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s a fatal progressive neurodegenerative disorder caused in 95% of cases by
mutations in the NPC1 gene; the remaining 5% of cases result from mutations in the NPC2 gene. The major
biochemical manifestation of NPC1 deficiency is an abnormal sequestration of lipids, including cholesterol
and glycosphingolipids, in late endosomes/lysosomes (LE/L) of all cells. In this review, we summarize the
current knowledge of the NPC1 protein in mammalian cells with particular focus on how defects in NPC1
alter lipid trafficking and neuronal functions. NPC1 is a protein of LE/L and is predicted to contain thirteen
transmembrane domains, five of which constitute a sterol-sensing domain. The precise function of NPC1, and
the mechanism by which NPC1 and NPC2 (both cholesterol binding proteins) act together to promote the
movement of cholesterol and other lipids out of the LE/L, have not yet been established. Recent evidence
suggests that the sequestration of cholesterol in LE/L of cells of the brain (neurons and glial cells) contributes
to the widespread death and dysfunction of neurons in the brain. Potential therapies include treatments that
promote the removal of cholesterol and glycosphingolipids from LE/L. Currently, the most promising
approach for extending life-span and improving the quality of life for NPC patients is a combination of several
treatments each of which individually modestly slows disease progression.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction to Niemann–Pick type C (NPC) disease
Niemann–Pick type C (NPC) disease is a fatal, progressive neuro-
degenerative disorder that is inherited in an autosomal recessive
manner. Over 260 mutations in the NPC1 gene have been identified in
humans. The incidence of NPC disease is ∼1/150,000 live births [1].
The family of Niemann–Pick diseases, in which the lysosomal storage
of sphingomyelin was originally shown to be a common feature, was
first reported by Drs. Albert Niemann (1880–1921) and Ludwig Pick
(1868–1944). These two German physicians described the pathology
of these diseases and recognized that they were distinct from another
glycosphingolipid (GSL) storage disorder, Gaucher disease. In 1958
Crocker proposed that these sphingomyelin storage diseases could be
classified into three groups (A, B and C) according to their clinical
manifestations [2]. Brady subsequently established that Niemann–
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Pick disease A and B are caused by reduced activity of lysosomal (acid)
sphingomyelinase [3].

The pioneering work of Pentchev et al. on a strain of mice inwhich
unesterified cholesterol accumulated dramatically in tissues when the
mice were fed a high cholesterol diet, established that NPC disease is
caused by a defect in a gene other than the acid sphingomyelinase
gene [4]; these mice were later shown to be a model for NPC disease
[5]. Subsequent investigations in fibroblasts from NPC patients and
Chinese hamster ovary (CHO) cell mutants indicated that the
fundamental problem in NPC disease was a defect in the export of
lipids, particularly cholesterol and GSLs, from lysosomes. As a result of
this sequestration of cholesterol, the availability of unesterified
cholesterol for esterification by acyl-CoA:cholesterol acyltransferase
is reduced and cholesterol-mediated homeostatic responses in the
endoplasmic reticulum (ER) are impaired [6–9]. In addition, acid
sphingomyelinase activity is reduced by up to 80% in NPC1-deficient
fibroblasts as a consequence of excessive lipid storage [10,11]. In 1997,
a positional cloning approach identified the defective human gene in
NPC disease patients as the NPC1 gene that resides on chromosome
18q11; the corresponding cDNA complemented the NPC phenotype in
mutant cells [12,13]. More recent studies have revealed that not all
cases of NPC disease are caused by mutations in the NPC1 gene but
that ∼5% of cases result frommutations in the NPC2 gene that maps to
chromosome 14q24.3 [14] (NPC2 will be discussed in detail in an
accompanying review in this issue).
ces of impaired lipid trafficking in Niemann–Pick type C1-deficient
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Fig. 1. Predicted topological model of the NPC1 protein. Human NPC1 is a late
endosomal/lysosomal protein that consists of 1278 amino acids (aa) and contains 13
putative transmembrane helices. The following structural domains have been
identified: luminal loop-1 (LL-1) (aa 25–264); lumenal loop-2 (LL-2) (aa 371–615); a
putative sterol-sensing domain (SSD) (aa 616–791); a cysteine-rich loop, lumenal loop-3
(LL-3) (aa 855–1098), and a lysosomal targeting motif (LLNF) at the C-terminus.
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The symptoms of NPC disease – progressive neurodegeneration,
often accompanied by hepatosplenomegaly – usually become evident
in early childhood but disease progression and age of onset vary
among patients. Since the NPC1 and NPC2 proteins appear to be
expressed in all tissues, the reason why the nervous system is so
severely affected in NPC disease is not clear. In this review we shall
summarize current knowledge of the NPC1 protein in mammalian
cells with particular focus on how defects in NPC1 affect lipid
trafficking and impair functions of the nervous system.

2. Models used for studying NPC deficiency

The majority of in vitro studies on NPC disease have been
performed on human skin fibroblasts [7,15] and CHO cell mutants
[7–9]. In addition, treatment of mammalian cells with the amphiphilic
amine U18666A [3-β-(2-diethylaminoethoxy) androst-5-en-17-one],
which inhibits NPC1 function, has been used to mimic the NPC
phenotype. Although U18666A induces lipid accumulation in LE/L,
caution needs to be exercised in its use since this agent is quite toxic
and has other effects in the cell such as inhibition of cholesterol
synthesis.

The most commonly used animal model for studies on NPC1
deficiency is the Balbc/Nctr-Npc1m1N/J mouse in which a spontaneous
null mutation arose in the Npc1 gene [4,5]. The phenotype of this
mouse closely resembles that of NPC1-deficient humans. Never-
theless, differences have been observed in disease progression within
colonies of these mice as a consequence of different strain back-
grounds and genetic drift [16]. NPC2-hypomorphic mice, whose
tissues contain only ∼0.4% of residual NPC2 protein, have also been
generated [17]. The progression of the disease, neurodegenerative
characteristics and lipid storage phenotype are essentially identical in
Npc1−/− and NPC2-deficient mice, as well as in mice deficient in both
NPC1 and NPC2 [17]. Thus, it appears that NPC1 and NPC2 are non-
redundant and act in concert to transfer lipids out of LE/L.

A colony of NPC1-deficient cats has also been established [18–20].
This genetic model arose from a spontaneous missense mutation in
the NPC1 protein (C955S). NPC1-deficient cats have a reduced life-
span and exhibit neurological problems and liver disease very similar
to those in NPC1-deficient humans [20]. NPC deficiency has also been
studied in non-mammalian models such as Drosophila [21] and
Saccharomyces cerevisiae [22,23].

3. Cellular biology and lipid storage in NPC1-deficient cells

3.1. Cellular location of NPC1 and NPC2 proteins

NPC1 is an integral membrane protein that is primarily associated
with both the intralumenal vesicles and limiting membranes of multi-
vesicular late endosomes [24–27,28,29]. NPC1 also transiently cycles
through the trans-Golgi network [24,30]. NPC1 is ubiquitously
expressed in all tissues of mice and humans that have been examined,
with highest expression in the liver [31] and its expression appears to
be modulated by sterol metabolism. Levels of NPC1 mRNA in
fibroblasts were decreased by 22- or 25-hydroxycholesterol. When
fibroblasts were cultured in cholesterol-depleted medium or when
cholesterol synthesis was inhibited, NPC1 promoter activity and NPC1
mRNA abundance were increased [32–34].

NPC2 was originally identified as the cholesterol-binding protein,
HE1 [35], which is a major secreted protein of the human epididymis.
NPC2 is a soluble protein within the lumen of lysosomes to which it is
targeted by binding to the mannose-6-phosphate receptor [14].

3.2. Structure and lipid-binding properties of the NPC proteins

The human NPC1 protein is an integral membrane protein that
consists of 1278 amino acids and contains 13 putative transmembrane
Please cite this article as: B. Karten, et al., Mechanisms and consequen
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domains that are separated by three large glycosylated lumenal loops
(Fig. 1) [13]. Other features of the protein are a cysteine-rich loop, a
di-leucine lysosomal targeting motif and a leucine zipper motif that
suggests that NPC1 interacts with other proteins.

An important feature of NPC1 is that five of its thirteen trans-
membrane domains constitute a sterol-sensing domain similar to that
in 3-hydroxy-3-methylglutaryl-CoA reductase, sterol regulatory
element-binding protein cleavage activating protein (SCAP), NPC1-
like protein-1 [a protein required for cholesterol absorption by the
intestine [36]] and Patched (a regulatory protein in the Hedgehog
signaling pathway). The sterol-sensing domain of SCAP binds
cholesterol [37]. The sterol-sensing domains of SCAP and 3-hydroxy-
3-methylglutaryl-CoA reductase also bind to the Insig proteins that
regulate cholesterol homeostasis in the ER [38]. In contrast, the sterol-
sensing domains of NPC1, NPC1-like protein-1 and Patched do not
bind Insigs [39,40]. Mutations in the sterol-sensing domain or the
cysteine-rich domain of NPC1 are common in NPC disease patients
and cause severe disease phenotypes. The P692S mutant of NPC1
(mutation in the sterol-sensing domain) has reduced ability to deliver
LDL-derived cholesterol to the plasma membrane and ER [41]. This
mutant protein also exhibits markedly reduced binding of a photo-
activatable analog of cholesterol (7,7-azocholesterol), suggesting that
an intact sterol-sensing domain is required for the binding of
cholesterol to NPC1 [40]. These studies did not, however, establish
whether the sterol binds directly to the sterol-sensing domain or
whether this domain is only indirectly involved in the binding of sterol
to NPC1 [40]; nor was the sterol specificity of binding to NPC1
determined.

Despite knowledge of the structure of the NPC1 protein, and the
well-established demonstration that NPC1 is required for the move-
ment of cholesterol out of late endosomes/lysosomes (LE/L), the
precise function of NPC1 has remained elusive. To address this
shortcoming, the NPC1 proteinwas recently purified 14,000-fold from
rabbit liver and was shown to bind not only to cholesterol, but also to
oxysterols such as 25- and 24-hydroxycholesterol, in a saturable
fashion [42]. Interestingly, the affinity of purified NPC1 for cholesterol
is at least an order of magnitude lower than for 25-hydroxycholesterol
[42]. In addition, oxysterols compete for binding of several fluorescent
sterol analogs to purified recombinant human NPC1 [43]. In other
studies, a photoactivatable analog of cholesterol bound to NPC1 in
intact cells and this binding was prevented by mutations in the sterol-
sensing domain [40]. A sterol binding site on NPC1 was localized to a
240-amino acid segment in lumenal loop-1 (Fig. 1), the sequence of
which is highly conserved in vertebrate and yeast orthologs of NPC1.
Lumenal loop-1 of NPC1 was expressed in cultured cells and purified
as a dimer that bound one sterol molecule/dimer [44]. Mutation of
glutamine-79 (Q79A) of loop-1 completely abolished the binding of
25-hydroxycholesterol and reduced the binding of cholesterol by 40%;
in addition, the binding of both cholesterol and 25-hydroxycholesterol
to the purified full-length Q79Amutant of detergent-solubilized NPC1
ces of impaired lipid trafficking in Niemann–Pick type C1-deficient
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was completely eliminated. Thus, glutamine-79 is important for the
binding of NPC1 to sterols. Unexpectedly, however, when the Q79A
mutant of NPC1 was expressed in NPC1-deficient fibroblasts, normal
cholesterol transport out of LE/L was restored [44]. Thus, the sterol-
binding site on lumenal loop-1 is not essential for NPC1 function in
fibroblasts. It is possible that this site constitutes an oxysterol
regulatory site rather than a cholesterol binding site that is required
for transport. These studies did not completely resolve the issue of
whether or not lumenal loop-1 of NPC1 contains the sole sterol-
binding site.

The human NPC2 protein is a soluble, highly glycosylated protein
of 151 amino acids (131 amino acids after cleavage of the signal
sequence). NPC2 binds cholesterol, but not oxysterols, with micro-
molar affinity [45,46] and also binds fatty acids, but with lower affinity
[47]. In vitro lipid transport studies using a fluorescence dequenching
assay demonstrated that NPC2 rapidly transfers cholesterol between
phospholipid vesicles and that this transfer is enhanced by the LE/
L-specific phospholipid lyso-bis-phosphatidic acid (LBPA) the levels of
which are markedly increased in NPC1- and NPC2-deficient cells [45].
The transfer of cholesterol occurs via a collisional mechanism that
involves direct interaction of NPC2 with acceptor membranes. An
X-ray crystal structure of bovine NPC2 without bound ligand revealed
a series of hydrophobic cavities that could accommodate a cholesterol
molecule [48]. Mutant versions of NPC2 (with the mutations F66A,
V96F and Y100A that reside within the presumed cholesterol-binding
pocket) do not bind cholesterol [47].

Thus, it is clear that both NPC1 and NPC2 are cholesterol-binding
proteins of LE/L. Themechanism bywhichNPC1 andNPC2 act together
in exporting cholesterol from LE/L is not yet clear. The observation that
the binding of cholesterol to NPC1 is abolished by sub-micromolar
concentrations of detergent suggests that cholesterol prefers to
partition into micelles rather than bind to lumenal loop-1 [42,44].
Moreover, NPC2 binds and releases cholesterol very rapidly and
accelerates by ∼100-fold the transfer of cholesterol between lipo-
somes andNPC1 [45,46]. On the other hand, NPC1 transfers cholesterol
only slowly toNPC1 or NPC2. Nevertheless, the binding of a fluorescent
analog of cholesterol to NPC1 does not require the presence of NPC2
[40]. Twopotentialmechanisms have beenproposed for the sequential
action of NPC1 and NPC2 [49]. In one model, cholesterol that has
accumulated in membranes of intra-lumenal vesicles of LE/L binds to
NPC1 located in these membranes. Subsequently, soluble NPC2
acquires cholesterol from NPC1 and transfers it to the limiting
membrane of LE/L, from where the cholesterol is distributed to other
cellular membranes by an unknownmechanism. In a second proposed
model, NPC2 removes cholesterol from the intralumenal vesicles of LE/
L, thendelivers the cholesterol toNPC1 in the limitingmembrane of LE/
L. Both of these models require the participation of at least one
additional protein, currently unidentified, which would facilitate the
export of cholesterol from the limiting membrane of LE/L to a sink
outside the LE/L.

An alternative function that was proposed for NPC1 was as a
eukaryotic member of the RND permease family of transport proteins
that, when expressed in bacteria, transported fatty acids [50].
However, Liscum et al. demonstrated that the flux of fatty acids
through NPC1-deficient LE/L is normal [51].

3.3. Impaired lipid trafficking in NPC1-deficient cells

The most striking biochemical feature of NPC1-deficient cells is an
excessive storage of unesterified cholesterol [6,7,10,15,52], sphingo-
myelin, GSLs including glucosylceramide, lactosylceramide and com-
plex gangliosides (mainly GM2 and GM3) [53,54], sphingosine [55]
and other lipids such as the lysosome-specific phospholipid, LBPA [56].

The itinerary of intracellular cholesterol transport has been
reviewed in some detail [57,58]. The sequestration of unesterified
cholesterol in LE/L of NPC-deficient cells is frequently visualized by
Please cite this article as: B. Karten, et al., Mechanisms and consequen
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staining the cells with filipin, a polyene antibiotic that specifically
binds unesterified, but not esterified, cholesterol. Another agent that is
used to visualize the distribution of cellular cholesterol is BC-theta, a
biotinylated, membrane-impermeable cholesterol-binding probe that
can be detected by fluorophore-conjugated streptavidin [59].

In NPC1-deficient fibroblasts the storage of lipids in LE/L becomes
pronounced only when the cells have been loaded with low density
lipoproteins (LDLs) [6,7,10,15,52]. LDLs are takenupby the LDL receptor
via endocytosis and enter the LE/L system where the LDL-cholesteryl
esters are hydrolyzed to unesterified cholesterol. In normal fibroblasts
the cholesterol is then distributed to other organelle membranes,
particularly the plasma membrane where the majority of cellular
cholesterol resides. LDL-derived cholesterol that exits the LE/L is also
transported to the ER where cholesterol regulates cholesterol homeo-
static mechanisms [60], including the synthesis and esterification of
cholesterol, and LDL receptor synthesis.

In NPC1-deficient cells, the trafficking of LDL-derived cholesterol is
profoundly altered. Although the endocytic uptake of LDL and the
hydrolysis of LDL-derived cholesteryl esters to unesterified cholesterol
in LE/L are normal in NPC1-deficient cells, the exit of unesterified
cholesterol from LE/L is impaired. Consequently, cholesterol accumu-
lates, along with other lipids, in LE/L. In addition, the movement of
LDL-derived cholesterol to the ER is delayed, resulting in altered
regulation of cholesterol homeostasis in the ER. Thus, despite higher-
than-normal amounts of cellular cholesterol, the rate of cholesterol
synthesis and production of LDL receptors are enhanced, and the rate
of cholesterol esterification is diminished [6,7,10,15,52]. Furthermore,
the amount of LDL-derived cholesterol that reaches the plasma
membrane from LE/L is reduced [61]. In contrast, the intracellular
transport of cholesterol delivered from exogenously-supplied high
density lipoproteins is unaffected by NPC1 deficiency, presumably
because this source of cholesterol does not enter LE/L via endocytosis
[62,63]. Moreover, the transport of endogenously-synthesized
cholesterol to the plasma membrane is not significantly reduced in
NPC1-deficient fibroblasts [61]; following re-endocytosis from the
plasma membrane, this source of cholesterol accumulates in LE/L
much more slowly than does LDL-derived cholesterol [64]. The
mechanisms by which cholesterol is transported from LE/L to the
ER, plasma membrane and the endocytic recycling compartment have
not yet been defined at the molecular level [65]. Recently, a vesicular
cholesterol transport pathway from late endosomes to the trans-Golgi
and ER that involved a SNARE complex was described [66]. It is likely
that non-vesicular pathways, such as transport via juxtaposition
between donor and acceptor membranes, or transport via soluble
carrier proteins such as proteins of the oxysterol binding protein
family [reviewed in [67]] play major roles in cholesterol transport out
of LE/L.

LBPA is another lipid that accumulates in LE/L in NPC1-deficient
cells. LBPA is found mainly in the internal membranes of the multi-
vesicular storage bodies that are produced in response to loss of NPC1
function. Interestingly, some other lysosomal lipid storage diseases are
also characterized by increased levels of LBPA. For example in the
mousemodel of the human neurodegenerative disease neuronal ceroid
lipofuscinosis, LBPA levels in the brain are 20-fold higher than in wild-
typemice [68]. LBPAappears to regulate endosomal levels of cholesterol
[56] and is itself regulated by Alix/AlP1, a LBPA-interacting protein
involved in sorting components into multi-vesicular endosomes [69].
Decreased expression of Alix reduces LBPA levels and decreases the
number of lumenal vesicles in late endosomes. In contrast, addition of
LBPA to Alix knock-down cells restores the lumenal vesicles and
increases the late endosomal content of cholesterol. It is not known if
the accumulation of LBPA per se contributes to the neurodegeneration
in NPC disease.

Sphingosine is normally a quantitatively minor lipid that is toxic to
cells and accumulates in LE/L of NPC1-deficient cells. This storage
appears to alter calcium homeostasis. For example, the amount of
ces of impaired lipid trafficking in Niemann–Pick type C1-deficient
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calcium in LE/L was reduced by NPC1 deficiency, and a typical NPC
phenotypewas induced by chelation of calcium inwild-type cells [55].
Moreover, treatment of NPC1-deficient cells with thapsigargin which
releases calcium from the ER and thus elevates the level of cytosolic
calcium, led tomobilization ofGSL and cholesterol, but not sphingosine,
from LE/L.

The question of whether cholesterol or GSL is the primary
offending lipid whose accumulation leads to neurological problems
remains under debate. Moreover, the issue of which lipid accumulates
first in NPC1-deficient cells, and which lipids accumulate secondarily,
has not been completely resolved. Although the general consensus in
the field is that impaired cholesterol trafficking is the initial defect in
NPC1-deficient cells, some observations had suggested that mutations
in NPC1 or NPC2 compromised GSLmetabolism/transport directly. For
example, the accumulation of endogenously-made, as well as
exogenously-supplied, GSLs can induce cholesterol storage in LE/L
[70]. In addition, levels of GSLs, particularly GM2 and GM3 ganglio-
sides, are markedly elevated in brains of adult NPC1-deficient mice
whereas cholesterol is not [53,71]. However, NPC1 deficiency in the
brain causes an extensive loss of myelin which is highly enriched in
cholesterol. Consequently, any accumulation of cholesterol in neurons
and other cells in NPC1-deficient brains would be masked by the loss
of myelin [72,73].

Importantly, NPC1 [40,42–44] and NPC2 [45] bind sterols but not
GSLs, suggesting that these proteins are directly involved in sterol
transport and that other lipids (GSLs and sphingomyelin) accumulate in
LE/L secondarily as a consequence of the defect in cholesterol
trafficking. Indeed, cholesterol does accumulate in brains of very
young mice and the storage of cholesterol precedes the onset of
neurological symptoms [59,74]. Staining of brain slices with filipin
[53,74–76] or BC-theta [59] revealed that the intracellular sequestration
of cholesterol occurs throughout the brain. Consistent with these
observations, compartmented cultures of sympathetic neurons isolated
from one-day-old Npc1−/− mice [77] and hippocampal neurons from
embryonic Npc1−/− mice (Fig. 2) revealed extensive intracellular
cholesterol sequestration in LE/L of cell bodies even when the neurons
were cultured in the absence of serum. Nevertheless, the total amount
of cholesterol in the neurons was not significantly increased by NPC1
deficiency [77] although the distribution of cholesterol in the neurons
was altered such that cholesterol (mass) accumulated in cell bodies
whereas distal axons were correspondingly deficient in cholesterol
(mass) [77]. In accordance with these findings, the anterograde
transport of endogenously-synthesized cholesterol from cell bodies to
Fig. 2. Cholesterol accumulation in NPC1-deficient neurons. Hippocampal neurons isolated fr
20 days in serum-freemedium, then fixed and stained with filipin (blue, cholesterol) and rat a
were acquired with a Nikon TE2000 epifluorescence microscope equipped with a CCD came
excitation and 447/60 nm and 624/40 nm for emission.
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distal axons of Npc1−/− neurons was compromised [78]. Furthermore,
LDL-cholesterol that was provided to cell bodies was taken up and
transported normally into distal axons of Npc1−/− neurons, but this
source of cholesterol did not restore a normal rate of axonal extension
to Npc1−/− neurons in which cholesterol synthesis had been inhibited
[78]. Since axons performcrucial functions inneurons, such as signaling
and synaptic transmission, a reduced cholesterol content of axonal
plasma membranes is likely to have severe consequences.

The majority of cells in the central nervous system (CNS) are not
neurons but glial cells (astrocytes, oligodendrocytes and microglia).
Cholesterol is sequestered not only in NPC1-deficient neurons but also
in LE/L of glial cells (primarily astrocytes) isolated from the cerebellum
of Npc1−/− mice [79]. The distribution of cholesterol is similarly altered
in microglia isolated from NPC1-deficient mouse brains (K. Peake
and J.E. Vance, unpublished data). Thus, it appears that in all NPC1-
deficient cells, including cells of the CNS (neurons, astrocytes and
microglia), the trafficking of cholesterol out of LE/L is markedly
compromised.

3.4. Impaired vesicle transport in NPC1-deficient cells

Loss of functional NPC1 profoundly influences vesicular transport.
Trafficking defects have been observed in both early and late endo-
somes. The normally rapid tubulovesicular movement of late endo-
somes [80], and the trafficking of mannose-6-phosphate receptors, are
retarded [56]. In addition, the movement of LDL-derived cholesterol
through the Golgi of NPC1-deficient fibroblasts is reduced [81].

Rab proteins perform multiple roles in vesicle trafficking events.
Thus, the trafficking of the transferrin receptor and GSLs out of early
endosomes, a process that depends on Rab4, was investigated in
NPC1-deficient human fibroblasts. The Rab4-dependent intracellular
trafficking of this cargo was dramatically slowed by the presence of
high levels of endosomal cholesterol [82]. Another Rab, Rab9, is a late
endosome-specific, small GTPase that participates in vesicle trafficking
between LE/L and the trans-Golgi network. The level of Rab9 is
increased by 80% in NPC1-deficient fibroblasts due to decreased
degradation of the protein, and Rab9 is sequestered in LE/L of NPC1-
deficient cells, resulting in disrupted trafficking of mannose-6-
phosphate receptors [83]. Remarkably, the accumulation of cholesterol
in NPC1-deficient cells was attenuated by over-expression of Rab9 or
Rab7 [84,85]. Moreover, when the amount of Rab9 was increased by
protein transduction in NPC1-deficient human fibroblasts and mouse
cortical neurons, lipid storage was reduced [86]. Similar results were
om embryonic wild-type (Npc1+/+) and NPC1-deficient (Npc1−/−) mice were cultured for
nti-LAMP1 antibodies followed by Texas Red-conjugated anti-rat IgG (red, LE/L). Images
ra and a 63× oil-immersion objective at filter settings of 387/11 nm and 579/34 nm for
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obtained when Rab4, Rab7 or Rab8 were over-expressed in cultured
fibroblasts, and when Rab9 was over-expressed in mouse neurons
[82,86,87]. These observations suggested that Rab9 might be able to
bypass the requirement for NPC1/2. Thus, an in vivo study was
undertaken in which Npc1−/− mice were crossed with Rab9 transgenic
(over-expressing) mice. Over-expression (30-fold) of Rab9 increased
the life-span of Npc1−/− mice by up to 22%, reduced the storage of
gangliosides and delayed the onset of disease symptoms [88].

4. Consequences of NPC1-deficiency in the brain

4.1. Cholesterol metabolism in the brain

Cholesterol is required for optimal functioning of membranes in all
mammalian cells and appears to beof particular importance in the brain
which contains 25% of the body's cholesterol but makes up only ∼2% of
bodyweight. Interest in the role of cholesterol in normal brain function
and in neurodegenerative disorders has blossomed over the past few
years because aberrant cholesterol metabolism has been implicated in
several neurodegenerative disorders including NPC disease, Alzheimer
disease, Smith–Lemli Opitz syndrome, and Huntington disease [89].

Since the blood brain barrier is impermeable to plasma lipo-
proteins, cholesterol cannot be delivered to the brain from LDLs [90]
so that under normal conditions, all cholesterol in the brain is
synthesized within the brain. Thus, the metabolism of cholesterol in
the CNS is largely segregated from that in the periphery, except when
the integrity of the blood-brain barrier has been compromised. The
majority (70–80%) of cholesterol in the brain of adult animals resides in
myelin, and the rate of cholesterol synthesis in the brain is highest
duringmyelination. Aftermyelination is complete, cholesterol synthesis
continues slowly [90]. Astrocytes appear to be the main source of
cholesterol in the adult CNS. These glial cells play a crucial role in
delivering substrates to neurons and in modulating synaptic activity
[91]. Cholesterol is secreted from glia (primarily astrocytes) in
combination with apolipoprotein (apo) E in lipoprotein particles that
are the size and density of plasma high density lipoproteins. These
lipoproteins can be delivered to neurons and taken up by receptors of
the LDL receptor superfamily [92–94]. The interaction between
astrocytes and neurons is important for several neuronal functions.
For example, apo E- and cholesterol-containing lipoproteins that are
synthesized by astrocytes [95] increase synaptogenesis and synaptic
strength [96,97], stimulate axonal growth [98], and protect neurons
from apoptosis [99]. Although the mechanisms by which apo E is
lipidated in the CNS are not fully understood, this process is likely to
depend on ATP-binding cassette (ABC) transporters such as ABCA1,
ABCG1 and ABCG4 [100].

Cholesterol has a remarkably long half-life of 4–6 months in the
brain. Since cholesterol continues to be made, albeit at a low rate, in
the adult brain [90], the maintenance of cholesterol homeostasis
requires the export of excess cholesterol. At least 40% of cholesterol
that exits the brain is converted to 24-hydroxycholesterol by CYP46A1
in a small subset of neurons in the cerebral cortex, hippocampus and
thalamus [101,102]. The 24-hydroxycholesterol, which is able to cross
the blood-brain barrier, enters the circulation and is excreted from the
liver into bile. NPC1 deficiency did not alter mRNA or protein levels of
cholesterol 24-hydroxylase in mouse brains [103], although deletion
of cholesterol 24-hydroxylase in Npc1−/− mice reduced the rate of
excretion of cholesterol from the brain. However, these double knock-
out mice were phenotypically indistinguishable from Npc1−/− mice in
terms of age of onset of neurological symptoms and life-span [103].

Alterations in cholesterol homeostasis in the brain would be
expected to have profound consequences for neuronal function.
Cholesterol regulates membrane fluidity and lateral membrane
organization, and is a component of so-called “lipid rafts”, defined in
the 2006 Keystone Symposium on Lipid Rafts and Cell Function as
“small (10–200nm), highly dynamic, sterol- and sphingolipid-enriched
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domains that compartmentalize cellular processes” [104–106].
Although evidence that lipid rafts exist in living cells remains elusive
[107], these proposed structures have been implicated in many aspects
of nervous system function, including growth factor signaling, axon
guidance, vesicular trafficking and synaptic transmission.

4.2. NPC1 deficiency and neuronal function

Most studies on NPC1-deficient cells have utilized human
fibroblasts or CHO cell mutants. However, in light of the debilitating
progression of neurological symptoms in NPC disease it is important
to understand the nature of the NPC defect in neurons and other cells
of the brain. Studies on primary neurons from Npc1−/− mice are
technically challenging and only a few groups have investigated NPC1
functions in these cells. In one of the first such studies, Henderson et
al. reported that striatal neurons isolated from NPC1-deficient mice
had reduced axon length and a reduced number of branch points, as
well as impaired responsiveness to brain-derived neurotrophic factor
(BDNF); BDNF failed to elicit normal autophosphorylation of its
receptor, TrkB [108]. Since extraction of cholesterol from Npc1+/+

neurons also reduced the phosphorylation of TrkB upon BDNF binding,
it was proposed that NPC1-deficiency reduced the cholesterol-rich
domains of the plasma membrane where the TrkB receptor resides
[108]. In contrast, growth and morphology of NPC1-deficient mouse
sympathetic neurons, aswell as TrkA activation by nerve growth factor
[77], are normal.

Functional defects are less obvious in the peripheral nervous
system than in the CNS. However, the ability of NPC1-deficient mice to
reutilize cholesterol liberated from myelin during peripheral nerve
injury is impaired, leading to reduced growth and myelination of the
regenerating axons [109].

Some symptoms of NPC disease, such as the occurrence of seizures,
suggest that synaptic transmission is altered. In NPC1-deficient mice,
brain area-specific changes in levels of neurotransmitters were
observed. For example, GABA and glutamate were decreased in the
cerebral cortex, whereas the cerebellum showed an increased level of
glycine but no alteration in GABA or glutamate [110]. Proteomic
analysis of NPC1-deficient murine cerebellum revealed a significant
increase in GAT3 (the glial GABA transporter) in mice at 4 weeks of
age, as well as increases in GAT3 (glial) and GAT1 (neuronal) and a
decrease in the glial glutamate transporter, EAACT1, in 8-week-old
mice [111]. This reciprocal change in GABAergic and glutamatergic
systems indicates that the balance of inhibitory (GABA) and excitatory
(glutamate) synaptic transmission is disturbed which might con-
tribute to some of the observed neurological deficiencies. In support of
this view, the Drosophila model for NPC disease, the dnpc1a null
mutant, showed intra-neuronal cholesterol accumulation, progressive
neurodegeneration and severe defects in photoreceptor synaptic
transmission [112].

The NPC1 protein is present in axons of sympathetic neurons and
in isolated synaptosomes frommouse brains suggesting that NPC1 has
a function in axons [113]. In NPC1-deficient synaptosomes some
enlarged vesicular structures, either aberrant synaptic vesicles or
endosomal structures, were observed. In addition, the protein
composition of synaptic vesicles isolated from NPC1-deficient synap-
tosomes was altered [113]. Several electrophysiological parameters
(resting membrane potential, neuronal input resistance and action
potential amplitude) were measured in isolated cortical neurons from
embryonic mice, and in cortical brain slices from older mice, but no
significant differences were detected between Npc1+/+ and Npc1−/−

neurons in synaptic activity or growth morphology [114]. Nor were
basal cytosolic calcium levels, or the return to baseline calcium levels
following depolarization, altered by NPC1 deficiency. However, the
NPC1-deficient neurons were more fragile than their wild-type
counterparts, which led to a much lower success rate for patch
clamping [114]. In contrast, Kavalali et al. observed increased
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spontaneous synaptic vesicle release and decreased evoked post-
synaptic responses in NPC1-deficient mouse hippocampal neurons
and in wild-type neurons following treatment with cyclodextrin to
deplete cholesterol [115]. In addition, synaptic transmission from
NPC1-deficient neurons was normalized by the addition of cholesterol
complexed to cyclodextrin [115]. These observations support the view
that the pre-synaptic plasma membrane of NPC1-deficient neurons is
relatively depleted of cholesterol and that cholesterol plays a crucial
role in distinguishing between pools of synaptic vesicles used for
spontaneous release and evoked release. Importantly, the apparent
discrepancies among these studies suggest that culture conditions and
neuronal sub-type might have a significant influence on synaptic
function in NPC1-deficient neurons.

Most neurodegenerative diseases are characterized by impaired
mitochondrial function, which in turn can contribute to neuronal
dysfunction and death. Neurons have a particularly high energy
requirement for maintenance of membrane potential and seem to be
highly dependent on mitochondrial oxidative phosphorylation.
Mitochondria isolated from NPC1-deficient brains had a lower rate
of ATP generation than did mitochondria fromwild-type brains [116].
Moreover, ATP levels in primary cortical neurons isolated from NPC1-
deficient mice were lower than in control neurons, as were neurite
length and number; the defects were normalized by addition of
exogenous ATP [116]. These changes were ascribed to a possible build-
up of cholesterol in mitochondrial outer and inner membranes.
However, since it is usually assumed that ATP does not cross the
plasma membrane, the latter effect might be due to ATP signaling
rather than supplementation of energy.

4.3. Neuron death and pathological changes in NPC1-deficient brains

In the brain, the most obvious consequence of NPC1-deficiency is
the progressive loss of Purkinje cells in the cerebellum, which
correlates with gait ataxia, dysarthria and dysphagia. In the BALB/c
mouse model, which closely resembles late infantile human NPC
disease [5], Purkinje cell death begins around 3 weeks of age and
follows a consistent pattern wherein zebrin-II negative Purkinje cells
are lost first, causing a “striped” pattern of neurodegeneration [117].
Within the Purkinje cell population, neurons in lobules IX and X
survive the longest [118]. By 7 weeks of age, only 30% of Purkinje cells
remain, and by 11 weeks Purkinje cell death is nearly complete [119].
Neuronal loss also occurs in the substantia nigra of the midbrain, the
pons, certain areas of the brainstem and, to a lesser extent, in the
thalamus and pre-frontal cortex [119–122]. The reason for the
selective death of defined populations of neurons in NPC1-deficient
brains is not clear. However, changes in activities and distribution of
lysosomal enzyme are more pronounced in areas of the brain that
undergo extensive neuron loss (cerebellum) than in relatively
protected areas (hippocampus) (S. Kar, personal communication).

In light of the extensive neuron death in NPC1-deficient brains, it is
surprising that the survival of cultured Npc1−/− mouse neurons is not
compromised under normal culture conditions (B. Karten, K.B. Peake
and J.E. Vance, unpublished observations). In addition, in most cases,
only subtle differences in function have been observed between
Npc1+/+ andNpc1−/− neurons, despite the pronounced lipid storage that
is typical of all NPC1-deficient cells. Nevertheless, many other factors
that are not recapitulated in neuronal cultures are likely to influence
neuronal functions in vivo, including demyelination, abnormal
synaptic connections due to ectopic dendrites or degeneration of
axonal termini, and cross-talk between glia and neurons. Furthermore,
neuronal culture conditions are normally optimized to provide
sufficient glucose, oxygen and antioxidants and a stable pH environ-
ment at all times. It will be important to understand why the survival
of cultured NPC1-deficient neurons is nearly normal whereas
extensive neuron death occurs in NPC1-deficient brains since this
might indicate strategies for therapeutic intervention. Nevertheless, if
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neuron death and dysfunction in NPC disease were an inherent
property of neurons per se, one would expect that survival of primary
Npc1−/− neurons would decrease after extended periods of culture.

The precise mode of neuronal death in NPC1-deficiency is not yet
clear. The widespread occurrence of apoptosis in NPC1-deficient
brains is indicated by an increased number of TUNEL-positive nuclei
[123], increases in caspase 1 and 3 mRNA [124] and marked increases
in tumor necrosis factor-α (TNFα) and its downstream signaling
molecules caspase 8, FADD, TNFRp55, TRADD, and RIP [119,123].
Consistent with these observations, TNFα signaling was identified as a
key pathway leading to apoptosis of hepatocytes from mice in which
NPC1 deficiency was induced in the liver [125]. Further evidence
supporting a central role for apoptosis in the death of NPC1-deficient
neurons is the finding that c-Abl, p73 and its phosphorylated form, as
well as p73 target proteins, were increased in murine NPC1-deficient
cerebellum [126]. Moreover, in vivo inhibition of the c-Abl pathway
withweekly injections of imatinibmesylate delayed cerebellar neuron
loss and improved motor function of NPC1-deficient mice [126].
However, the imatinib treatment modestly prolonged life-span of the
mice, but onlywhen the treatmentwas initiated at postnatal day 7, not
at postnatal day 28. Activation of c-Abl/p73 by TNFα signaling has also
been previously observed inmouse embryonic fibroblasts [127]. These
findings support a role for TNFα signaling in neuronal death in NPC
disease. On the other hand, neuronal over-expression of the anti-
apoptotic protein Bcl-2 did not improve neuron survival or increase
lifespan of Npc1−/− mice [128]. It is likely that several pro-apoptotic
factors contribute to neuronal death in NPC1-deficiency, including
lysosomal dysfunction, increased oxidative stress, ER stress and/or
energy deprivation.

Neuronal death in NPC disease might also involve autophagy as
well as apoptosis. Autophagy is the mechanism by which long-lived
proteins and organelles are degraded by lysosomes. Cytoplasmic
constituents are enclosed by a limiting membrane thereby forming
autophagosomes that subsequently fuse with lysosomes, allowing the
cargo to be digested by lysosomal enzymes [129–132]. A basal level of
autophagy is crucial for neuron viability [133,134]. During starvation,
autophagy promotes cell survival by digesting non-essential proteins
and organelles for energy substrates, a process which is particularly
important during development [135]. Autophagy is distinct from
apoptosis and can occur in cells that are resistant to apoptosis [136].

Autophagy has been observed in a range of neurodegenerative dis-
orders including Alzheimer disease, Parkinson disease and Huntington
disease. Electron microscopic examination of degenerating Purkinje
cells in NPC1-null mice showed increased numbers of autophagic
vacuoles [137–139]. The autophagy marker, microtubule-associated
protein 1 light chain 3-II (LC3-II) [140], is increased in cerebellar and
liver isolates from NPC1-null mice, as well as in fibroblasts from NPC
patients [138,139]. Beclin-1, which promotes autophagy, is also
increased, as is the degradation of long-lived proteins [138]. Moreover,
cells treated with U18666A, and NPC2-deficient cells show similarly
increased numbers of autophagic vesicles, LC3-II and Beclin-1 [138].
However, depletion of cellular cholesterol in human fibroblasts with
methyl-β-cyclodextrin, nystatin or mevastatin also induced autophagy
[141], suggesting that altered cholesterol distribution inNPC1-deficient
cells promotes autophagy as compensation for the trapping of
cholesterol within LE/L. Autophagy-deficient mice show ataxia, tremor
and premature death, as well as degeneration of Purkinje cells [142]. In
addition, polyubiquitinated protein inclusion bodies are increased in
autophagy-deficient mice [142] and NPC1-deficient cells [118,139,143].
Thus, controversy remains about whether autophagy leads to neuro-
degeneration or is an attempt to promote survival. To determine if
autophagy is beneficial or harmful in NPC disease, experiments are
required in which autophagy is inhibited in models of NPC deficiency.

The late endosomal/lysosomal sequestration of cholesterol and
GSLs, including glucosylceramide, lactosylceramide and complex
gangliosides (mainly GM2 and GM3), in NPC1-deficient brains
ces of impaired lipid trafficking in Niemann–Pick type C1-deficient
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[71,144–147] is thought to be responsible not only for neuron death
and axonal degeneration but also for some of the profound morpho-
logical changes that occur in human, feline andmurine NPC1-deficient
brains (reviewed in [148]). Swollen neuronal cell bodies, containing
lamellar and multi-vesicular structures, have been detected through-
out the CNS in NPC1-deficient mice and cats [75,148]. Moreover,
abnormal lipid storage in NPC1-deficient brains is thought to induce
the formation of “meganeurites” which are enlargements of axonal
hillocks in neurons [148] and are probably caused by the aberrant
movement of lipid-filled storage vesicles from cell bodies into
proximal axons [147]. Similarly, in cultured NPC1-deficient neurons
LAMP1-immunoreactive lysosomal structures, which normally are
largely restricted to cell bodies, were detected in proximal neurites (B.
Karten and J.E. Vance, unpublished observations and Fig. 2). The
presence of these large storage vesicles in proximal axonsmight create
a “roadblock” that would impair axonal trafficking. In NPC1-deficient
cats and humans, and, to a lesser extent in NPC1-deficient mice,
abnormal dendritogenesis, particularly around the swollen neurites,
leads to formation of ectopic dendrites, which could contribute to
altered synaptic connectivity [18,148]. Ectopic dendrite formation is
likely caused by the accumulation of gangliosides because similar
morphological changes are observed in other lysosomal ganglioside
storage disorders [149].

Althoughmuch insight has been provided in the last few years into
the links between impaired lipid homeostasis and morphological/
functional changes in the brain in NPC disease, the mechanistic
pathways that connect the loss of NPC1 function to neuronal
dysfunction and the symptoms of NPC disease remain to be elucidated.

4.4. Axonal transport and degeneration

In addition to classical apoptosis, where cell death is initiated in
the cell body, axonal degeneration, that can lead to neuronal
dysfunction and death, is also observed in NPC disease [148].
Degenerating axonal termini have been observed histochemically in
many areas of NPC1-deficient brains, even in areas that do not show
prominent cell death, such as the hippocampus [25]. Widespread
formation of axonal spheroids in NPC1-deficient brains correlates with
neuroaxonal dystrophy and degeneration of axons [18,147,148,150,151].
Histochemically, axonal spheroids inNPC1-deficientmousebrains stain
for β-amyloid protein, ubiquitin, and phosphorylated and non-
phosphorylated neurofilaments, and often also contain stranded
organelles such as mitochondria [150,151]. The dying back of axons
from the terminal in NPC disease strongly indicates impaired axonal
transport. This conjecture is supported by studies in isolated neurons in
which defects in retrograde signaling of BDNF [108] and impaired
anterograde transport of cholesterol [78] were observed. On the other
hand, axonal extension of cultured NPC1-deficient sympathetic
neurons, a process which clearly requires active anterograde axonal
transport, is normal [77].

In addition to axonal spheroids, neurofibrillary tangles (NFT) that
are ultrastructurally identical to those seen in Alzheimer disease, were
observed in human post-mortem brains from NPC patients as young
as 10 years of age [76,152–154]; NPC1 disease is the only known
condition in which tangle formation occurs at such an early age. The
presence of NFT has been linked to impaired axonal transport, and
often follows axonal spheroid formation [155]. The exact mechanism
of tangle formation and the role of lipid/cholesterol homeostasis in
this process are not clear although several observations indicate that
defective cholesterol homeostasis is involved in NFT formation. First,
neurons that have a high cholesterol content aremore likely to contain
NFT than are neurons with little cholesterol storage [76]. Second,
cholesterol deficiency in culturedmurine neurons leads to hyperphos-
phorylation of tau and microtubule degeneration [156,157]. Although
NPC1-deficient mice do not form NFT [120], these mice show a tau
phosphorylation pattern that is characteristic of the NFT that are seen
Please cite this article as: B. Karten, et al., Mechanisms and consequen
mammalian cells, Biochim. Biophys. Acta (2009), doi:10.1016/j.bbalip.20
in human Alzheimer disease [74,158,159]. It should be noted that the
lack of tangle formation by hyperphosphorylated tau is common to
most rodents and has been ascribed to species differences in tau [160].

Candidate kinases that might phosphorylate tau include cyclin
dependent kinases 2 and 5 (cdk2 and cdk5) [159,161]. The level of p25, a
cdk5-activating cleavage fragment of p35, is increased in NPC1-
deficientmousebrains suggestinga role for cdk5 in tauphosphorylation
[159]. Moreover, in vivo inhibition of cdk5 by infusion of roscovitine
directly into brains ofNPC1-deficientmice reduced tauphosphorylation
and axonal spheroid formation [162]. The authors hypothesized that the
localization of calpain (which cleaves p35 to p25 and thereby indirectly
activates cdk5) to cholesterol-rich “raft” domains provides a link
between altered cholesterol homeostasis and tau phosphorylation
[163]. However, deletion of p35 in NPC1-deficient mice did not reduce
tau hyperphosphorylation despite a 78% reduction in cdk5 activity
[164]. The involvement of cdk2 in tau phosphorylation remains to be
elucidated.

4.5. Involvement of glia in NPC disease: astrocytes and microglia

Neurons are not the only cells in the brain that are affected by
loss of NPC1. Astrocytes [73,79] and microglia (K.B. Peake and J.E.
Vance, unpublished observations) also accumulate lipids. Astrocytes
are the major glial cells in the CNS and express high levels of NPC1
[165,166]. Activated astrocytes accumulate in NPC1-null mouse brains
[73,120,167] although this accumulation might be secondary to
microglial activation [168]. The level of glial fibrillary acidic protein
(a marker of astrocytes) is increased in all brain areas, particularly in
the cerebellum and thalamus, of NPC1-deficient mice as young as
3 weeks of age [73,79,123,169]. NPC1-deficient astrocytes also secrete
increased amounts of interleukin-6; elimination of interleukin-6
modestly extended life-span of NPC1-null mice [170]. These data
suggest that astrocytes might contribute to the disease process.

Microglia are the primary immunocompetent and phagocytic cells
of the CNS (reviewed in [171]). Typically, microglia are the first cells
that respond to injury, becoming rapidly activated as indicated by a
change in morphology from a resting (ramified) state to a motile
(ameboid) state [172,173]. Activatedmicroglia canproliferate [174] and
migrate to the site of injury [173,175] where they phagocytose dying
cells and debris [176]. Activated microglia also secrete a variety of
potentially cytotoxic molecules including glutamate [177,178], reactive
oxygen species [179], nitric oxide [180], and pro-inflammatory
cytokines [181,182], which might potentiate an inflammatory
response. On the other hand, microglia also release anti-inflammatory
cytokines that might be neuroprotective [183–185]. The type of
response appears to depend on the stimulus acting upon themicroglia.
Thesewide ranging capabilities allowmicroglia to provide thefirst line
of defense against a variety of insults in the CNS.

Although microglia clearly play a critical role in maintaining a
healthy brain, there is increasing evidence that chronic activation or
dysfunction of microglia contributes to cell death in several neuro-
degenerative disorders including Alzheimer disease, Parkinson disease,
amyotrophic lateral sclerosis and the lysosomal storage disorder,
Sandhoff disease [186–189]. Minocycline, a tetracycline derivative
that inhibits microglial activation [190] delayed disease progression in
animal models of some of these disorders [191]. In mouse models of
amyotrophic lateral sclerosis and Sandhoff disease, replacement of
mutant microglia with wild-type microglia by bone marrow trans-
plantation delayed the onset, and slowed the course, of the disease
[189,192]. Furthermore, activation of microglia precedes the loss of
neurons in Sandhoff disease [189]. Thus, microglial activation appears
to bedetrimental in thesedisorders andmight directly contribute to the
neurodegenerative process. In NPC1-deficient mouse brains, microglia
contain intracellular inclusions [73,143] and show altered cholesterol
distribution characteristic of other NPC1-deficient cells (K.B. Peake and
J.E. Vance, unpublished observations). The thalamus and cerebellum of
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NPC1-null mouse brains contain increased numbers of activated
microglia, even in 2-week-old mice, prior to any detectable neuro-
degeneration. As the disease progresses, activated microglia appear
throughout the brain [73,167,168]. In addition, levels of mRNAs
encoding the pro-inflammatory cytokine TNFα and other genes of the
TNFα pathway are increased in the cerebellum of NPC1-null mice
[119,123,193], and interleukin-6 and toll-like receptor-4 are increased in
microglia and other glial cells in the cerebellum [170].

None of these experiments, however, provides direct evidence that
microglia cause neuronal death in NPC disease. Treatment of NPC1-
null mice with a low dose of minocycline did not increase survival but
inactivation of the microglia was not demonstrated [128]. Since
minocycline is highly acidic and is not well tolerated by mice, it is
possible that any beneficial effects of minocycline weremasked by the
stress induced by repeated injections (K.B. Peake and J.E. Vance,
unpublished data).

In experiments designed to determine whether neuronal death in
NPC disease is due to an inherent problem in the neurons or is caused
by activation of glial cells, Ko et al. generated a chimeric mouse model
in which various numbers of Npc1+/+ and Npc1−/− cells were present in
the brain. NPC1-expressing Purkinje cells survived even when
surrounded by NPC1-null microglia, and NPC1-expressing microglia
did not rescue NPC1-null Purkinje cells [137]. From these observa-
tions, the authors concluded that Purkinje cell death in NPC disease is
a cell-autonomous process. These experiments did not, however,
rule out the possibility that NPC1-null microglia cause the death of
NPC1-null Purkinje cells. Furthermore, astrocyte-only expression of
NPC1 in Npc1−/− mice, using the glial fibrillary acidic protein promoter,
reduced cholesterol sequestration in the brain and tripled the
life-span of Npc1−/− mice in the absence of increased Purkinje cell
survival [194].

Thus, the role of glia in neuronal death in NPC disease remains
controversial. Further work is required to elucidate the cause of
microglial activation and to determine ifmicroglial activation translates
into neurotoxicity. Although microglia might secrete neurotoxic
molecules, leading to neuronal death, it is also possible that since
microglia normally secrete neuroprotectivemolecules andphagocytose
cellular debris, these glial cells might contribute to the neuro-
degeneration through lack of trophic support and/or other beneficial
functions.

5. NPC1-deficiency in other tissues

Although neurodegeneration is the most severe manifestation of
NPC disease, other tissues including the liver, ovaries and lung also
exhibit lipid storage and other abnormalities. A deficiency of neither
NPC1 nor NPC2 inhibits intestinal sterol uptake or absorption [195],
although the structurally-related NPC1-like-1 protein is required for
sterol uptake by enterocytes [36].

Approximately 50% of infants with NPC disease suffer from
hepatosplenomegaly and cholestasis [196,197]. Indeed, NPC disease
is the second most common cause of neonatal cholestasis [198], and
some infants die from liver disease by the age of 6 months [199].
NPC1-null mice have greatly increased (up to 15-fold) plasma levels
of alanine aminotransferase and aspartate aminotransferase which
are markers of liver disease [197]. The principal reason why the liver
is more severely affected than many other tissues is that ∼80% of LDL-
derived cholesterol, and nearly all of the cholesterol in chylomicron
remnants, is removed from the circulation by the liver [63,200].
Consequently, although the rate of receptor-mediated uptake of LDLs
is not altered by NPC1 deficiency [63], this massive load of
exogenously-supplied cholesterol becomes sequestered in the LE/L
system of the liver. Thus, the cholesterol content of livers and
hepatocytes isolated from Npc1−/− mice is 5- to 10-fold higher than in
wild-type livers/hepatocytes [197,201]. In marked contrast to the
situation in fibroblasts [6] and macrophages [202], however, the rate
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of cholesterol esterification was increased several-fold in NPC1-
deficient hepatocytes [201]. The rate of synthesis of cholesterol and
phosphatidylcholine was also significantly increased, and the rate of
secretion of very low density lipoproteins was doubled [201]. Another
difference between lipid homeostasis in NPC1-deficient hepatocytes
and fibroblasts/macrophages is that in hepatocytes the expression of
ABCA1 and the efflux of cholesterol and phospholipids for formation
of high density lipoproteins are increased by up to 8-fold [202]. In
contrast, in fibroblasts and macrophages the expression of ABCA1 and
lipidation of high density lipoproteins are reduced [203]. Clearly,
NPC1 deficiency regulates lipid metabolism by distinct mechanisms
in hepatocytes and other cell types such as fibroblasts and
macrophages but the regulatory mechanisms involved have not yet
been elucidated.

Livers of NPC1-null mice are characterized by inflammation,
fibrosis and apoptosis of hepatocytes. Since TNFα has been implicated
in pathways leading to both apoptosis and inflammation, Rimkunas et
al. tested the hypothesis that TNFα plays a key role in liver disease in
NPC-deficient mice [125]. In these studies, the expression of NPC1was
reduced by intraperitoneal injection of a specific anti-sense oligo-
nucleotide [204] into mice that lacked TNFα. The liver disease
(apoptosis and inflammation) caused by NPC1 deficiency was less
pronounced than in mice that expressed TNFα [125].

6. Potential therapies for NPC disease

Currently, the main criterion used for identification of a compound
or pathway that would be beneficial for NPC disease is the ability to
reduce filipin staining (cholesterol sequestration) in NPC1-deficient
fibroblasts. Thesemeasurements canbe automated forhigh throughput
screening of drug [205] or genetic interventions. However, it is not
certain that an intervention that reduces cholesterol sequestration in
fibroblastswill also do so in cells of the brain, such as neurons. Although
it is likely that mobilization of cholesterol from LE/L will improve
neuronal function, this assumption also needs to be confirmed.
Furthermore, the extent to which cholesterol must be mobilized to
achieve benefit has not been established. Importantly, any potential
therapeutic compound must be able to cross the blood-brain barrier
and act on cells in the CNS since defects in the brain are themajor cause
of death and disability in NPC disease.

Ideally, a therapy for NPC disease would prevent neuronal death
and dysfunction and restore any functions lost prior to the time of
diagnosis. These goals can likely be achieved only bygene replacement
and/or replacement of lost and dysfunctional cells. Neither of these
approaches is currently feasible. A gene such as NPC1, which encodes a
ubiquitously expressed, integral membrane protein that is segregated
in the CNS by the blood-brain barrier, is probably the most difficult
target for gene replacement therapy. By the time that symptoms of
NPC disease are noticeable, significant neurodegeneration has already
occurred. Remarkably, evenwhen 40% of Purkinje cells in Npc1−/−mice
have died, almost no neurological symptoms are evident [137]. At that
stage, improvement of disease symptoms would require cell replace-
ment therapy (for example, stem cell therapy) which, although a
promising approach, has not yet been used for consistently successful
treatment of neurodegenerative diseases. Currently, therapeutic
efforts are mainly directed towards treatment of symptoms, and as
such can be expected to improve quality of life of NPC patients.
However, there is an obvious need for effective ways to slow disease
progression. Treatment strategies employed so far are as varied as the
cellular pathologies [206]. In the following sections we shall
summarize some of the drug and genetic interventions tested to
date. If not stated otherwise, all these studies were performed in
NPC1-deficient mice.

Independent of which lipids become trapped first in the endocytic
pathway, and which accumulate secondarily, the excessive storage of
any lipid in multi-vesicular bodies within neurons is bound to be
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detrimental. Most intervention strategies for treatment of NPC disease
are aimed at reducing the lipid storage and have been designed to
target the sequestration of either GSLs or cholesterol in LE/L. It is
important to bear in mind, however, that storage of a lipid in one
compartment of the cell can lead to a deficiency of that lipid in other
cellular locations, and to a general imbalance of lipid homeostasis,
both of which might be detrimental.

6.1. Strategies for reducing GSL storage

Reduction of GSL storage has been approached both genetically
and through substrate reduction therapy in analogy to other
treatments of GSL storage disorders. Several mouse models have
been generated in which Npc1−/− mice were crossed with mice
defective in GSL synthesis. For example, targeted deletion of GalNAc
transferase in Npc1−/− mice prevented GM2 ganglioside accumulation
in the brain and slightly reduced cholesterol storage but did not
improve Purkinje cell survival or extend the life-span of NPC1-deficient
mice [207]. These observations suggested that the neuropathologywas
not caused by GM2 accumulation but more likely resulted from the
accumulation of cholesterol, GM3, glucosylceramide, lactosylceramide
and/or sphingosine, whichwere essentially unaltered by elimination of
GalNAc transferase [207]. More recently, mice were generated that
were unable to synthesize GM2/GD2 or GM3 complex gangliosides due
to deletion of the Galgt1 or Siat9 genes, respectively. The cholesterol
content and rate of cholesterol synthesis in brains of these mice were
the same as in wild-type mice, indicating that cholesterol metabolism
in the brain is independent of complex ganglioside metabolism [169].
When Npc1−/− mice were crossed with either the Galgt1−/− or Siat9−/−

mice, cholesterol concentration and the rate of synthesis in the CNS
were unchanged. However, life-span was significantly shorter than for
Npc1−/− mice, presumably because some essential functions require
GSLs [169]. These results support the concept that cholesterol
sequestration plays a central role in NPC disease and demonstrate
that ganglioside concentration does not determine the concentration of
cholesterol in Npc1+/+ and Npc1−/− mice.

Substrate reduction therapy has provided some benefit for treat-
ment of NPC disease. Inhibition of glycolipid synthesis in NPC1-
deficient mice at the step catalyzed by glucosylceramide synthase,
usingN-butyl deoxynojirimycin, showedmodest benefit. The depletion
of GSLs delayed the onset of symptomsand increased life-span by∼20%
[147]. Since this drug had already been approved for treatment of
Gaucher disease under the namemiglustat, clinical trials were initiated
for its use in a small number of NPC patients. Results to date indicate
that treatment with miglustat caused a mild clinical improvement in
the patients according to brainmagnetic resonance spectroscopy [208].
Thus, prevention of GSL storage appears to provide amodest, beneficial
effect on NPC disease pathogenesis.

6.2. Strategies for reducing cholesterol storage

Attempts to reduce cholesterol accumulation by methods com-
monly used to modulate peripheral cholesterol metabolism have not
been successful either in reducing cholesterol sequestration in neurons
or glial cells, or in alleviating the symptoms of NPC disease. For
example, cholesterol-lowering drugs (probucol and nifedipine)
reduced the unesterified cholesterol content of livers of NPC1-deficient
mice, but did not decrease either cholesterol sequestration in the CNS
or ameliorate the neurodegeneration [209]. In addition, treatment of
NPC patients with statins (inhibitors of cholesterol synthesis) reduced
plasma cholesterol but did not noticeably improve the neuropathology
[210]. In other studies, intraperitoneal injection of squalestatin into 2-
week-old mice reduced brain cholesterol biosynthesis and storage, as
well asGM3accumulation and infiltration bymicroglia [211]. However,
neither the neuropathological status nor the life-span of these mice
was reported, possibly because the treatment impaired myelination
Please cite this article as: B. Karten, et al., Mechanisms and consequen
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whichwould likely havemasked any beneficial effect. In other studies,
cholesterol feeding of Npc1−/− mice increased the hepatic storage of
cholesterol but did not adversely affect life-span [16]. In addition,
breeding of Npc1−/− mice with LDL-receptor knock-out mice did not
change cholesterol levels in the brain, improve the neuropathology, or
increase the life-span of Npc1−/− mice [16,193,209]. When considering
the implications of these experiments one must bear in mind that
plasma lipoproteins do not enter the CNS. Thus, lowering the plasma
cholesterol content is unlikely to lower the cholesterol content of the
brain. Moreover, only the types of statins that can effectively cross the
blood-brain barrier are likely to modulate cholesterol metabolism in
the brain.

Another idea that was tested to remove excess cholesterol from the
brain was to increase the expression of ABCA1, a membrane
transporter that is required for the efficient efflux of cholesterol and
phospholipids from cells. The expression of several ABC transporters,
including ABCA1, ABCG1 and ABCG4, whichmediate cholesterol efflux
from glia and neurons in the CNS, is increased by the liver X receptor
(LXR) [100,212–214]. In cultured NPC1-deficient fibroblasts ABCA1
expression was decreased and the ABCA1-dependent efflux of
cholesterol was impaired [203,215]. It is likely that the diminished
production of the endogenous oxysterol ligands for LXR was
responsible for the decreased expression of NPC1 [216]. Treatment
of Npc1−/− mice with a LXR agonist, T0901317, delayed the onset of
neurological symptoms and decreased Purkinje cell loss, but did not
increase survival although the effects of T0901317 treatment on brain
lipid storage in Npc1−/− mice were not reported [217]. In addition,
treatment of primary cultured glia from Npc1−/− mice with T0901317
alone, and in combination with apo A1, reduced cholesterol
accumulation [79]. In contrast, filipin staining of cultured Npc1−/−

hippocampal neurons was not significantly reduced following treat-
ment with T0901317, with or without apo A1 (B. Karten, unpublished
observation). In another study T0901317 increased cholesterol excre-
tion from the brains of Npc1−/− mice, slightly reduced the number of
cells with intracellular cholesterol accumulation, modestly prolonged
life-span (from 90 to 101 days) and improved motor coordination
[16,193]. Microglial morphology was also shifted from an activated
state to a resting state and Purkinje cell loss was reduced [193]. The
role of LXR and ABCA1 in NPC disease was also investigated by
breeding Npc1−/− mice with ABCA1 knock-out mice. Sterol balance in
the brain was not altered, nor was longevity increased [16,193].
However, the importance of LXR for cholesterol homeostasis in the
CNS and in NPC disease was underscored by the finding that
elimination of LXRβ in NPC1-deficient mice significantly reduced
their life-span [193]. From a combination of these studies, it is unclear
whether cholesterol mobilization is the primary mechanism that
mediates the beneficial effects of LXR agonists in NPC1-deficient mice
or whether the anti-inflammatory effects of LXR activation play a key
role [193,218].

6.3. Other therapeutic strategies

Not all of the small molecules tested for treatment of NPC disease
are directed towards reducing lipid storage in the brain. In 2004,
Mellon et al. reported that neurosteroidogenesis is impaired in NPC1-
deficient mice; levels of allopregnanolone and activities of most
steroidogenic enzymes downstream of the P450scc complex
(CYP11A1) that converts cholesterol to pregnenolone, were reduced
[219,220]. In an in vivo study, a single subcutaneous injection of
allopregnanolone into Npc1−/− mice at postnatal day 7 significantly
extended the life-span of the mice from 67 days to 124 days, whereas
injections later in life were ineffective [219]. The benefit of
allopregnanolone treatment was also examined in Npc1−/− mice in
combination with repeated treatments with a LXR agonist [217];
survival and the neuropathological phenotypewere further improved.
Moreover, allopregnanolone treatment of cultured NPC1-deficient
ces of impaired lipid trafficking in Niemann–Pick type C1-deficient
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fibroblasts or SH-SY5Y neuroblastoma cells reduced the generation of
reactive oxygen species and normalized the increased sensitivity to
oxidative insult [221]. Allopregnanolone was initially proposed to act
through the highly specific GABAa receptor [219,220]. However,
this was found not to be the case since the enantiomeric form of
this steroid, which does not activate the GABAa receptor, was also
beneficial [217]. Moreover, the proposal that allopregnanolone acted
via the PXR nuclear receptor, as suggested by Langmade et al. [217], is
also unlikely because PXR expression is below the limit of detection in
mouse brain [193].

Recently, the beneficial effect of allopregnanolone inNPC1-deficient
mice has been questioned. In contrast to the original studies by Mellon
et al., similar improvement in disease symptoms was achieved by
treatment of larger groups of Npc1−/− mice with the vehicle alone (i.e.
the cyclodextrin that carried the allopregnanolone) on postnatal day 7
[16]. The cyclodextrin treatment significantly increased Purkinje cell
survival, and life-spanwas extended by 20–25% [16]. Since cyclodextrin
is known for its ability to complex cholesterol and other sterols, the
beneficial effects of this agent are likely to be due to the removal of
cholesterol from cells of the brain.

Yet another proposed treatment for NPC disease was based on the
observation that calcium homeostasis is altered by NPC1-deficiency as
a result of sphingosine storage in LE/L [55]. The origin of the
accumulating sphingosine was not addressed but this toxic lipid is
likely to be generated from the breakdown of GSLs that accumulate in
LE/L. The naturally-occurring compound curcumin, a component of
the spice turmeric, was proposed to release calcium from the ER,
elevate cytosolic calcium levels, and thus mobilize cholesterol from
LE/L [55]. When Npc1−/− mice were treated with curcumin, life-span
was modestly increased and the onset of neurological symptoms was
delayed [55]. Since curcumin exhibits low toxicity, this agent was
proposed as an appealing nutraceutical intervention for NPC disease.
However, the bioavailability of curcumin is very low which limits its
effectiveness [222]. Furthermore, the dose of curcumin given to the
mice [55] (150 mg/kg/day) corresponds to a daily intake of ∼10.5 g of
curcumin (or 315 g turmeric) per day for an adult human [222], which
is not feasible as a dietary intake for NPC patients. The development of
new forms of curcuminwith increased bioavailability, mightmake this
a more useful treatment [223]. It is important to note, however, that
the beneficial effect of curcumin in Npc1−/− mice cannot necessarily
be ascribed to modulation of calcium homeostasis, since curcumin
also has well-characterized anti-oxidant and anti-inflammatory
effects [222].

A novel, possible therapeutic approach for the future for some
patients with NPC disease is based on the recent observation that the
NPC1 protein containing the most common mutation in human
patients, I1061T, is functional if it can reach its correct localization in
LE/L [224]. The vast majority of NPC1 carrying this mutation is
normally degraded by ER-associated degradation [224]. Provision of
molecular chaperones that would aid in the correct folding of the
mutant NPC1 protein, and enable it to escape the ER quality control
mechanism, might be a viable option for treatment of NPC patients
with this mutation [225]. Development of such a chaperone molecule
would require a new mouse model carrying the I1061T mutation in
NPC1 since the null mutation in the commonly-used NPC1-deficient
mice would not be amenable to chaperone therapy. The discovery of a
molecular chaperone for NPC1 will likely involve a trial-and-error
approach. Importantly, any molecule that will be useful for treatment
of NPC patients must be able to cross the blood-brain barrier and not
cause severe detrimental side effects. In addition, the therapeutic
agent would most likely need to target both neurons and glia to be
effective.

Thus, a combination of several treatments currently appears to
be the most promising approach for extending the life-span and
improving the quality of life of NPC patients since each of the
treatments tested to date onlymodestly improves disease progression.
Please cite this article as: B. Karten, et al., Mechanisms and consequen
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