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Abstract Niemann-Pick type C1 disease (NPC1) is an in-
herited neurovisceral lipid storage disorder, hallmarked by
the intracellular accumulation of unesterified cholesterol
and glycolipids in endocytic organelles. Cells acquire cho-
lesterol through exogenous uptake and endogenous biosyn-
thesis. NPC1 participation in the trafficking of LDL-derived
cholesterol has been well studied; however, its role in the
trafficking of endogenously synthesized cholesterol (endo-
CHOL) has received much less attention. Previously, using
mutant Chinese hamster ovary cells, we showed that endo-
CHOL moves from the endoplasmic reticulum (ER) to the
plasma membrane (PM) independent of NPC1. After arriv-
ing at the PM, it moves between the PM and internal com-
partments. The movement of endoCHOL from internal
membranes back to the PM and the ER for esterification
was shown to be defective in NPC1 cells. To test the gener-
ality of these findings, we have examined the trafficking of
endoCHOL in four different physiologically relevant cell
types isolated from wild-type, heterozygous, and homozy-
gous BALB/c NPC1

 

NIH

 

 mice. The results show that all
NPC1 homozygous cell types (embryonic fibroblasts, peri-
toneal macrophages, hepatocytes, and cerebellar glial cells)
exhibit partial trafficking defects, with macrophages and
glial cells most prominently affected.  Our findings sug-
gest that endoCHOL may contribute significantly to the
overall cholesterol accumulation observed in selective tis-
sues affected by Niemann-Pick type C disease.

 

—Reid, P. C.,
S. Sugii, and T-Y. Chang.
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Niemann-Pick type C (NPC) disease is a fatal autosomal
recessive neurovisceral disorder characterized clinically by
progressive neurodegeneration in the central nervous sys-

 

tem (CNS) and hepatosplenomegaly. Biochemically, it is
characterized by the intracellular accumulation of unes-
terified cholesterol and glycolipids within the endosomal/
lysosomal system in cells of the liver, spleen, brain, etc. (1,
2). The disease can be caused by mutations in one of two
genetically distinct loci, NPC1 and NPC2 (3, 4). The 

 

Npc1

 

gene encodes a 1,278 amino acid multipass transmembrane
protein that contains a putative sterol-sensing domain (5, 6).
The 

 

Npc2

 

 gene encodes a soluble protein known as HE1, a
lysosomal protein that binds cholesterol with high affinity
and that can be secreted into the growth medium (7, 8).
Mutations in 

 

Npc1

 

 account for 95% of all cases of NPC dis-
ease, whereas mutations at NPC2 account for the remain-
ing 5% (5, 6). The NPC1 protein is involved in the tu-
bulovesicular trafficking of cholesterol from the late
endosome/lysosome to the plasma membrane (PM), and/
or to the endoplasmic reticulum (ER) (9–14). These traf-
ficking events may involve the 

 

trans

 

-Golgi network/Golgi,
and appear to be mediated by Rab proteins (9, 11, 15–17).
Various glycolipids, including gangliosides, also accumu-
late in NPC1 cells; the role of NPC1 in causing the accu-
mulation of glycolipids is under active investigation (18–
20). In addition to NPC1 and NPC2, the late endosomal
protein MLN 64, an integral membrane protein that con-
tains the cholesterol binding domain StAR, has also been
shown to be intimately involved in cholesterol trafficking
(21).

Mammalian cells acquire cholesterol via exogenous up-
take, mainly from LDL via the LDL receptor pathway. The
involvement of NPC1 in distributing LDL-derived choles-
terol to the PM and/or to the ER for esterification [by the
enzyme acyl-CoA:cholesterol acyltransferase (ACAT)] has
been well-recognized [as reviewed in refs. (1, 2, 13)]. In

 

Abbreviations: CD, cyclodextrin; CHO, Chinese hamster ovary;
CNS, central nervous system; endoCHOL, endogenously synthesized
cholesterol; ER, endoplasmic reticulum; MEF, mouse embryonic fibro-
blast; MPM, mouse peritoneal macrophage; NPC1, Niemann-Pick type
C1; PM, plasma membrane.
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addition to exogenous uptake, cells also acquire choles-
terol through endogenous biosynthesis de novo. The in-
volvement of NPC1 in trafficking of endogenously synthe-
sized cholesterol (endoCHOL) has received little attention.
Because the major source of cholesterol in the CNS is pro-
vided through de novo endogenous cholesterol synthesis
(22, 23), understanding the involvement of NPC1 in the
trafficking of endoCHOL remains paramount to elucidat-
ing the etiology of NPC disease in the CNS. In cells, cho-
lesterol is synthesized endogenously in the ER, and the
majority of this newly synthesized cholesterol quickly
moves to the PM within a few minutes, arriving at the cho-
lesterol-rich domain caveolae (24–29). This initial move-
ment of newly synthesized cholesterol to the PM is inde-
pendent of NPC1 (30, 31). To pursue the post-PM fate of
endoCHOL, this laboratory used a Chinese hamster ovary
(CHO) cell mutant defective in the NPC1 protein (CT43)
and its parental cell line (25RA) as the model system (31–
33). To label the newly synthesized cholesterol, we incu-
bated cells with [

 

3

 

H]acetate, a precursor for cholesterol
biosynthesis. To monitor the fate of labeled cholesterol,
we performed chase experiments. The results confirmed
that the movement of newly synthesized cholesterol from
the ER to the PM is independent of NPC1. After initially
reaching the PM, significant equilibration of endoCHOL
between the PM and the internal membranes takes place
within 8 h. In 25RA cells, endoCHOL internalizes from
the PM to internal membranes, than recycles back to the
PM; endoCHOL also moves to the ER to be esterified by
ACAT. When cyclodextrin (CD), a water-soluble molecule
that binds to cholesterol with high affinity, was added to
the growth medium, the majority of [

 

3

 

H]cholesterol re-
sided in the PM and was largely susceptible to extrac-
tion by CD. In contrast, in CT43 cells, a significant portion
of the [

 

3

 

H]cholesterol accumulated in the late endo-
some/lysosome became less available for esterification in
the ER and to extraction by CD (31). These studies, along
with findings from other investigators (34), suggest that ir-
respective of the origin of cholesterol, the lack of a func-
tional NPC1 protein invariably leads to intracellular cho-
lesterol accumulation, mainly in the late endosome/
lysosome. The pathways by which LDL-derived or newly
synthesized cholesterol enters the late endocytic pathway
may or may not be the same; the cellular nature of these
pathways is under investigation in various laboratories.

Both the 25RA cells and the CT43 cells contain the
same gain-of-function mutation in the protein called
SCAP, the SREBP cleavage-activating protein that is in-
volved in the transcription control of many sterol-sensitive
genes (33, 35). It is thus possible that the findings made in
25RA and CT43 cells may not be applicable to other cell
types. To test the generality of our findings, in the current
work, we examined the role of NPC1 in the intracellular
trafficking of endoCHOL in four different cell types iso-
lated from the wild-type, the heterozygous, and the ho-
mozygous BALB/c NPC1

 

NIH

 

 mice. The cell types include
mouse embryonic fibroblasts (MEFs), mouse peritoneal
macrophages (MPMs), primary hepatocytes, and cerebel-
lar glial cells. The murine model for the NPC disease, the

BALB/c NPC1

 

NIH

 

 mouse, has a well-defined mutation in
the NPC1 gene, and exhibits a phenotype very similar to
that of the human NPC disease (5, 36–40).

MATERIALS AND METHODS

 

Materials

 

[

 

3

 

H]acetate (20 Ci/mmol) and [

 

3

 

H]cholesterol (60–90 Ci/
mmol) were from American Radiolabeled Chemicals. 2-Hydroxy-
propyl-

 

�

 

-cyclodextrin, egg phosphatidylcholine, oleic acid, FBS,
and trypsin were from Sigma. Medium RPMI-1640, stock solu-
tions of penicillin/streptomycin, trypsin-EDTA, and HBSS were
from GibcoBRL. DMEM plus sodium pyruvate and high glucose
were from Cellgro. Collagen type I-coated 6-well plates were
from Becton Dickinson’s Biocoat. Tissue culture flasks or dishes
were from Costar or Falcon. Nylon mesh (35 

 

�

 

m) for hepatocyte
isolation was from Small Parts, Inc. (Miami Lakes, FL). Organic
solvents were from Fisher.

 

Animal breeding

 

The NPC1 mutant mice (BALB/c NPC1

 

NIH

 

 mice) were discov-
ered at the National Center for Toxicological Research, Little
Rock, AR (41), and were generously provided by Peter Pentchev
at the National Institutes of Health. NPC1

 

NIH

 

 homozygotes are
reproductively incompetent because of their neurological im-
pairment and short life span. Heterozygous BALB/c NPC1

 

NIH

 

mice were used to generate the homozygous NPC1 mice and the
wild-type (control) mice used in these studies. The genotypes of
mice were determined from genomic DNAs isolated from tail
snips, using a previously described PCR method (5, 42).

All experimental protocols were approved by the Institutional
Animal Care and Research Advisory Committee at Dartmouth
Medical School and conducted in accordance with the US Public
Health Service Guide for the Care and Use of Laboratory Animals.

 

Cell isolation

 

Isolation of MEFs was performed according to a previously de-
scribed procedure, with minor modifications (43). Briefly, at E17,
mouse embryos were taken out of the uterus of pregnant females
from genotype-confirmed heterozygous breeding pairs by cesar-
ean section. For each embryo, the tail and a portion of a limb were
removed and prepared for DNA extraction and genotyping. After
dissection and incubation in 0.05% trypsin solution, the softened
tissue was disrupted by repeated pipetting. Cell debris was sepa-
rated, and the supernatants containing dissociated cells were
plated in 25 cm

 

2

 

 flasks, and grown for five successive passages be-
fore cells were used for experiments. Isolation of mouse resident
(nonstimulated) peritoneal macrophages was performed accord-
ing to the procedure previously described (44), from 7- to 8-week-
old genotype-confirmed mice via peritoneal lavage. Isolation of
mouse primary hepatocytes was performed via a two-stage liver
perfusion protocol according to the procedure previously de-
scribed (45, 46), from 7- to 8-week-old genotype-confirmed mice.
Isolation of glial populations was performed according to the pro-
cedure previously described (47), with minor modifications.
Briefly, cerebellums from 3- to 5-day-old genotype-confirmed ani-
mals were isolated and digested with collagenase (at 37

 

�

 

C for 30
min) and then with trypsin (at 37

 

�

 

C for 2 min) as described; the
resultant cell homogenates were plated into 75 cm

 

2

 

 flasks. To pu-
rify the cell population, the glial populations were grown for five
successive passages before they were used for experiments. At this
point the glial populations were comprised of at least 95% astro-
cytes, with microglia, oligodendroglia, and their precursor cells
comprising less than 5% of the total cell population (47).
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Cell culturing

 

MEFs (between passages 5–15) were maintained in DMEM
containing 10% FBS in 75 cm

 

2

 

 flasks. For experiments, they
were seeded into 6-well plates. Freshly isolated macrophages
were seeded at 1 

 

�

 

 10

 

6

 

 cells into 6-well plates or 25 cm

 

2

 

 flasks,
in RPMI-1640 containing 10% FBS for experiments. After plat-
ing, they were allowed to adhere for 2 h; the nonadherent cells
were washed away, and fresh media were added. Freshly isolated
hepatocytes were seeded at 1 

 

�

 

 10

 

6

 

 cells into collagen type
I-coated 6-well plates in DMEM containing 10% FBS supple-
mented with 0.1 

 

�

 

M insulin and 0.1 

 

�

 

M dexamethasone. Hepa-
tocytes were allowed to adhere for 4 to 6 h; nonadherent cells
were washed away, and fresh media were added. Cell viability,
tested via trypan-blue exclusion, was greater than 95%. Glial cells
were maintained in 75 cm

 

2

 

 flasks in DMEM containing 10%
FBS, seeded into 6-well plates or 25 cm

 

2

 

 flasks for experiments.
All cell types were maintained in a humidified incubator at 37

 

�

 

C
with 10% CO

 

2

 

. Media with 10% FBS is referred to as Media A.
The delipidated media used in various experiments, referred to
as Medium D, consists of the same base medium used for each
cell type, with the 10% FBS replaced with 5% delipidated FBS
and 35 

 

�

 

M oleic acid. The delipidated FBS was prepared as de-
scribed previously (48). All media contained penicillin/strepto-
mycin.

 

Cholesterol-trafficking assays

 

On day 1, cells were seeded into 6-well plates and cultured in 2
ml Medium A/well for 24 h. On day 2, cells were washed once
with prewarmed PBS (for MEF/MPM) or HBSS (for hepato-
cytes), and then fed with 2 ml/well of Medium D/well for 48 h.
On day 4, cells were washed once with PBS/HBSS, and then sub-
jected to various cholesterol trafficking assays as follows.

 

Assay A.

 

This assay examines the efflux of endoCHOL to CD
within 1 h after the newly synthesized cholesterol arrives at the
PM. The cells were labeled with 20 

 

�

 

Ci [

 

3

 

H]acetate/well for 1 h
at 37

 

�

 

C in Medium D, washed four times, and incubated in Me-
dium D containing 4% CD for 0–30 min. At each time point, the
media, along with two PBS washes, were collected. The cells were
harvested in 0.2 N NaOH; HCl and phosphate buffer were then
added to neutralize the cell lysates. The media and cell lysates
were separately extracted with chloroform-methanol (2:1; v/v);
the radiolabeled lipids were separated via thin-layer chromatog-
raphy (TLC) and measured in a liquid scintillation counter as
described previously (31).

 

Assay B.

 

This assay examines the efflux of endoCHOL to CD
after significant equilibration of endoCHOL between the PM
and the internal membranes takes place. The cells were labeled
with 20 

 

�

 

Ci [

 

3

 

H]acetate/well for 8 h at 37

 

�

 

C and chased in Medium
D for 0 h or 16 h at 37

 

�

 

C. They were washed and then treated
with Medium D containing 4% CD for 10 min at 37

 

�

 

C before be-
ing harvested and analyzed as described above. Here we utilized
a short CD incubation period because we have found that short
incubation periods with CD (

 

�

 

10 min) remove cholesterol pre-
dominantly from the PM without inducing the efflux of choles-
terol from internal membranes (results to be published from this
laboratory).

 

Assay C.

 

This assay examines the esterification of endoCHOL
after a longer labeling period (8 h). The cells were labeled with
[

 

3

 

H]acetate in the same manner as described in Assay B. After la-
beling, cells were washed four times with buffer, and were either
harvested in NaOH immediately (for the 0 h chase time point),
or chased in Medium D for 16 h then harvested in NaOH (for
the 16 h-chase time point). Labeled cholesteryl esters were ex-
tracted and analyzed as described previously (31). The percent
of cholesterol efflux and percent of cholesterol esterification

were calculated as previously described (31). Previous results
showed that when 35 

 

�

 

M oleic acid was included in the medium,
more than 98% of the 

 

3

 

H present in the labeled cholesteryl ester
derived from [

 

3

 

H]acetate resided in the cholesterol moiety
rather than the fatty acid moiety.

 

Assay D.

 

This assay examines the esterification of cell surface-
labeled cholesterol. The cells were labeled with [

 

3

 

H]cholesterol
containing liposome (49) for 30 min at 37

 

�

 

C in Medium D. After-
wards, samples were chased for 2 h or for 24 h as indicated, then
processed to determine the radiolabeled cholesterol and choles-
teryl ester as previously described (50). To determine the relative
sterol biosynthesis rates, cells were cultured in Medium D for 48 h
and then labeled with 30 

 

�

 

Ci [

 

3

 

H]acetate for 1 h at 37

 

�

 

C. Cells
were washed four times with PBS/HBSS and then harvested with
1M KOH. Samples underwent saponification; the radioactive
cholesterol bands were quantified after separation via TLC as
previously described (51).

 

Percoll gradient analysis

 

Percoll gradient analysis was performed as previously de-
scribed (20), with minor modifications. Briefly, cells cultured in
one 150 mm dish were washed three times with cold PBS,
scraped, and centrifuged at 4

 

�

 

C to collect the cells. The cell pel-
lets were resuspended in buffer A (250 mM sucrose, 20 mM
HEPES, and 1 mM EDTA, pH 7.3) and homogenized on ice with
a Dura-Grind stainless-steel homogenizer. Postnuclear superna-
tants (800 

 

�

 

l) were layered onto 9 ml of 11% (v/v) Percoll in
buffer A and centrifuged at 20,000 

 

g

 

 for 40 min at 4

 

�

 

C using a
Beckman model 50Ti rotor. Ten fractions were collected from
the top. Control experiments showed that 

 

�

 

80% of the PM
marker (Na

 

�

 

/K

 

�

 

-ATPase 

 

	

 

-1) was concentrated in fractions 1
and 2, whereas 

 

�

 

80% of the late endosomal/lysosomal marker
(LAMP-1) and the lysosomal marker (LAMP-2) were concen-
trated in fractions 9 and 10, consistent with results previously re-
ported (50).

 

Statistical analysis

 

Statistical comparisons were made 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 0.01.

 

RESULTS

Earlier work has shown that

 

 

 

when CHO cells are pulse-
labeled with radiolabeled acetate at 14

 

�

 

C, the majority of
the newly synthesized cholesterol remains in the cell inte-
rior as unesterified cholesterol. Upon warming the cells to
37

 

�

 

C, the labeled cholesterol moves to the PM within min-
utes (52). To monitor the arrival of newly synthesized cho-
lesterol at the PM, we developed a pulse-chase protocol by
pulse-labeling CHO cells with [

 

3

 

H]acetate, then chasing
cells in growth media containing CD and measuring CD-
extractable cholesterol. Our results show that the move-
ment of newly synthesized cholesterol to the PM is inde-
pendent of NPC1 (31). In the current work, we attempted
to apply the same protocol to mouse fibroblasts, macro-
phages, and hepatocytes, and found that when incubated
with [

 

3

 

H]acetate at 14

 

�

 

C for several hours, these cells were
unable to synthesize a large amount of [

 

3

 

H]sterol (results
not shown). We therefore had to modify the protocol by
incubating the cells with [

 

3

 

H]acetate at 37

 

�

 

C for 1 h, and
then chased the cells in the presence of CD for 0 to 30
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min at 37

 

�

 

C (Assay A). This assay monitors the efflux of
endoCHOL to CD within 1 h after endoCHOL arrives at
the PM. The results (

 

Fig. 1A

 

–

 

C

 

) show that in all three cell
types tested (MEFs, MPMs, and hepatocytes), no signifi-
cant difference in cholesterol efflux to CD is observed be-
tween the NPC

 

�

 

/

 

�

 

, NPC

 

�

 

/

 




 

, and NPC

 




 

/

 




 

 

 

cells, confirm-
ing that the movement of newly synthesized cholesterol to
the PM is independent of NPC1 in these cell types. In
MEFs and MPMs, the cholesterol efflux in the NPC

 




 

/

 




 

and NPC

 

�

 

/

 




 

 cells is slightly slower than that in the NPC

 

�

 

/

 

�

 

cells; however, the difference observed did not reach sta-
tistical significance.

In CHO cells, we have previously performed pulse-
chase experiments and have shown that after arrival at the
PM, the endoCHOL eventually moves back to the cell in-
terior; significant equilibration of endoCHOL between
the PM and internal membranes occurred in 8 h (31). On
the basis of these findings, in the current study, we incu-
bated the cells with [

 

3

 

H]acetate at 37

 

�

 

C for 8 h, then
chased the cells in unlabeled medium for either 0 h or
16 h, after which CD was added in growth media for 10
min at 37

 

�

 

C (Assay B). This assay monitors the availability
of endoCHOL to CD-mediated efflux at the PM after
equilibration of endoCHOL between the PM and internal
membranes has occurred. Our results (

 

Fig. 2A

 

–

 

C

 

) show
that in MEFs without any chase period, 

 

�

 

15% to 20% of

Fig. 1. Efflux of endogenously synthesized cholesterol (endo-
CHOL) to cyclodextrin (CD) after a short labeling period (1 h).
Mouse embryonic fibroblasts (MEFs)(A), mouse peritoneal mac-
rophages (MPMs) (B), and primary hepatocytes (C) were subjected
to cholesterol trafficking Assay A as described in Materials and
Methods. Each data point represents the mean and SEM of values
from triplicate wells. Each cell population is representative of cells
independently isolated from two embryos or two animals of the
same genotype. The results are representative of two independent
experiments. Symbols used in this and other figures: (�/�), WT;
(�/
), heterozygous in Niemann-Pick type C1 (NPC1) mutation;
(
/
), homozygous in NPC1 mutation. Sterol synthesis rates (ex-
pressed as dpm/�g protein/h) in NPC�/�, NPC�/
, and NPC
/


cells were as follows: for MEFs, 5.25 � 0.32, 5.38 � 0.33, and 2.33 �
0.25, respectively; for MPMs, 26 � 0.86, 14.28 � 0.38, and 15.83 �
0.92, respectively; and for hepatocytes, 3.51 � 0.62, 3.68 � 0.46,
and 3.82 � 0.74, respectively.

Fig. 2. Efflux to CD after a long labeling period (8 h). MEFs (A),
MPMs (B), or primary hepatocytes (C) were subjected to choles-
terol trafficking Assay B as described in Materials and Methods.
Each data point represents the mean and SEM of values from tripli-
cate wells, utilizing cells independently isolated from three animals
of the same genotype to represent each cell population. The results
are representative of three independent experiments. Statistical
analysis was performed as described in Materials and Methods.
There was no statistically significant difference in values for �/�, �/
,
and 
/
 MEFs, whereas differences in values for �/�, �/
, and 
/


MPMs and hepatocytes were statistically significant.
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the labeled cholesterol is extractable by CD. The choles-
terol efflux in NPC
/
 MEFs is essentially the same as that
of NPC�/� MEFs and NPC�/
 MEFs. After a 16 h chase,
the cholesterol efflux in the NPC
/
 MEFs is slightly
lower than that of NPC�/� or NPC�/
 MEFs; however, this
difference was not statistically significant. In contrast, in
NPC�/� MPMs with no chase or with a 16 h chase, �59%
to 64% of the labeled cholesterol is extractable by CD; the
efflux values significantly decrease (by 25% to 30%) in
NPC�/
 MPMs, and decrease even further (by 65% to
70%) in NPC
/
 MPMs. In NPC�/� hepatocytes with no
chase or with a 16 h chase, �28% to 32% of the labeled
cholesterol is extractable by CD; the efflux values slightly
decrease (by 5%) in NPC�/
 hepatocytes, although the
difference was not statistically significant. The efflux val-
ues decrease further (by 30% to 32%) in NPC
/
 hepato-
cytes, and the difference observed was statistically signifi-
cant.

We have previously shown in parental 25RA CHO cells
that 8 h or longer after arrival at the PM, a certain portion
of the endoCHOL moved back to the ER and was esteri-
fied by the ER resident enzyme ACAT1 (31). This post-PM
esterification was shown to be defective in NPC1-deficient
CT43 CHO cells (31). To monitor the post-PM esterifica-
tion of endoCHOL in MEFs, MPMs, and hepatocytes, we
incubated the cells with [3H]acetate at 37�C for 8 h, then
chased the cells in unlabeled medium for either 0 h
(closed bars) or 16 h (open bars). Labeled cellular lipids
were extracted and subjected to TLC analysis to quantify
the [3H]cholesteryl esters formed (Assay C). The results
(Fig. 3A–C) show that in NPC�/� MEFs with no chase,
�9% of the [3H]cholesterol is esterified; the percent of
esterification is slightly reduced in both NPC�/
 MEFs (by
12% to 15%) and NPC
/
 MEFs (by 13% to 18%). These
differences are not statistically significant. After a 16 h
chase, the percent of esterification decreases to �7% in
NPC�/� MEFs; the values found in NPC�/
 and NPC
/


MEFs are essentially the same. In NPC�/� MPMs with no
chase, �17% of [3H]cholesterol is esterified. With a 16 h
chase, the percent of esterification decreases to �13%.
The percent of esterification values significantly decrease
in NPC�/
 MPMs (by 45% to 47%) and decrease further
in NPC
/
 MPMs (by 70%). In NPC�/� hepatocytes with
no chase, �11% of [3H]cholesterol is esterified; after a 16 h
chase, the value decreases to �8%. The percent of ester-
ification values significantly decrease in NPC�/
 hepato-
cytes (by 10% to 22%) and decrease further in NPC
/


hepatocytes (by 23% to 35%). These findings collectively
support the functional involvement of NPC1 in the post-
PM trafficking of endoCHOL from the PM to the ER, and
suggest that endogenous cholesterol could be contribut-
ing to the cholesterol accumulation characteristic of NPC
disease.

In light of the recent reports suggesting the increas-
ingly important role that glial cells may play in neuronal
cell maintenance (53–55), we isolated cerebellar glial cells
from NPC�/�, NPC �/
, and NPC 
/
 mice, and used As-
says A–C to monitor the intracellular trafficking of endo-
CHOL. The results of using Assay A (Fig. 4A) show that

the efflux to CD of endoCHOL within 1 h after its arrival
at the PM is essentially the same in NPC�/�, NPC �/
, and
NPC 
/
 cells; �15% to 20% of the labeled cholesterol is
extractable by CD within 10 min. Utilizing Assay B (Fig.
4B), we show that after allowing ample time for endo-
CHOL to internalize to the cell interior, its availability to
CD-mediated efflux is severely defective in NPC
/
 glial
cells. In the NPC�/� cells, �37% to 42% of the labeled
cholesterol is extractable by CD within 10 min. The values
decrease by 8% to 12% in the NPC�/
 cells, and decrease
further (by 46%) in the NPC
/
 cells; in both cases, the
differences seen are statistically significant. The results of
Assay C (Fig. 4C) show that the percent of esterification of
endoCHOL in NPC�/�, NPC �/
, and NPC 
/
 glial cells
was very low, ranging between 4% and 6%, with no statisti-
cally significant difference observed among cells with dif-
ferent genotypes.

Thus far we have shown that the trafficking of newly

Fig. 3. Esterification of endoCHOL after a long labeling period
(8 h). MEFs (A), MPMs (B), and primary hepatocytes (C) were sub-
jected to cholesterol trafficking Assay C as described in Materials
and Methods. Each data point represents the mean and SEM of val-
ues from triplicate wells, utilizing cells independently isolated from
three animals of the same genotype to represent each cell popula-
tion. Results are representative of three independent experiments.
There was no statistically significant difference between �/�, �/
,
and 
/
 MEFs, whereas differences observed between �/�, �/
, and

/
 MPMs and hepatocytes were statistically significant.
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synthesized cholesterol is severely perturbed in MPMs, yet
MEFs exhibit only a mild defect. Using CHO cells and hu-
man fibroblast cells, we had previously shown that the per-
cent of esterification of cell surface-labeled cholesterol
(representing the bulk of PM cholesterol) was defective
in NPC1 cells (50). To test the generality of this find-
ing, we labeled MEFs or MPMs with liposome-containing
[3H]cholesterol. Cells were subsequently harvested at zero
time, or chased for 2 h or 24 h as indicated, then har-
vested to determine the radiolabeled cholesterol and cho-
lesteryl ester (Assay D). The results (Figs. 5A, B) show that
for both cell types, no significant esterification is observed
at zero time or after a 2 h chase. After a 24 h chase, in
MEFs, �2% of the labeled cholesterol is esterified in

NPC�/� cells. The value is essentially the same in NPC �/


cells, but significantly decreases (by 45%) in NPC
/


cells. In MPMs, �5.6% of the labeled cholesterol is esteri-
fied in NPC�/� cells. This value is essentially the same in
the NPC�/
 cells, but significantly decreases (by 65%) in
the NPC
/
 cells.

In our NPC1-deficient CHO cells (CT43 cells), after a
long chase period (24 h), a significant amount of endo-
CHOL was found to accumulate in the internal mem-
brane fraction, as demonstrated by subcellular fraction-
ation analysis using Percoll gradient centrifugation (31).
To test the generality of this finding, we labeled MEFs or
MPMs with [3H]acetate for 24 h. Cells were subsequently
harvested and processed for Percoll gradient centrifugation
analysis, and the percent of distribution of radiolabeled
cholesterol in each fraction was determined. In both
NPC�/� and NPC
/
 MEFs (Fig. 6A), the majority of la-
beled cholesterol is located in the lighter fractions (frac-
tions 2–4), which are rich in PM and early endosomes
(31). We observed no major differences between the
NPC�/� and NPC
/
 MEFs in endoCHOL distribution
profiles, except a slight increase of labeled cholesterol in
both the very buoyant fraction (fraction 1) and the heavy
fraction (fraction 10) in NPC
/
 MEFs. In striking con-
trast, we observed significant differences between the
NPC�/� and NPC
/
 MPMs in endoCHOL distribution
profiles. In NPC�/� macrophages (Fig. 6B), the majority

Fig. 4. Efflux of endoCHOL after short labeling period (2 h) or
long labeling period (8 h), and esterification of endoCHOL in glial
cells. Glial cells were subjected to cholesterol trafficking Assays A
(A), B (B), or C (C) as described in Materials and Methods. Each
data point represents the mean and SEM of values from triplicate
wells, utilizing cells independently isolated from three animals of
the same genotype to represent each cell population. The results
are representative of three independent experiments. In B, the dif-
ferences observed between �/�, �/
, and 
/
 glial cells were statisti-
cally significant. Sterol synthesis rates (expressed as dpm/�g pro-
tein/h) in NPC�/�, NPC�/
, and NPC
/
 glial cells were 18.21 �
2.12, 18.01 � 1.78, and 19.75 � 2.65, respectively.

Fig. 5. Esterification of cell surface-labeled cholesterol. MEFs (A)
and MPMs (B) were subjected to cholesterol trafficking Assay D.
Each data point represents the mean and SEM of triplicate wells.
Each cell population is representative of cells independently iso-
lated from two embryos or two animals of the same genotype. The
results are representative of two independent experiments. For the
24 h time point, there was no statistically significant difference be-
tween �/� and �/
 MEFs and MPMs, whereas the differences ob-
served between �/� and 
/
 MEFs and MPMs were statistically sig-
nificant.
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of labeled cholesterol is located in the lighter fractions
(fractions 2–4) as well as in the denser fractions (fractions
8–10). In NPC
/
 macrophages, significantly less labeled
cholesterol is found in fractions 2–4, whereas significantly
more label is found in fractions 9 and 10, which are rich
in late endosome/lysosomes (31). In addition, signifi-
cantly more label was also found in the very buoyant frac-
tion (fraction 1) in NPC
/
 macrophages. This fraction
may contain the abnormal, buoyant lysosome that was pre-
viously shown to be present in cells with the NPC1 muta-
tion (56, 57). EndoCHOL distribution profiles for het-
erozygous MEFs and MPMs were essentially the same as
those of wild-type MEFs and MPMs, and were omitted
from Fig. 6 for simplicity.

DISCUSSION

Previously, we have shown that mutant CHO cells
(CT43), which contain a well-defined mutation in the
Npc1 gene (50), are severely defective in the post-PM es-
terification and efflux of endoCHOL, compared with the
parental 25RA cells (31). Both the CT43 and 25RA cells
contain a gain-of-function mutation in the protein SCAP.
SCAP is a key protein that mediates the sterol-dependent
transcriptional regulation of a variety of sterol-specific
genes (33, 35). Because of the SCAP mutation, the endog-
enous cholesterol biosynthesis in 25RA and CT43 cells is
resistant to down-regulation by sterol present in the

growth medium. Therefore, it is important to test the va-
lidity of information derived from studying 25RA and
CT43 cells in other relevant cell populations.

In the current manuscript, we have utilized pulse-chase
methods to examine the role of NPC1 in the trafficking of
endoCHOL in four different cell types isolated from
NPC�/�, NPC�/
, and NPC
/
 mice. Our results demon-
strate that the trafficking of endoCHOL to the PM is nor-
mal in each of the NPC1 cell types examined, while the
subsequent post-PM trafficking of endoCHOL to the ER
(as judged by ACAT esterification), and the recycling of
endoCHOL back to the PM (as judged by efflux to CD)
were partially defective. The extent of defect is cell type
dependent, with MPMs the most severely affected, glial
cells and hepatocytes moderately affected, and MEFs only
mildly affected. Subcellular fractionation analysis demon-
strated that the accumulation of endoCHOL in fractions
rich in late endosome/lysosome and in buoyant lysosome
was much more prominent in NPC
/
 MPMs than in
NPC
/
 MEFs. Thus, the trafficking defects in NPC1 cells
observed could be attributed to the sluggish release of en-
doCHOL from the late endosome/lysosome. Overall,
these results support and extend our previous studies us-
ing the CHO cells 25RA and CT43 (31). It has been re-
ported that the liver cholesterol concentration increases
almost 10-fold in the NPC
/
 BALB/c NPCNIH mouse
(37). Our current results suggest that endoCHOL likely
contributes to the abnormal cholesterol accumulation ob-
served in the liver and in other selective tissues affected by
NPC disease. Interestingly, our finding that the involve-
ment of NPC1 in the trafficking of endoCHOL is cell type
dependent correlates with observations at the in vivo level:
studies in human NPC1 patients and in the BALB/c
NPC1NIH mouse model have shown that various cell popu-
lations exhibit varying levels of lipid storage. Among the
cell types examined in the current study, macrophages
have the largest amounts, glial cells and hepatocytes inter-
mediate amounts, and fibroblasts the least amount of the
stored material (2). Since the trafficking defects in various
NPC1 cell types examined are only partial, these results
imply that trafficking of endoCHOL independent of
NPC1 exists in various cells; such event(s) may be particu-
larly more prominent in fibroblasts. This interpretation is
consistent with the work of Underwood and colleagues,
who showed that in NPC1 mutants, a certain portion of
LDL-derived cholesterol could be esterified in an NPC1-
independent manner (58). The finding that the involve-
ment of NPC1 in the trafficking of endoCHOL is cell type
dependent is not surprising. Other investigators have
shown that quantitative differences in the regulation of
cholesterol metabolism exist in a cell type-dependent
manner. For example, Tabas and colleagues (59) and
Havekes and colleagues (60) showed that, in contrast to
the human fibroblast cells, mouse macrophages and hepa-
tocyte-like HepG2 cells exhibited a partial resistance phe-
notype in terms of sterol-dependent down-regulation of
the LDL receptor activity.

Regarding the heterozygosity of the NPC1 mutation in
affecting CHOL trafficking, the results presented in this

Fig. 6. Subcellular fractionation analysis of 3H-labeled cholesterol
by Percoll gradient centrifugation. MEFs (A) and MPMs (B) were
labeled with [3H]acetate for 24 h at 37�C. Cells were homogenized,
and the postnuclear supernatants were subjected to 11% Percoll
gradient centrifugation analysis as described in Materials and Meth-
ods and previously (50). Data shown are representative of two inde-
pendent experiments.
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work show that the partial defect was readily demonstra-
ble in the NPC�/
 macrophages but not as readily de-
monstrable in the NPC�/
 glial cells or hepatocytes. Ear-
lier, Chen and colleagues (61) and Tall and colleagues
(62) showed that the defect in apoA-I-mediated choles-
terol efflux could be readily demonstrated in macro-
phages isolated from the NPC�/
 mice. Thus, it appears
that heterozygosity in the NPC1 mutation may also affect
intracellular cholesterol trafficking in a cell type-depen-
dent manner. Why are macrophages more sensitive to the
NPC1 mutation than other cell types, and why should the
extent of defect in endoCHOL be cell type specific? It is
possible that cells engaged in utilizing PM for various pur-
poses, such as phagocytosis or exocytosis, may have a
higher cholesterol-recycling rate between the PM and in-
ternal membranes, and may depend more on NPC1 to
maintain a high cholesterol-recycling rate. Cells that have
a lower cholesterol-recycling rate may not depend on
NPC1 as much for such activity. The cell type-dependent
defect observed in the current work may also be explained
in part by the following scenario: the cells used in our cur-
rent study were maintained in FBS-containing medium,
then incubated in lipid-free medium for 2 days before the
assay began. By using a very sensitive intracellular choles-
terol stain, BC-�, we recently showed that mouse NPC1
MEFs grown under this condition still contained a signifi-
cant amount of cholesterol accumulated in the late endo-
some/lysosome (63). Similar results were obtained in the
NPC1 MPMs, hepatocytes, and glial cells (P. C. Reid, S.
Sugii, and T-Y. Chang, unpublished observations). It is
thus possible that in addition to cholesterol, other lipid
material (such as sphingomyelin and/or gangliosides,
etc.) may also be present in the late endosome/lysosome
of various NPC1 cells. This material may interact with en-
doCHOL arriving at the late endosome/lysosome and in-
fluence its accumulation in a cell type-specific manner.
The two possible mechanisms described above are not
mutually exclusive; they may act synergistically to cause
the overall lipid accumulation in the late endosome/lyso-
some system.

NPC is a neurodegenerative disorder. The major source
of cholesterol in the CNS is provided through de novo
cholesterol synthesis. It has been suggested that astrocytes
may play a larger role in the pathology of NPC disease
than has been previously suspected (53–55). In the current
manuscript, we show that in glial cells, the post-PM recy-
cling of endoCHOL is significantly defective in NPC
/


cells. Interestingly, we found esterification rates in all ge-
notypes to be low, suggesting that in glial cells, NPC1 ap-
pears to be primarily involved in cholesterol recycling be-
tween internal compartment(s) and the PM, and less
involved in delivering cholesterol to the ER for esterifica-
tion. Previously, Suresh and colleagues showed that in
NPC
/
 glial cell populations, the secretion of apoD was
defective, whereas the secretion of apoE was normal (64).
Recently, it has been shown that glial-secreted cholesterol,
associated with lipoprotein complexes, is the critical fac-
tor required for functional and efficient neuronal synap-
togenesis (53). Taken together, these findings suggest that

defects in cholesterol trafficking in glial cells may result in
the defective secretion of these critical lipoprotein-choles-
terol complexes, and may contribute to the neurodegen-
eration observed in NPC disease. It has been suggested
that genetic or age-related defects in the synthesis, trans-
port, or uptake of cholesterol in the CNS may directly im-
pair the development and plasticity of the synaptic cir-
cuitry (53). Such impairment would likely contribute to
the early axonal atrophy and subsequent neurodegenera-
tion characteristic of NPC disease (65, 66). Therefore, we
believe that in addition to neurons (42, 67, 68), choles-
terol trafficking in glial cells may be defective in vivo, and
this deficiency would likely represent an important con-
tributing factor in the etiology of NPC disease. Whether
the cholesterol accumulated in neurons originates from
newly synthesized cholesterol from neurons themselves,
or is provided by astrocytes remains to be determined.
The current study involves the use of the cell culture sys-
tem in vitro. It remains to be determined whether a defect
in the trafficking of lipoprotein-bound cholesterol, and/
or endoCHOL, and/or other lipid material is the primary
cause for the overall lipid accumulation observed in vari-
ous tissues affected by the NPC1 mutation in vivo.
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