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Abstract

Niemann-Pick C disease (NPC) is a fatal, neurovisceral genetic disorder. Cell culture studies showed
that NPC1 or NPC2 mutations cause malfunctions in cellular cholesterol trafficking and lead to
accumulation of cholesterol and other lipids in the late endo/lysosomes. Previous work showed that
neuronal cholesterol accumulation occurs in the brains of young postnatal NPC1-/- mice. Here, to
evaluate the potential of partial blockage of cholesterol biosynthesis as a therapy for the NPC disease,
we first developed a simple method to monitor the relative rates of lipid biosynthesis in mice brains.
We next administered squalene synthase inhibitor (SSI) CP-340868 to young mice. The results show
that treating 8-day-old NPC1-/- mice with CP-340868 for six days significantly inhibits cholesterol
biosynthesis in the mice brains. It reduces neuronal cholesterol accumulation, reduces GM3
ganglioside accumulation, and diminishes astrogliosis in the brain. These results suggest that
neuronal cholesterol accumulation contributes to early pathogenesis in the NPC1-/- mice brains. The
SSI treatment also reduced brain galactolipid content, suggesting that blocking endogenous
cholesterol synthesis in the young mice brains may disrupt the normal myelin maturation processes.
The methods described in the current work have general applicability for lipid metabolism studies
in mice brains in various pathophysiological conditions.
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Introduction

Niemann-Pick type C (NPC) disease is a fatal, autosomal recessive neurovisceral disorder. It
is characterized by the cellular accumulation of unesterified cholesterol, sphingomyelin,
glycolipids, and other lipids within the endosomal/lysosomal system of various tissues
including liver, spleen, and the central nervous system (CNS) (reviewed in (Patterson et al.,
2001; Chang et al., 2005a)). The disease can be caused by mutations in one of two genetic loci,
NPC1and NPC2. The human NPC1 gene encodes a 1278-aa multi-pass transmembrane protein
that contains a sterol-sensing domain (Carstea et al., 1997), which is present in several integral
membrane proteins involved in cellular cholesterol homeostasis (Chang et al., 2006). The
NPC2 gene encodes a soluble protein known as HE1 (Naureckiene et al., 2000), present in the
lysosome. Both NPC1 and NPC2 proteins bind cholesterol (Ohgami et al., 2004; Ko et al.,
2003). The NPC2 protein is capable of transferring cholesterol between two membranes, and
is believed to be involved in the egress of cholesterol out of the endosomal/lysosomal
compartment (Cheruku et al., 2006). Cell culture studies showed that in mutant NPC1 cells,
the egress of cholesterol flowing through the late endo/lysosomal pathway from various
sources, including LDL-derived cholesterol and a portion of endogenously synthesized sterols
(endoSTEROL), is much retarded (Wojtanik and Liscum, 2003; Sugii et al., 2003; Cruz and
Chang, 2000).

Mouse models for the NPC disease are available (Chang et al., 2005b; Patterson et al., 2001).
These mice show various pathological progressions in the CNS, in manners very similar to
those of the human NPC disease. In NPC1-/- mice, at postnatal day (PND) 9, mild abnormalities
already become detectable in the corpus callosum, cerebellar white matter, and nerve fibers
(Ongetal., 2001). At PND 10, hypomyelination and axonal injury become detectable (Takikita
et al., 2004). By PND 22, accumulation of activated astrocytes (i.e., astrogliosis) becomes
extensive in the cortex and thalamus regions (Reid et al., 2004); at this stage, Purkinje cells in
the cerebellum suffer significant cell loss (13 %), as do astrocytes in the corpus callosum
(German et al., 2002). In addition, significant accumulation of gangliosides, mostly GM2 and
GM3, has been demonstrated (Zervas et al., 2001a). At the 7t week, severe losses in myelin
protein and cholesterol occur (Xie et al., 2000). Death occurs between the 10" and 12" weeks.

In the brain, the cholesterol mass is predominantly associated with the myelin and the plasma
membranes of various cellular materials (reviewed in (Dietschy and Turley, 2004)). Most if
not all of the cholesterol in the brain is in free, unesterified form. In brains of NPC1-/- mice,
the abnormal cellular free cholesterol accumulation cannot be demonstrated by cholesterol
mass analysis of isolated brain tissues, but can be demonstrated by staining thin slices of brain
sections with a cholesterol-specific fluorescent compound, such as filipin, and viewing under
a fluorescent microscope (Zervas et al., 2001a). This is because the amount of cholesterol
accumulated within neurons is only a very small fraction of the total cholesterol mass in the
CNS. Filipin binds to unesterified cholesterol with high affinity. However, the utility of filipin
staining is limited because its fluorescent signal is weak and is subject to rapid photobleaching.
Recently, a novel cholesterol stain named BC-theta was developed. This probe is a biotinylated
derivative of a bacterial toxin protein (Ilwamoto et al., 1997). Similar to filipin, BC-theta also
binds to unesterified cholesterol with high affinity. Unlike filipin, BC-theta can be labeled by
various avidin/streptavidin derivatives, each with stable fluorescent properties and high
sensitivities. BC-theta has been employed to stain cholesterol-rich domains in membranes in
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intact cells and in vitro (Waheed et al., 2001). Using BC-theta, Reid and colleagues showed
that in early postnatal NPC1 mice brains (PND 9), neuronal cholesterol accumulation becomes
detectable in various regions of the brain (Reid et al., 2004). In cell culture studies, Karten and
colleagues (Karten et al., 2002) showed that intracellular cholesterol accumulation occurred
in sympathetic neurons isolated from one-day-old NPC1 mice pups. Treiber-Held and
colleagues (Treiber-Held et al., 2003) showed that embryonic neurons (E15-E17) isolated from
NPC1 mice brains cultured in a cholesterol-free medium showed massive accumulation of
intracellular free cholesterol. Together, these studies show that cholesterol accumulation
occurs in the brains of very young mice. In the current work, we first developed a simple method
to monitor the relative rates of lipid biosynthesis in mice brains. We then administered a specific
squalene synthase inhibitor to partially block endoSTEROL synthesis in mice brains, and
examined its effects on neuronal cholesterol accumulation and myelin organization. The
methods described here will have applicability for lipid metabolism studies in mice brains in
general.

Materials and Methods

Animals, inhibitor injections, tissue preparations, and histochemical stainings

Quantitation

The animal studies were pre-reviewed and approved by the Institutional Animal Use and Care
Committee at Dartmouth College, Hanover, New Hampshire: Protocol #11601. Breeding pair
of BALB/c NPC1N'H mice was donated by Peter G. Pentchev. Mice were fed with standard
mouse diet (Teklad LM-485, Harlan), and bred as NPC+/- heterozygotes. Litters were
genotyped viatail snip DNA by PCR method (Loftusetal., 1997). WT and NPC1 mice received
daily subcutaneous injections of the squalene synthase inhibitor, CP-340868 (SSI) in saline at
10 pg/g (WT-SSI, NPC-SSI), or saline alone (WT, NPC) once per day for 6 consecutive days
starting at postnatal day 8 (ending at postnatal day 14). In some experiments, mice received
daily peritoneal injections of lovastatin in vehicle (at 10 pg/g), or received vehicle only as
indicated in the figure legend. For histochemical analyses, mice were anesthetized with ether,
perfused through their hearts with Dulbecco's phosphate buffered saline (DPBS) without
calcium and magnesium, followed by 4 % paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). The large tissue sections from the brains were prepared for various staining experiments
according to procedures previously described (Reid et al., 2004). BC-theta was prepared as
previously described (Waheed et al., 2001) and used at 15 ug/ml. Anti-Calbindin-D-28K
(EG-20) rabbit polyclonal antibodies (Sigma) were used to stain Purkinje neurons; anti-glial
acidic fibrillary protein (GFAP) rabbit polyclonal antibodies (Sigma) were used to stain
reactive astrocytes. After incubation with primaries, slides were washed with 0.5 M Tris
containing no FBS, and counterstained with Neurotrace™ fluorescent Nissl Stain (N-21480)
500/525 green (Molecular Probes) according to the manufacturer's literature. Bound BC-theta,
GFAP, or Calbindin antibodies were detected with various secondary reagents from Molecular
Probes (Eugene, Oregon). Phalloidin conjugated to Alexa 594 for plasma membrane staining
and DAPI for nuclei staining were from Molecular Probes.

Slides were treated with Prolong anti-fade from Molecular Probes. Images were collected with
a confocal microscope (Bio-Rad MRC-1024) and constructed with LaserSharp software.

of neuronal cholesterol accumulation by BC-theta

For quantitating the BC-theta staining signals, the procedure described previously was
employed (Reid et al., 2004). For each section, six image scans encompassing all areas of that
section were taken, and the sum of the BC-theta fluorescent signals was determined. Sections
from WT mice exhibited low levels of BC-theta positive signals, representing background
staining of synaptosomal membranes and myelin-associated cholesterol. Therefore, to serve
as a baseline, we adjusted the IRIS and GAIN features of the MRC1024 confocal microscope
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so that WT brain sections exhibited mean fluorescent intensities of 1000 arbitrary units. Once
these parameters were set, sections from WT-SSI, NPC1, and NPC1-SSI were scanned and the
intensity values measured. To insure that the measured intensity values were proportional to
the signal intensity, instrument settings were chosen such that the signals recorded from the
brightest samples prepared from the NPC1 mice do not go beyond the full-scale value. To
confirm these findings, a second experiment using a second set of brains from WT, WT-SSI,
NPC1, and NPC1-SSI mice were examined in the same manner. Neurotrace staining was used
to aid in the identification of regions and was used as an internal standard for staining intensities
between NPC and WT sections. Measurements of neurotrace fluorescent intensities showed
less then 10 % difference in values, indicating that the differences were specific to BC-theta
staining.

Sterol and fatty acid synthesis measurements in mice brains

Mice were anesthetized with isoflurane, then mounted onto the Kopf small animal stereotaxic
instrument. A sagittal skin incision, about 0.5 cm in length, was made at the top of the head to
expose the skull. 3H-acetate (at 20 Cij/mmol), 100 uCi in 3 pl of PBS, was injected into one
of the two lateral ventricles of the brain, with a fixed, 5 pul-size Hamilton glass syringe. Bone
marks (as described in (Paxinos and Franklin, 2003)) were used as reference points to determine
the site of injection. Duration for injection was 1 min. Afterwards, the skin incision was sealed
by using mouse glue (3M Vetbond). The mice were kept in the cages at room temp for up to
4 hrs as indicated, and were sacrificed by decapitation with a quick scissor cut. The brain was
dissected into five anatomic regions: cortex, thalamus, brain stem, cerebellum and spinal cord
(up t010 mm in length below the brain stem). The samples were subjected to lipid analyses
using a previously described procedure with minor modifications (Limanek et al., 1978). For
sterols analysis, the brain tissues were weighed and homogenized in 0.5 ml of Buffer A (25
mM TrispH 7.6, 1 mM EDTA) in an Eppendorf tube with a Kontes pellet pestle micro grinder.
The homogenates were extracted with 3 ml of chloroform/methanol (2:1 in volume), plus 1 ml
of H,O in 13 x 100 mm glass tubes (Fisher Scientific). The samples were centrifuged at 1,000
g in a Beckman TJ-6 centrifuge for 5 min. The top phase was removed and the lower phase
was dried to 0.1 ml with N5 blowing. To each sample 3 ml of ethanol/benzene/H,0 (80:20:5
in volume) and 0.34 ml of 10 M KOH were added, and the mixture was saponified at 80 °C
for 1 hr. The samples were then dried with N5, 1 ml of H,O per sample was added and the
samples were vortexed thoroughly, then extracted with 2 ml of petroleum ether 4 times. The
collected 8 ml of petroleum ether fraction was reduced in volume with N, to 3 ml, washed with
1 ml of 3 % NaHCOg3 and then 1 ml of H,O. Finally, the 3 ml of petroleum ether fraction was
completely dried with N stream, dissolved in 80 pl of ethyl acetate, and spotted onto a thin
layer chromatography (TLC) plate (J.T. Baker, Si250). The running solvent system was
CH,ClI, (Dichloromethane): ethyl acetate (97:3). The sterol bands were scraped off the TLC
and counted, using scintillation fluid for nonaqueous samples (Ecoscint O, from National
Diagnostics). This fluid does not cause quenching of lipid samples present in silica. The
counting efficiency was 40%. For fatty acids analysis, after the petroleum ether extraction, the
1 ml aqueous phase was acidified with 0.3 ml of 12 M HCI and then extracted with 2 ml of
petroleum ether 4 times. The collected 8 ml of petroleum ether fraction was concentrated to 3
ml with N5 blowing, washed with 1 ml of 5 mM HCI and then with 1 ml of H,0. Finally the
petroleum ether fraction was completely dried with N, and dissolved in 80 ul of ethyl acetate
and spotted onto TLC plate. The running system was petroleum ether:ether:acetic acid
(90:10:1). The fatty acid bands were scraped off the TLC and counted in the same manner as
described above. Statistical analyses of results shown in Figs. 3 and 4 were performed with
GraphPad Prism Version 4.01, using a two-tailed, unpaired Student's t-test. The difference
between two sets of values was considered significant when the p value was less than 0.05.
Error bars represent mean + SEM from 4 to 7 mice per group.
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Analysis of gangliosides, and non-acidic glycolipids in the mice brains

Results

Mice were killed and dissected, and frozen tissues were stored at —80 °C in tight containers
prior to analysis. For each mouse, brain analyses were carried out on one cerebrum hemisphere
after dissecting out the cerebellum and brainstem. The procedures used for total lipid extraction,
separation and purification of main lipid fractions were similar to those used in previous studies
(Fujitaetal., 1996; Liu et al., 2000; Sleat et al., 2004). In short, total lipids were extracted from
a 20 % tissue homogenate in water in chloroform:methanol 1:2 (v/v). For ganglioside studies,
part of the extract was desalted and separated into two fractions using 100 mg reverse-phase
Bond Elut C18 (Varian) columns. The acidic lipid fraction, eluted with methanol 12:1 (v/v),
contained all the gangliosides and was used without further purification. Total sialic acid was
measured by the Svennerholm's resorcinol method as described (Fujita et al., 1996). An extract
aliquot corresponding to 3 mg tissue was spotted using a Linomat 4 device (Camag) on high-
performance thin layer chromatography (HPTLC) silica gel 60 plates (Merck, Darmstadt)
developed with chloroform-methanol- 0.2 % CaCl, 55:45:10 (v/v/v) and sprayed with
resorcinol-HCI reagent to visualize the sialic acid moiety of individual gangliosides.
Densitometric quantification at 580 nm was done using a Camag TLCII scanner equipped with
the Cats software. After normalization to the total sialic acid content, individual concentrations
were calculated by taking into account the number of sialic acids for each ganglioside. For
quantitation of galactosylceramides, the total lipid extract was saponified to discard
phosphoglycerides and desalted (Fujita et al., 1996). Suitable aliquots (equivalents of 0.3-0.6
mg wet tissue) were spotted on HPTLC plates together with standards of galactosylceramide
from bovine brain in the range of 0.5 to 2 nmol. The plates were developed in chloroform-
methanol-water 65:25:4 (by vol.) and sprayed with orcinol-sulphuric acid reagent to visualize
hexose-containing compounds. Densitometry was performed at 650 nm as above and
quantitation made from the calibrated standards.

Injecting 3H-acetate to the mice brains to monitor relative sterol and fatty acid synthesis rates
in mice brains

We aimed at developing a simple method to monitor relative lipid biosynthesis rates in intact
mice brains. Labeled acetate (with 14C at C1 and/or C2, or with 3H at C2) has been used
extensively by many laboratories to monitor relative rates of lipid syntheses in intact cells or
in animals. This method has the intrinsic limitation that the intracellular labeled acetyl CoA
pool may undergo variable dilution by the unlabeled acetyl CoA in different tissues under
different physiological conditions. This problem has been overcome by employing labeled
water, which equilibrates rapidly with unlabeled water within the cell interior, thus eliminating
the uncertainties associated with the precursor pool. The labeled water method has the
disadvantage that very large amounts of radioactivity are required in order to obtain reliable
radioactivity into the sterols. Anderson and Dietschy (Andersen and Dietschy, 1978) compared
the labeled water incorporation method and labeled acetate incorporation method for
monitoring sterol synthesis in various systemic tissues of rats in vivo, and showed that the
labeled acetate method is valid for the purpose of monitoring relative changes in sterol
syntheses rates. In brains, another challenging technical limitation exists: Webber and Edmond
(Webber and Edmond, 1979) injected individual 14C- labeled lipid precursors, including
[3-14C] acetoacetate, [2-14C] acetate, [1-14C] octanoate, etc., subcutaneously to rats, and
monitored the incorporation of the 14C label into sterols and fatty acids in the rat brains. The
results showed that for most of the precursors employed, the extents of the label incorporated
into lipids were low, and the incorporation rates were linear for only 10 to 15 min; afterwards,
the incorporation reached certain plateau values. The low yield in incorporation was probably
because acetate injected subcutaneously cannot effectively reach the brain; the rapid decline
of linearity in incorporation rate was mostly likely due to the rapid aerobic oxidation of labeled
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acetyl coenzyme A, converting the 14C label into 14CO,, thus halting its utilization for lipid
syntheses; however, at various times, the amount of labeled sterols produced from various
labeled lipid precursors was a constant fraction of the amount of labeled fatty acids. These
results suggested that if injected directly into the CNS, the labeled lipid precursors could be
used to monitor the relative rates of sterol and fatty acid syntheses in the animal brains.

In results not shown, we monitored sterol synthesis rates in the brains of 2-week-old mice by
peritoneally injecting 3H-acetate (at 200 uCi/mouse). One hr after injection, we sacrificed the
mice for lipid analysis. The results showed that labeled acetate was converted to labeled sterols
in the brains. However, the total counts per minute were very low, amounting to 7 dpm labeled
sterols per mg brain tissue. To increase the dpm of labeled sterols, we injected 3 ul of 3H-
acetate (at 100 uCi/3 pl) directly into one of the two lateral ventricles of each mouse brain with
a fixed, 5 ul-size Hamilton glass syringe. At various indicated times after injection, the mice
were sacrificed for lipid analysis. The results (Fig. 1A) show that at the 15t hr, the brain injection
method labeled sterols at 29 dpm per mg tissue. Since we used only 100 uCi acetate per mouse,
the results show that acetate injected in the peritoneal cavity cannot effectively reach the CNS,
while acetate injected into the lateral ventricle reaches the CNS in a much more efficient
manner. Additionally, results in Fig. 1A show that the incorporation of 3H-acetate into labeled
brain sterols increased within the first hour to reach a plateau, then decreased slightly by the
4™ hr. We next used the brain injection method to measure relative sterol synthesis rates in
mice of 1, 2, and 3 weeks of age. The results (Fig. 1B) show that the 2-week-old mice exhibited
atwofold increase in sterol synthesis rate when compared to the 1-week-old mice; the increase
was largely sustained in the 3-week-old mice. These results are similar to the results of Quan
and colleagues (Quan et al., 2003), who used the 3H-water method for labeling lipids, and
showed that a 37 % increase in sterol synthesis occurred when the mice age from the 15t week
to the 2"d week, and the increase was largely sustained in the 3-week-old mice. We asked
whether the water-soluble substance injected through the lateral ventricle might rapidly diffuse
outward to different regions of the brain. To address this question, we injected trypan blue, a
non-harmful, water-soluble dye, into one of the lateral ventricles of the mice. After the
injection, the mice were sacrificed 5 min later. Sagittal sections of the brain were made to
examine the dye diffusion pattern in the subarachnoid space. The results (Fig.2) show that the
dye does diffuse rapidly in various regions of the mice brain within minutes. Encouraged by
these results, we used the brain injection method to monitor the relative sterol synthesis rate
and relative fatty acid synthesis rate in various regions of the 2-week-old mice brains. The
results show that sterol syntheses occur in various regions but the rates differ. The rates of
sterol synthesis rank in the following order: spinal cords > brain stems > cortex, thalamus, and
cerebellum. Again, these results are very similar to the results of Quan and colleagues (Quan
etal., 2003), who used the 3H-water method for labeling lipids, and showed that in the 2-week-
old mice, spinal cords exhibit the highest absolute sterol synthesis rate, followed by brain stems
and cerebellum. We also monitored the relative fatty acid synthesis rates in various brain
regions. The results show that contrary to the situation for sterol synthesis rates, thalamus
exhibits the highest rate in fatty acid synthesis, followed by cortex, brain stems, and cerebellum;
the spinal cord exhibits the lowest rate in fatty acid synthesis. The results presented in Fig. 1C,
D also show that liver tissue exhibits much lower relative sterol and fatty acid synthesis rates
after brain 3H-acetate injection than those in the brain tissues. This result can be attributed to
the fact that the labeled acetate injected into the brain can only be partially accessible to the
liver after it moves out of the brain and enters the circulation. We next used the new method
to compare the relative sterol synthesis in 10-day old WT and NPC1-/- mice brains. The results
(Fig. 3) show that despite the NPC1 mutation, the endogenous sterol synthesis is not up-
regulated in the young NPC1-/- mice brains. These results are also similar to the early results
of Quan and colleagues (Quan et al., 2003), who used the 3H-water method for labeling lipids
in mice brains.
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Effect of CP-340868 or lovastatin on sterol and fatty acid syntheses in mice brains

Several drugs, including lovastatin and CP-340868, block endogenous cholesterol synthesis.
Lovastatin inhibits HMG-CoA reductase activity and blocks the biosynthesis of mevalonate,
a key molecule in the isoprenoid biosynthetic pathway. Mevalonate is required for the
biosynthesis of cholesterol as well as many other essential non-sterol metabolites (Goldstein
and Brown, 1990) that include ubiquinone, dolichol, and prenylation of numerous proteins. In
contrast, CP-340868 inhibits squalene synthase activity and blocks the biosynthesis of
squalene, which is required for sterols but not for non-sterol metabolites (reviewed in (Tansey
and Shechter, 2000)). Several specific squalene synthase inhibitors with different structural
types are available. CP-340868 is a potent, reversible, non-competitive squalene synthase
inhibitor that shows a high degree of specificity for inhibition of cholesterol formation relative
to inhibition of non-sterol polyisoprenoid formation and protein prenylation (Harwood et al.,
1997; Pandit et al., 2000). In mice, CP-340868 inhibits sterol synthesis with an ED50 of 0.4
mg/kg, and exhibits an oral bioavailability of 22 %, a plasma half-life of 8.7 hrs, and a peak
plasma concentration of 550 ng/ml (35 times its in vitro IC50 for squalene synthase inhibition
of 27 nM) after a 10 mg/kg oral dose. CP-340868 is water-soluble and is able to enter the brain
interiors of treated animals (results not shown).

We treated the wild-type (WT) mice with lovastatin or with the squalene synthase inhibitor,
CP-340868 (SSI). The drugs were administered intraperitoneally (Lovastatin) or
subcutaneously (SSI) to the mice once per day at 10 mg/kg, for six consecutive days. At the
end of the 6! day, we monitored the effects of the drug on brain sterol synthesis rate and on
brain fatty acid synthesis rate. The synthesis rates were monitored by using brain injections of
labeled acetate described earlier. The results (Fig. 4A, C) show that both lovastatin and SSI
inhibited sterol synthesis in the mice brains by approximately 30 %, while neither drug
significantly inhibited fatty acid biosynthesis (Fig. 4B, D). Additional results show that
lovastatin inhibited sterol synthesis by approximately 80 %, while SSI inhibited sterol synthesis
by approximately 70 % in the mice livers (results not shown). The greater inhibition of hepatic
cholesterol synthesis by lovastatin and SSI is not unexpected and is consistent with their greater
hepatic relative to brain exposures.

Effect of the 6-day SSI treatment to neuronal cholesterol accumulation and to astrogliosis
in young mutant NPC1 mice

We next monitored the effect of the 6-day SSI treatment to very young WT and NPC1 mice.
We selected SSI rather than lovastatin for studies evaluating the effects of cholesterol synthesis
inhibition on neuronal cholesterol accumulation and astrogliosis since HMG-CoA reductase
inhibitors such as lovastatin, in addition to inhibiting cholesterol synthesis, also have the
potential to interfere with key polyisoprenoid synthesis and with protein prenylation (Liu et
al., 2000), effects that could complicate interpretation of the role of cholesterol synthesis
inhibition per se on neuronal cholesterol accumulation and astrogliosis. At the end of the
treatment, we examined the neuronal cholesterol accumulation in the brains by BC-theta
staining (Reid et al., 2004). The results (Fig. 5A) show that without the SSI, neuronal
cholesterol accumulations occur in various brain regions of the NPC1 mice; such
accumulations do not occur in the WT mice brains. The SSI treatment clearly reduced neuronal
cholesterol accumulation in all regions of the NPC1 mice brains examined. SSI treatment also
reduced the extraneuronal cholesterol that accumulates in NPC1 mice, suggesting that SSI
treatment may also reduce cholesterol accumulation in extraneuronal, for example glial, cells.
We evaluated the relative intensities of the BC-theta staining signals by calculating the relative
mean pixel intensities from large collections of fluorescent images taken under confocal
microscopy (Reid et al., 2004). The results show that SSI treatment causes a decrease in the
BC-theta staining signals by 32 to 44 % in various NPC1 mice brain regions as indicated (Fig.
5B). Additional results show that the six-day SSI treatment also significantly reduced the
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abnormal cholesterol accumulation in the NPC1 mice livers (Fig. 5C). Previously, we have
shown that in NPC1 mice brains, by PND 15, astrocyte activation becomes significant in the
thalamus and cortex regions (Reid et al., 2004). To examine the effect of SSI on astrocyte
activation, we prepared sections from thalamus and cortex regions of NPC1 mice with or
without SSI treatment, and monitored astrocyte activation by GFAP stainings. The results show
that at PND 14, without SSI, activated astrocytes appear in the cortex and thalamus regions of
the NPC1 mice brains, but not those of the WT mice brains (Fig. 6, 15t and 3 rows). SSI
treatment of NPC1 mice clearly decreased astrocyte activation in these areas (Fig. 6, comparing
the 34 and 41 rows).

Effect of the 6-day SSltreatment on brain gangliosides and galactolipids of young NPC1 mice

By mass measurements, the most conspicuous lipid accumulation in the brains of NPC1 mice
is that of gangliosides GM2 and GM3 (Liu et al., 2000; Sleat et al., 2004). This is already
obvious at the age of 14 PND, as illustrated in Fig. 7 (left top panel, lanes 1 and 6). GM3 and
GM2 have been implicated in the pathophysiology of NPC (Zervas et al., 2001b), and therefore,
our study on the effect of SSI treatment on brain lipids was primarily focused on gangliosides.
There was no change in the concentrations of the major brain gangliosides, including GM1
(Fig. 7, panel A and bar graph; other quantitative data not shown). In WT mice, extremely
small amounts of GM3 and GM2 are present. Their concentration was not affected by SSI
treatment. On the other hand, in the NPC1 mice, we observed a clear effect of the SSI treatment
on the concentration of GM3 ganglioside, with a nearly 50 % decrease in treated animals (Fig.
7, panel A, lanes 4, 5 vs. lane 6, and bar graph). A slight decrease in GM2 ganglioside
concentration was also observed, which however remained within the range of variation
observed for untreated affected mice (M.T. Vanier, unpublished data) and could thus not be
considered as significant. Considering the importance of cholesterol synthesis during brain
development and more specifically myelination, the effect of SSI treatment on the most specific
myelin lipids, galactosylceramides and sulfatides (galactolipids), was also investigated. Thin-
layer chromatographic analysis of the non-acidic lipid fraction (Fig. 7, panel B) disclosed large
differences in the content of galactosylceramides between control and NPC1 mice, an already
well-documented finding (Liu et al., 2000; Sleat et al., 2004), but also showed marked
differences between treated and untreated animals. In the WT mice, SSI treatment significantly
reduced the concentration of galactosylceramides with a striking effect on the ceramide moiety
containing non-hydroxylated fatty acids. A similar effect also occurred in the NPC1 mice, thus
further reducing the already low galactosylceramide content. Other major lipid classes did not
appear affected. Galactosylceramides and sulfatides were then purified from the total lipid
extract, a chromatographic study obtained using the more specific orcinol staining (panel C)
confirmed the initial findings, and further showed that sulfatides were similarly affected. The
galactosylceramide concentration of the untreated NPC1 mice was approximately 40 % of that
in WT mice. SSI treatment reduced the galactosylceramide content by 45 % in the WT mice,
and by 30 % in the NPC1 mutant mice. In untreated animals, both WT or NPC1 mutants, the
ceramide moiety with non-hydroxylated fatty acids constituted 35-38 % of total
galactosylcearmides, compared with 11-13 % in SSl-treated WT mice and 15-20 % in NPC1
mice.

Discussion

In the current work, we first describe a new injection method to monitor relative sterol and
fatty acid syntheses in the brain. We then treat WT and NPC1 mice with the squalene synthase
inhibitor CP-340868 (SSI) to examine the effect of blocking sterol synthesis in the NPC1 mice
brains. The results show that a six-day SSI treatment of young NPC1 mice significantly
diminishes neuronal and possibly also glial cell cholesterol accumulation in various regions.
The methods described in our current work can be broadly applied to study the potential
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relationship between cholesterol synthesis and various neurodegenerative diseases, including
Alzheimer's disease.

Previously, we have shown that in the young NPC1 mice brains neuronal cholesterol
accumulation can be observed as early as day 9, while activated astrocytes (astrogliosis) begin
to appear in the thalamus and cortex by day 15. In general, astrogliosis occurs in response to
brain injury. Our current results show that the six-day SSI treatment significantly slows
astrocyte activation in NPC1 mice. These results support the hypothesis that in the NPC1 mice,
neuronal cholesterol accumulation contributes to the early pathogenesis, resulting in brain
injury and leading to astrogliosis; treating mice with SSI attenuates the neuronal injury caused
by neuronal cholesterol accumulation. Exactly how neuronal cholesterol accumulation induces
neuronal injury is presently unknown. Abnormal accumulation of cholesterol within the endo/
lysosomal compartments are believed to cause these compartments to malfunction in various
membrane trafficking activities (discussed in (Chang et al., 2005a)). It is possible that the
membrane trafficking activities in neurons are particularly prone to the abnormal buildup of
cholesterol in the late endo/lysosomes.

When examined in various cell culture systems, in addition to cholesterol accumulation, mutant
NPC cells also accumulate large amounts of complex glycosphingolipids, particularly GM2
and GM3 (reviewed in (Patterson et al., 2001)). The relationship between the cellular
glycosphingolipid accumulation and cellular cholesterol accumulation is complex (discussed
in (Changetal., 2005b)). In mutant NPC1 cells, Reagan and colleagues showed that cholesterol
accumulation inhibits lysosomal sphingomyelinase activity (Reagan et al., 2000); Salvioli and
colleagues (Salvioli et al., 2004) showed that cholesterol accumulation inhibits two additional
lysosomal enzymes involved in the degradation of glycosphingolipids. These two works
provide a plausible mechanism to explain why cellular cholesterol accumulation may lead to
glycosphingolipid accumulation in the lysosomes. The results of our current work,
demonstrating that the six-day SSI treatment diminishes the GM3 content in the treated NPC1
mice brains, support the hypothesis that in NPC1 mice brains, elevated neuronal cholesterol
accumulation results in elevated GM3 levels by delaying the normal degradation of GM3 in
neurons and/or other neuronal cells. On the other hand, why SSI administration decreases GM3
but not GM2 in the treated NPC1 mice brains is not clear. It is possible that the elevated GM3
level may mainly be present in activated microglial cells and astrocytes, but not in neurons, of
the NPC1 mice brains. Further investigations are required to clarify this issue.

Regarding the potential use of SSI as a drug therapy to treat NPC disease: in our current work,
we studied the effect of SSI in very young mutant NPC mice (starting at PND 8, which is
presumably equivalent to many weeks preterm in humans). In humans, most patients with NPC
disease are not diagnosed until childhood. Thus, determination of the potential of SSI as a
therapy for human NPC must await the results of treating older mice with SSI. Our study
demonstrated the beneficial effects of SSI on cholesterol and ganglioside accumulation in NPC
brains. We also showed that the six-day SSI treatment caused significant reductions in the
GalCer and sulfatides contents in the brains, suggesting that partial inhibition of sterol synthesis
in the brain could potentially cause disturbances in the myelin maturation process. The
conclusion that SSI may affect the myelin maturation process is only a tentative one; the
presumed effect of SSI is inferred from reduced galactolipid contents in treated mice brains
(Fig. 7). In the future, in order to fully document the SSI effects on myelination, additional
morphological evidence is needed. Nevertheless, our results are consistent with the result of
Saher and colleagues (Saher et al., 2005), who demonstrated that mice with a conditional
mutation of the squalene synthase have a severely perturbed myelin maturation process.

NPC is a fatal disease; currently, it has no cure. In animal models, numerous potential drug
therapies have been attempted. Thus far, two different experimental drug therapies have shown

J Neurosci Methods. Author manuscript; available in PMC 2009 May 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reid et al.

Page 10

partial efficacy in slowing down the disease progression (reviewed in (Patterson and Platt,
2004)). The first is the use of the compound NB-DNJ. This compound inhibits several enzymes
involved in the glycolipid synthesis pathway, and has shown efficacy in experimental models
for certain glycolipid storage diseases (Cox et al., 2000). In mutant NPC animals, NB-DNJ
slows down disease progression and prolongs life spans by approximately 25 % (Zervas et al.,
2001b). The second is to treat the mutant NPC1 mice with a neurosteroid called
allopregnanolone (Griffin et al., 2004), or with the mirror image of allopregnanolone called
ent-allopregnanolone (Langmade et al., 2006). Allopregnanolone or ent-allopregnanolone
delays the onset of clinical neurological symptoms, partially prevents Purkinje cell death,
reduces GM2 and GM3 accumulation in the brain, and doubles the lifespan of the treated NPC
mice. In addition, co-administration of the compound T0901317, a synthetic oxysterol ligand
that activates genes in cholesterol catabolism, potentiated the beneficial effects of the
neurosteroids (Langmade et al., 2006). It is not yet clear whether or not these drugs reduce
neuronal cholesterol accumulation in treated animals; none of these drugs alone was able to
completely cure the disease. A complete cure of the NPC disease may require the use of a
combination drug therapy. As shown in our current work, SSI reduces early neuronal
cholesterol accumulation and abrogates astrogliosis, but it also inhibits the normal myelination
process. The SSI therapy may be worthwhile considering as part of the combination therapy
for the NPC disease and other neurodegenerative diseases that involve neuronal cholesterol
accumulation as a causative agent, if its effect on myelin maturation process can be avoided/
minimized.
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Figure 1.

A. Relative sterol synthesis with time in the mice brains. Three pl of 3H-acetate (100 uCi)
was injected per mouse into the lateral ventricles of the WT mice brains at 2 weeks of age. At
various indicated times after injection, mice were sacrificed and the brains were processed for
lipid analysis as described in Materials and Methods. The results shown are the averages of
two experiments. For each experiment, five or six mice were used for each time point.

B. Relative sterol synthesis in the brains of mice at 1, 2, or 3 weeks of age. Three pl of 3H-
acetate (100 pCi) per mouse was injected into the lateral ventricles of WT mice brains at 1, 2,
or 3 weeks of age as indicated. Mice were sacrificed 1 hr after injection for lipid analyses. Six
mice were used for each group. The results shown are from a single experiment.
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C. Relative sterol syntheses in various regions of the mice brains. Labeled acetates were
injected into mice brains as described in Fig. 1B. One hr later, mice were sacrificed; the various
anatomical regions of the brains as indicated were isolated and processed for lipid analyses.
The results shown are representative of three separate experiments. Eight or nine mice were
used for each experiment. CTX: cortex; Tha: thalamus; BS: brain stem; CB: cerebellum; SC:
spinal cord; LV: liver.

D. Relative fatty acid syntheses in various regions of the mice brains. Labeled acetates
were injected into mice brains as described in Fig. 1B. One hr later, mice were sacrificed; the
various anatomical regions of the brains as indicated were isolated and processed for lipid
analyses. The results shown are representative of three separate experiments. Eight or nine
mice were used for each experiment. CTX: cortex; Tha: thalamus; BS: brain stem; CB:
cerebellum; SC: spinal cord; LV: liver.
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Figure 2. Diffusion of Trypan blue in the subarachnoid space after injection into lateral ventricle
Normal BALB/c mice at one month of age were anesthetized with isoflurane, then mounted
on the Kopf small animal sterotaxic instrument. 3 pl of 1 % Trypan blue in PBS was injected
into one of the lateral ventricles (indicated as Lat. VVent.) of the brain according to the procedure
described in Materials and Methods. The mice were sacrificed 5 min after the injection. Sagittal
sections of the brain were made to exam the dye diffusion pattern in the subarachnoid space.
The picture taken was within 1 min after the mouse was sacrificed, and is representative of
results using 4 mice.
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Figure 3. Relative sterol synthesis in the young WT and NPC1-/- mice brains

On postnatal day 10, 3 pl of 3H-acetate (100 nCi) per mouse was injected into the lateral
ventricle of the brains; 1 hr later mice were sacrificed and the brains were processed for lipid
analyses according to procedures described in Materials and Methods. Four mice were used
for each group. The results shown are from a single experiment. Each bar represents the mean
+ SEM. Statistical Analysis showed that there was no significant difference in values between
the WT mice and the NPC1-/- mice.
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Figure 4. Effect of lovastatin (A, B) or CP-340868 (C, D) on lipid syntheses in the WT mice brains
Mice at PND 8 were peritoneally injected with 10 ug of Lovastatin/g of body weight, or were
subcutaneously injected with 10 pug of CP-340868 (SSI)/g of body weight. The control mice
were injected with the same amount of vehicle only. The injections were given once every day
for 8 days. On day 15, 3 pl of 3H-acetate (100 uCi) per mouse was injected into the lateral
ventricle of the brains; 1 hr later mice were sacrificed and the brains were processed for lipid
analyses according to procedures described in the Materials and Methods section. The results
shown are representative of three separate experiments. For each experiment, 9 mice were used
for each group. Lovastatin was prepared at 1 mg/ml of lovastatin in mazol PG810 (propylene
glycol dicaprylate). SSI was prepared at 1 mg/ml of saline. Each bar represents the mean +
SEM. For sterol synthesis values, statistical analysis showed that the difference in values
between the SSI-treated or the lovastatin-treated group and the control group was significant.
For fatty acid synthesis values, statistical analysis showed that there was no significant
difference in values between the SSi-treated or the lovastatin-treated group and the control

group.
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Figure 5. The 6-day SSI treatment reduces cholesterol accumulation in the brains and livers of
young NPC1-/- mice

A. Neuronal cholesterol accumulation in WT and NPC1-/- mice brains with or without
SSI treatment. WT and NPC1 mice received daily subcutaneous injections of CP-340868 in
saline (at 10 pg/g), (WT-SSI; NPC1-SSI) or saline alone (WT; NPCL1) once per day for 6
consecutive days starting at postnatal day 8. Two (NPC-/-) mice and 2 age-matched normal
sibling mice (WT) were used. Afterwards, the mice (at day 14) were sacrificed and their
neuronal cholesterol accumulations were evaluated by the method described previously.16
Briefly, coronal brain sections from the cortex (CTX), thalamus (TH), hippocampus (HC), and
cerebellum (CBL) regions were prepared and stained with BC-theta (red) and Neurotrace
(blue). Each 7 um section was examined under a 40X objective using a Bio-Rad MRC1024
confocal microscope. The results are representative of two separate experiments.

B. Quantification of neuronal cholesterol accumulation in NPC1-/- mice brains with or
without SSI treatment. The results obtained in A were quantified according to the procedures
described in Materials and Methods. For each section, the reported mean pixel intensity values
are values of the NPC1-/- mouse brain subtracted from values of the WT mouse. For each
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NPC1-/- mouse brain section, the % reduction in BC-theta signals due to SSI treatment is given.
Results represent one of two separate experiments. High magnification images of
representative cell types are shown at left.

C. SSI treatment reduces cholesterol accumulation in the livers of NPC1-/- mice. Livers
of mice described in A were isolated and processed for staining by BC-theta according to
procedure as described in Material and Methods. The green fluorescence represents plasma
membrane staining using a phalloidin stain, which binds to plasma membrane F-actin. The
blue fluorescence represents nuclear staining using a DAPI stain.
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Figure 6. The 6-day SSI treatment significantly reduces astrocyte activation in cortex and thalamus
regions of young NPC1-/- mice

The coronal brain sections of WT and NPC1-/- mice treated with or without SSI as described
in Fig. 3 were prepared and stained with neurotrace (left panels) for neurons (blue) and with
anti-GFAP antibodies (right panels) for activated astrocytes (green), and viewed under a
confocal microscope, according to method described.18 Images are representatives of a large
number (more than 30) of photographs obtained.

NPC1

NPC1-SSlI

J Neurosci Methods. Author manuscript; available in PMC 2009 May 20.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Reid et al.

Page 21

now
2 g 2% _
LS & 2
o o o
S 5 = % % %
A GM3 - (s [<] 0
5004 E=Gm2
GM2 4004 CGma
GM1

Ganglioside
3

(nmole/g wet tissue)
g

g

o

WT WT-551 NPC1 NPC1-881

B 8 & o == @ @ Cholesterol

GalCer
- . e -

Sphingomyelin

- — GalCer

Sulfatides

Figure 7. Lipid profiles in brain tissue from young WT and NPC1 mice treated with SSI

The 6-day SSI treatment was administered as described in Fig. 3. The procedures for lipid
extraction, purification and separation, as well as the various chromatographic systems, are
described in the Material and Methods section. The brains from one WT mouse without SSI
and from one NPC1 mouse without SSI were employed for glycolipid analyses. One of us
(M.T.V.) had previously analyzed the glycolipid contents of brains from many WT and NPC1
mice at the same age, and found that the variations of glycolipid contents among individual
mice were small. The data reported here for the untreated WT mouse and the untreated NPC1
mouse fall within the expected values. For mice with SSI treatment, the brains from two WT
mice and from two NPC1 mice were employed for analyses, and the results were shown
individually (in lanes 1, 3, 4, and 5). The values reported in the bar graph are the means of
values from the two SSI-treated mice.

Panel A: Ganglioside patterns. The bands corresponding to gangliosides GM3, GM2 and
GM1 are indicated. The adjacent bar graph reports the concentration of these three
gangliosides, expressed as nmol ganglioside / g wet weight of tissue.

Panel B: Chromatographic profiles of total non-acidic lipids (chloroform:methanol 1:2
eluate from Bond-Elut C18 column). An aliquot corresponding to 1 mg tissue was applied to
the plate. GalCer: galacotsylceramides.

Panel C: Galactolipids profiles (galactosylceramides and sulfatides). Galactolipids were
purified as described in Material and Methods. An aliquot corresponding to 0.6 mg tissue was
applied to the plate. For both lipids, the upper band corresponds to a ceramide moiety containing
“normal”, unhydroxylated fatty acids, the lower band corresponds to a ceramide moiety with
hydroxylated fatty acids.
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