

Purkinje cells caused Purkinje cell death despite the presence of Npc1+/+ 

cells, such as microglia, in the rest of the brain matter [154, 155].  

However, microglia are still active in these brains, and may contribute to 

Purkinje cell death, even though the initial insult occurs in Purkinje cells 

[154, 155].  Likewise, CGCs degenerate and show axonal abnormalities in 

NPC disease [222, 342], but this may be occurring independently of 

microglia.  Thus, while our co-culture experiments fail to show that Npc1-/- 

microglia contribute to neuron death, this does not eliminate the possibility 

of microglial involvement in the NPC brain, and may simply be due to the 

limitations of in vitro co-cultures.  
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4.A(vi) Phagocytosis 

Microglia not only secrete a variety of different factors, but are also 

the resident phagocytic cells of the CNS.  Phagocytosis is a complex 

process that can be mediated by a number of different receptors and 

pathways, and thus can elicit a variety of responses depending upon the 

material being phagocytosed [343].  For instance, phagocytosis of 

apoptotic cells typically leads to suppression of an inflammatory response 

[344, 345], while phagocytosis of invading pathogens can induce 

inflammation [346].  We measured the rate at which Npc1-/- and Npc1+/+ 

microglia phagocytose carboxylate-modified beads, which are thought to 

mimic the surface charge of apoptotic cells [347].  Since Npc1-/- microglia 

show an accumulation of cholesterol and other lipids in the LE/L, we 

predicted that this buildup of material would impair the cell’s ability to 

phagocytose particles.  However, we found no difference in the rate of 

phagocytosis of beads between Npc1-/- and Npc1+/+ microglia.  This 

observation suggests that the ability of Npc1-/- microglia to effectively 

remove degenerating neurons in the NPC brain is not impaired.  However, 

carboxylate-modified beads do not perfectly mimic apoptotic cells [348], 

which can initiate phagocytosis through several pathways including a 

phosphatidylserine-mediated mechanism that is absent from the beads 

[349, 350].  Likewise, these beads do not mimic smaller cellular debris that 

may need to be phagocytosed in the NPC brain.  There is also the 

possibility that other aspects of phagocytosis that we did not investigate 
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are impaired in Npc1-/- microglia, despite the normal ability to uptake latex 

beads.  For instance, we found IL10 mRNA is decreased in Npc1-/- 

microglia. Thus Npc1-/- microglia may be unable to inhibit inflammation 

when phagocytosing apoptotic cells, which is important for preventing the 

damage to surrounding cells.  Microglia are extremely complex and have a 

large number of responses we are only beginning to understand.  While 

experiments such as the phagocytosis assay and the co-culture studies 

suggest Npc1-/- microglia function similarly to Npc1+/+ microglia, we have 

used ideal culture conditions, and it remains to be determined if the same 

response would occur under less than ideal conditions, or in vivo. 

4.B CYCLODEXTRIN TREATMENT OF NPC1-DEFICIENT NEURONS 

AND ASTROCYTES 

HPCD has been shown to decrease neurodegeneration in Npc1-/- 

mice [106, 246-248, 252], however it is unclear whether HPCD has a 

direct effect on Npc1-/- neurons, or if the decreased neurodegeneration is 

secondary to HPCD effects on glial cells.  Moreover, as different cells 

show varying sensitivities to HPCD [224], it is unclear what concentrations 

of HPCD can be tolerated by neurons.  We have shown that a low dose of 

HPCD (0.1 mM) reduces intracellular cholesterol staining and 

incorporation of [3H]acetate into newly synthesized cholesterol in both 

neurons and astrocytes isolated from Npc1-/- mice.  ACAT-mediated 

cholesterol esterification is also increased by 0.1 mM HPCD treatment of 

Npc1-/- astrocytes, but this effect is not seen in neurons as they form very 
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little CE, even in the presence of functional NPC1.  Interestingly, Npc1-/- 

neurons and astrocytes respond differently to 0.1 mM HPCD at the 

transcript level, with neurons decreasing genes involved in cholesterol 

synthesis, while astrocytes increase genes involved in cholesterol efflux.  

Although the mechanisms are different, both of these changes would be 

expected to decrease cholesterol within the cell.  0.1 mM HPCD had no 

effects on Npc1+/+ neurons and astrocytes, except for causing a small 

increase in [3H]acetate incorporation into cholesterol in Npc1+/+ neurons, 

an effect contrary to that seen in Npc1-/- cells.  Importantly, administration 

of a 10-fold higher dose of HPCD (1.0 mM) to Npc1-/- neurons and 

astrocytes results in effects that are mostly opposite from those seen with 

0.1 mM HPCD treatment.  Although 1.0 mM HPCD decreases intracellular 

cholesterol staining in Npc1-/- cells, incorporation of radiolabel into newly 

synthesized cholesterol is dramatically increased in both Npc1-/- and 

Npc1+/+ neurons and astrocytes.  Npc1-/- astrocytes treated with 1.0 mM 

HPCD also have a decrease in ACAT-mediated cholesterol esterification, 

while no effect is seen in Npc1+/+ astrocytes.  At the transcript level, 1.0 

mM HPCD treatment of Npc1-/- and Npc1+/+ neurons causes an increase in 

expression of genes involved in cholesterol synthesis and uptake, while 

genes involved in cholesterol efflux are significantly decreased.  Npc1-/- 

astrocytes also show an increase in mRNA of genes involved in 

cholesterol synthesis, while Npc1+/+ astrocytes have decreased expression 

of genes involved in cholesterol efflux.  Taken together, these results 



139 

suggest 0.1 mM HPCD can liberate cholesterol sequestered in LE/Ls in 

Npc1-/- brain cells allowing cholesterol to reach the ER where it can 

regulate cholesterol metabolism.  On the other hand, 1.0 mM HPCD 

depletes brain cells of cholesterol.  

4.B(i) Potential mechanisms of action of cyclodextrin in NPC1-deficient 

cells  

The effects seen with 0.1 mM HPCD are consistent with findings by 

several groups that suggest low doses of βCD are liberating cholesterol 

trapped within the LE/L compartment of Npc1-/- cells both in vitro and in 

vivo [246, 247, 249, 250, 252]. Npc1-/- cells respond to an increase in 

cellular cholesterol flowing from the LE/L by decreasing cholesterol 

synthesis, increasing cholesterol storage as CE, and increasing the efflux 

of cholesterol out of the cell.  Npc1+/+ cells lack this intracellular pool of 

cholesterol trapped in the LE/L, and as a result 0.1mM HPCD has little 

effect.  If HPCD were simply removing cholesterol from the plasma 

membrane, one would expect the opposite effects on cholesterol 

homeostatic mechanisms.  That is, the cell would sense a depletion of 

cholesterol, and in response would increase synthesis while decreasing 

cholesterol storage and efflux.  Indeed, this is what we observed when we 

treated the cells with a higher concentration (1.0 mM) of HPCD.  Although 

this dose of HPCD still reduces intracellular sequestration of cholesterol, it 

likely removes excess cholesterol from the plasma membrane as well, 

leading to an overall depletion of cellular cholesterol.  Further evidence 
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indicating that βCD liberates LE/L cholesterol in NPC1-deficient cells 

comes from mice injected with radiolabeled HPCD [252].  Nearly all of the 

radiolabeled HPCD, but very little cholesterol, was recovered in the urine 

[252].  Instead, HPCD-treated Npc1-/- mice showed increased secretion of 

bile acids several days after HPCD administration, suggesting cholesterol 

was not being stripped from membranes and eliminated from the body, but 

instead was being metabolized by the cell and converted to bile acids for 

excretion [252].   

Although several lines of evidence suggest low doses of HPCD 

lead to the release of cholesterol trapped in the LE/L of Npc1-/- cells, the 

mechanism through which this is occurring remains to be defined.  It 

seems unlikely that extraction of cholesterol from the plasma membrane 

by HPCD would lead to flux of cholesterol out of the LE/L, and thus it has 

been proposed that βCD is brought into the endocytic pathway via bulk 

phase endocytosis [246].  In support of this theory, human NPC1-/- 

fibroblasts exposed to cholesterol-loaded MβCD for 1h and then cultured 

in FBS-containing medium lacking MβCD, initially showed increased 

cholesterol staining [250].  After 24h of culture, however, cholesterol 

staining was dramatically reduced, despite the lack of MβCD in the 

medium, implying that MβCD had been internalized into the cells [250].  

Furthermore, MβCD linked to fluorescent dextran polymers was targeted 

to the LE/L and reduced cholesterol staining [250].  Other groups using 

CD as a carrier to deliver drugs and genes into cells provide additional 
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evidence that CD may be endocytosed.  For instance, when cells were 

incubated with a fluorescent drug analog complexed with γCD, confocal 

microscopy revealed the drug colocalized with lysosomes, an effect not 

seen with drug in the absence of γCD [351].  Similarly, when plasmid DNA 

was complexed in labeled polycationic βCD, it entered into the cell through 

both clathrin-dependent and clathrin-independent endocytosis [352].  

Thus, it appears as though CD may be able to enter into the endocytic 

compartment of cells. 

Once inside the endocytic compartment, it is unclear how HPCD 

would liberate cholesterol trapped within the LE/L.  One possibility is that 

HPCD might alter the LE/L membrane allowing cholesterol to escape, 

though destabilizing this membrane would likely lead to leakage of other 

lysosomal enzymes and apoptosis [353], an effect we did not see with 

HPCD treatment.  Furthermore, HPCD treatment of Npc1-/- mice improved 

the NPC phenotype and delayed neuron death [246-248], observations 

that would not be consistent with decreased integrity of the lysosomal 

membrane.  Another hypothesis is that HPCD could replace the function of 

NPC1.  However, βCD shows beneficial effects in both NPC2-/- human 

fibroblasts and Npc2-hypomorph mice [248, 250], suggesting the 

beneficial effect of HPCD is independent of either NPC1 or NPC2.  

Although βCD is often used at high concentrations (5-10mM) to extract 

cholesterol from plasma membranes [227], βCD has also been shown to 

shuttle cholesterol between different membranes at the lower 



142 

concentrations used in our experiments [244, 245].  Thus, it is possible 

that HPCD is delivering cholesterol trapped in the LE/L across the 

glycocalyx in the lumen of the LE/L to the limiting membrane of the 

lysosome independently of NPC1 or NPC2.  As cholesterol can rapidly flip 

across membranes [245], this cholesterol could then enter into the 

cytosolic pool via an unknown mechanism.  Alternatively, excess 

cholesterol in Npc1-/- endosomes has been shown to alter Rab-mediated 

endosomal trafficking.  In particular, Rab4 is required for appropriate 

endosome recycling back to the plasma membrane [128].  Even though 

Rab4 levels are increased in NPC1-deficient cells, excess cholesterol 

prevents it from being extracted from the endosomal membrane, a 

process required for proper Rab4 function [128]. Thus, it is possible that 

βCD that enters into the endocytic pathway can bind to excess cholesterol 

present in the LE/L.  This could prevent excess cholesterol trapped in the 

LE/L from interfering with proteins such as Rab4, allowing proper 

endosomal trafficking to occur.  Ultimately, this may allow cholesterol to 

exit the LE/Ls through NPC1/NPC2 independent mechanisms. 

Although βCD preferentially binds cholesterol, it also has the 

capability to bind other lipids, albeit with a much lower affinity.  For 

instance, evidence suggests βCD can bind phospholipids and 

sphingomyelin [232, 242].  Furthermore, 5mM MβCD has been shown to 

extract significant amounts of sphingomyelin and glycosphingolipids from 

rat CGC cultures [354].  In either case, βCD still bound cholesterol with a 
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much higher affinity than any of the other lipids, and the concentrations of 

βCD used in these experiments were significantly higher than the HPCD 

dose we used to liberate cholesterol from the LE/Ls of Npc1-/- cells.  

Nonetheless, while it seems most likely that the action of HPCD is due to 

its interaction with cholesterol, the possibility exists that HPCD is binding 

to other lipids trapped in the LE/L of NPC1-deficient cells, and the 

liberation of cholesterol from the LE/L occurs secondarily to HPCD 

interacting with these other lipids. 

Research is beginning to elucidate the mechanisms through which 

cholesterol can exit the LE/L through an NPC1/NPC2-dependent 

mechanism [96], but it is still poorly understood how cholesterol actually 

crosses the LE/L membrane, and how cholesterol enters into the cytosolic 

pool.  Due to its insolubility in water it is unlikely that cholesterol can move 

by diffusion from the limiting membrane of the lysosomes to other 

membranes in the cell.  Several different mechanisms have been 

proposed that include both vesicular and non-vesicular mechanisms [355].  

Due to the low solubility of cholesterol, non-vesicular transport of 

cholesterol would either require a carrier molecule which remains to be 

defined, or the cholesterol might be transferred by juxtaposition of the 

donor and acceptor membranes.  Thus, there exists the possibility that 

HPCD could alter the transport of cholesterol from the LE/L membrane to 

other compartments of the cell.  However, it is unclear how HPCD would 

be able to modify these processes.  Moreover, even if one of these 



144 

transport mechanisms was altered by HPCD, it is unclear how these 

transport pathways could gain access to, and liberate, cholesterol that is 

trapped within the LE/L in NPC1-deficient cells.   

Our findings show interesting differences between the effects of 

HPCD on Npc1-/- neurons and astrocytes.  At low doses (0.1 mM), HPCD 

appears to liberate cholesterol from the LE/L of both Npc1-/- neurons and 

astrocytes, leading to decreased punctate filipin staining of cholesterol and 

decreased levels of radiolabel detected in newly synthesized cholesterol.  

The difference appears to depend on how the cell deals with this 

increased amount of cholesterol once it moves out of the LE/L.  Neurons 

showed a decrease in expression of SREBP2 mRNA and genes involved 

in cholesterol synthesis, while astrocytes showed increased mRNA for 

ABCA1 and ABCG1, proteins involved in cholesterol efflux out of cells.  

Both changes would ultimately reduce cholesterol burden on the cell.  

These different approaches may reflect the different functions of neurons 

and astrocytes.  Particularly, astrocytes are the major cells involved in 

secreting lipoproteins in the CNS [56, 57], and thus may respond to the 

cholesterol being liberated from the LE/L by increasing lipoprotein 

production.  As neurons are not major producers of lipoproteins, these 

cells may instead rely upon decreasing cholesterol synthesis in order to 

deal with the liberated LE/L cholesterol.  While we hypothesized that 

0.1mM HPCD would decrease the expression of the LDLR in order to 

reduce the influx of cholesterol into the cell, we did not see any changes in 
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LDLR mRNA in Npc1-/- neurons or astrocytes.  It is possible that the 

protein levels of the LDLR are being decreased, which may be mediated 

through PCSK9-mediated LDLR degradation [36, 37].  Furthermore, the 

CNS expresses several different lipoprotein receptors of the LDLR 

superfamily [52, 53, 56], and thus HPCD may decrease the expression of 

other lipoprotein receptors that were not investigated in this study.    

4.B(ii) Cyclodextrin and the blood-brain barrier  

The ability of βCD to cross the BBB poses a potential problem for 

the therapeutic use of this compound in NPC disease.  Experiments 

performed in vitro using a BBB model and in vivo in mice both suggest that 

the BBB is relatively impermeable to βCD [356, 357].  However, it is 

important to note that in both of these studies, a small amount of βCD was 

still able to cross the BBB.  This small amount of βCD could have an effect 

in the brain, and may explain why effects of HPCD administered to Npc1-/- 

mice are smaller in the brain than in other tissues.  Experiments where CD 

was used as a delivery agent found that CD increased the uptake of 

several compounds into the CNS compared to administration of the 

compounds alone, providing further evidence CD may cross the BBB [358, 

359].  These experiments, however, do not provide direct evidence that 

βCD crosses the BBB, and instead the increased flux of compound into 

the brain may have been due to βCD increasing the stability of these 

compounds in the circulation, rather than βCD carrying the compound into 

the CNS.  Alternatively, it is possible that HPCD is able to enter the CNS 



146 

in young Npc1-/- mice due to the BBB not being fully formed.  Experiments 

suggest the mouse BBB is not fully matured until two weeks after birth 

[360, 361].  Thus, HPCD administered at postnatal day 7 or 10 could gain 

access to the CNS through an immature BBB, which might explain why a 

single injection of HPCD at postnatal day 7 rescues a similar amount of 

Purkinje cells as do weekly injections starting at postnatal day 7 [246, 

247].  However, a partially formed BBB would not explain the prolonged 

clearance of lipids from neurons of Npc1-/- mice receiving serial injections 

of HPCD, nor would it explain why Npc1-/- mice receiving serial injections 

of HPCD beginning at p21, after the formation of the BBB is presumably 

complete, still show reduced lipid storage [248].  The integrity of the BBB 

in NPC disease has not been fully investigated, so the possibility exists 

that the BBB is leaky in NPC1-deficient mice, thereby allowing HPCD to 

enter the CNS more rapidly.  Additionally, HPCD itself could be damaging 

the BBB, although this would be predicted to have detrimental 

consequences, which opposes the therapeutic benefit seen when HPCD is 

administered to Npc1-/- mice.  Clearly, it is difficult to rationalize how HPCD 

could be having these dramatic effects on the CNS without crossing the 

BBB.  Thus, it appears as though a small portion of HPCD administered 

peripherally to Npc1-/- mice must be able to cross the BBB and enter the 

brain.  Further experiments will need to be conducted to determine how 

much HPCD, if any, is actually entering into the brain. 
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4.B(iii) Cyclodextrin is potentially toxic to neurons and astrocytes 

HPCD has shown much promise for therapeutic use in NPC 

disease. Our findings illustrate the importance of determining the 

appropriate concentration of HPCD for therapeutic use in the CNS.  

Studies in humans have already been initiated as the Food and Drug 

Administration has approved HPCD for compassionate use.  While low 

concentrations of 0.1 mM HPCD release LE/L cholesterol in both Npc1-/- 

neurons and astrocytes in vitro, 1.0 mM HPCD appeared to deplete these 

cells of cholesterol, an effect that would have detrimental consequences 

over a prolonged period of time.  Furthermore, when 10 mM HPCD was 

administered to cultures, it completely killed the neurons and drastically 

altered the morphology of the astrocytes.  As these experiments were 

performed in vitro, in the absence of serum, the effects of these doses 

may not translate directly to those in vivo.  Additionally, the rapid 

clearance of HPCD from the circulation in mice [246], as well as humans 

[243], may render higher doses of HPCD more tolerable, as the time cells 

are actually exposed to HPCD would be relatively short compared to our 

24 h incubations in vitro.  Nonetheless, the doses being administered to 

Npc1-/- mice are several-fold higher than doses that have been shown to 

be generally non-toxic in animal models and humans [243].  High doses of 

HPCD can lead to adverse signs and even premature deaths in rats [243].  

Similar to other studies, repeated HPCD administration to Npc1-/- mice 

leads to some kidney abnormalities [243, 247].  Moreover, when the same 
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dose of HPCD given to Npc1-/- mice was administered to Npc1-/- cats, 

these cats showed an impairment in hearing [362].  While this hearing loss 

was not seen with a single injection, effects were detectable following 

several weeks of injections [362].  This suggests that frequent exposure of 

cells to HPCD could eventually be toxic, or that repeated administration of 

HPCD could eventually lead to a toxic buildup of HPCD in tissues such as 

the CNS.  Since neurons appear to be particularly sensitive to HPCD, it 

will be important to determine what concentration of HPCD is able to cross 

the BBB and enter into the CNS.  Although HPCD shows very promising 

effects, the properties of HPCD also make it a potentially dangerous 

molecule for treatment of humans due to its abilities to alter membranes, 

and great care should be exercised in choosing an appropriate dose for 

treatment.  Nonetheless, the severity of NPC disease symptoms may 

ultimately outweigh the negative effects mediated by HPCD. 

4.C  CONCLUSIONS 

 The progression of NPC disease in the CNS is complex, and the 

mechanisms leading to the progressive and selective neurodegeneration 

remain largely unknown.  Several different studies have implicated 

microglia as contributors to the phenotype of NPC disease, although their 

exact role is undefined.  We have shown that NPC1-deficient microglia are 

altered in a fashion that could contribute to neurodegeneration in NPC 

disease.  For instance, Npc1-/- microglia show increased TNFα and 

TNFR1 immunostaining, both of which could lead to a more severe 
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inflammatory response.  Furthermore, when compared to Npc1+/+ 

microglia, Npc1-/- microglia have lower levels of IL10 mRNA, an anti-

inflammatory cytokine that can suppress inflammation.  Despite these 

changes, Npc1-/- microglia did not induce neuron death in several different 

neuron-microglia co-culture systems.  However, the changes we observed 

may only induce detrimental consequences when these microglia are 

activated.  Indeed, Npc1-/- microglia did not show increased levels of 

activation compared to Npc1+/+ microglia based upon TNFα secretion, as 

well as mRNA expression of pro-inflammatory cytokines and oxidative 

stress genes.  Further experiments need to be conducted in which Npc1-/- 

and Npc1+/+ microglia are compared under conditions of activation, such 

as stimulation with LPS.  Ultimately, in vivo experiments will be required to 

determine the exact role microglia play in NPC disease progression.  The 

massive accumulation of active microglia in the NPC1-deficient brain 

strongly suggests that microglia exacerbate the neurodegeneration in NPC 

disease.  In support of this conclusion, anti-inflammatory treatments have 

been shown to significantly delay the onset of symptoms and prolong the 

lifespan of Npc1-/- mice [363].  Ultimately, generation of mice with 

microglia-specific elimination of NPC1 would shed much light on whether 

microglia are capable of inducing neurodegeneration autonomously, or 

whether microglia contribute to neurodegeneration in response to cell 

death in the NPC1-deficient brain.  
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 Although treatment options for NPC disease have been limited, the 

recent experiments using HPCD to treat NPC1-deficient mice have shown 

much promise, reversing many aspects of NPC disease and dramatically 

increasing the lifespan.  Our findings expand on the observation that 

HPCD reduces neurodegeneration in Npc1-/- mice.  We have shown 

HPCD is capable of liberating cholesterol trapped in the LE/L of both 

Npc1-/- neurons and astrocytes, making the cholesterol available to 

regulate cholesterol metabolism at the ER. Our results suggest that 

treatment of Npc1-/- neurons with 0.1 mM HPCD decreases cholesterol 

synthesis, while treatment of Npc1-/- astrocytes with 0.1 mM HPCD 

increases cholesterol efflux.  Measurement of the amounts of cholesterol 

released into the medium of astrocytes in response to HPCD treatment will 

help to determine if this is indeed the case.  Furthermore, changes in 

expression of genes involved in cholesterol metabolism at the mRNA level 

need to be confirmed at the protein level, as changes in mRNA do not 

always translate to changes at the protein level.  This is particularly 

important with genes such as SREBP2, which is primarily regulated by 

post-translational modifications.  Experiments using radiolabeled HPCD 

and subcellular fractionation would confirm that HPCD does indeed enter 

the endosomal system, although more elaborate experiments will need to 

be designed to determine the mechanism through which HPCD bypasses 

NPC1 and NPC2 defects.   
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We have also shown that the effects of HPCD are concentration 

dependent, which is particularly important when considering HPCD for 

therapeutic use in NPC disease.  While a low dose (0.1 mM) of HPCD 

liberates LE/L cholesterol, a ten-fold higher dose (1.0 mM) depleted cells 

of cholesterol and would ultimately be predicted to de detrimental.  

Although HPCD does not appear to readily cross the BBB, it is likely that a 

small amount does enter the CNS since it is difficult to explain the 

neuroprotective effects of HPCD if it does not enter the brain.  Thus, 

further experiments need to be conducted to determine the amount of 

HPCD that enters the CNS from the circulation.  Since HPCD has the 

ability to dramatically alter membranes, and some cells such as neurons 

appear to be exquisitely sensitive to HPCD, care must be taken to ensure 

the appropriate dose is selected when considering the use of HPCD as a 

therapy for NPC disease patients. The fact that HPCD can liberate 

cholesterol from the LE/L of neurons suggests HPCD may be decreasing 

neurodegeneration by acting directly on neurons, an observation that 

further strengthens the use of HPCD for treatment of NPC disease.  As 

HPCD has already been approved by the Food and Drug Administration 

for compassionate treatment in humans, it becomes even more important 

to determine the appropriate dose of HPCD and the potential side effects, 

particularly in the brain.    
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