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ABSTRACT
Niemann-Pick disease type C (NPC) is a deadly neurodege-
nerative disease often caused by mutation in a gene called
NPC1, which results in the accumulation of unesterified cho-
lesterol and glycosphingolipids in the endosomal–lysosomal
system. Most studies on the mechanisms of neurodegenera-
tion in NPC have focused on neurons. However, the possibil-
ity also exists that NPC1 affects neuronal functions indirectly
by acting on other cells that are intimately interacting with
neurons. In this study, using a heterotypic neuron-glia cocul-
ture system, we found that wild-type neurons cultured on a
layer of NPC12/2 astrocytes showed decreased neurite
growth compared with those cultured on wild-type astrocytes.
RT-PCR and immunohistochemical assessments showed sig-
nificantly lower expression of neurosteroid enzymes and
StAR (steroidogenic acute regulatory protein) in NPC12/2
astrocyte cultures than in wild-type cultures. Furthermore, a
reduced level of estradiol was measured from both astrocyte
culture medium and whole brains from NPC12/2 mice.
Administration of 17b-estradiol to neonatal NPC12/2 mice
significantly delayed the onset of neurological symptoms,
increased Purkinje cell survival, and extended the animals’
life span. Our findings suggest that astrocyte dysfunction
contributes to the neurodegeneration of NPC and estradiol
treatment may be useful in ameliorating progression of the
disease. VVC 2007 Wiley-Liss, Inc.

INTRODUCTION

Niemann-Pick disease type C (NPC) is an autosomal
recessive neurodegenerative disorder characterized by
intracellular accumulation of unesterified cholesterol
and gangliosides within the endosomal–lysosomal sys-
tem (Carstea et al., 1997; Walkley and Suzuki, 2004).
About 95% of cases of human NPC are caused by muta-
tions of the NPC1 gene. The neuropathology associated
with NPC1 dysfunction is characterized by distended
neurons, an accumulation of lipid storage bodies, the
presence of dendritic and axonal abnormalities, and
eventual neuronal loss (Sturley et al., 2004). To date,
although great progress has been made in characteriz-
ing the biochemical and genetic defects in this disease,

the pathways that lead from these defects to neurode-
generation are inadequately understood.

NPC12/2 disease is a defect in every cell in the body
with respect to cholesterol flux. Although all neurons in
the brain appear to accumulate lipids in this disorder,
the most striking and well-documented histological
change in NPC12/2 mice is the progressive loss of cere-
bellar Purkinje cells (PCs). However, stereotactic cell
counting revealed that glia in the corpus callosum have
a greater early reduction in number than PCs (48% for
glia versus 13% for PCs, at 3 weeks) (German et al.,
2001a). Furthermore, from the detection of NPC1 pro-
tein in astrocytic processes (Patel et al., 1999), NPC1
appears to play a role in vesicular trafficking in astro-
cytes (Suzuki et al., 2003), and immunohistochemical
staining of microglia and astroglia shows a morbid state
in NPC12/2 mice (Baudry et al., 2003; German et al.,
2001a,b; 2002). These results indicate that glial cells are
a major target for pathology in NPC12/2 mice.

Astrocytes, which constitute about one-half of the cells
in the human brain, have been long recognized as struc-
tural and metabolic support for neurons (Ullian et al.,
2004). Given the importance of neural-glial interactions
in the nervous system, glial dysfunction has been impli-
cated in ‘‘noncell-autonomous’’ degeneration in many
neurological diseases. Studies of amyotrophic lateral
sclerosis, Alzheimer disease, frontotemporal dementia,
multiple system atrophy, prion disease, and the polyglut-
amine disease spinocerebellar ataxia also implicate glial
cells, including astrocytes, oligodendrocytes, microglia,
and Bergmann glia, in the neurodegenerative processes
(Clement et al., 2003; Custer et al., 2006; Forman et al.,
2005; McGeer et al., 1993; Raeber et al., 1997; Yazawa
et al., 2005). However, whether glial cells contribute
to the neuropathology of NPC12/2 disease remains
unknown. In this article, we used a heterotypic neuron-
glia coculture system (wild-type neurons cultured on a
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layer of wild-type or NPC12/2 astrocytes) to answer
this question.

A recent study demonstrated that neurosteroid syn-
thesis is reduced in NPC12/2 mice and administration
of allopregnanolone increases life span and neuronal
survival (Griffin et al., 2004). However, the cell type
involved in this abnormal neurosteroidogenic capacity
was not identified. Neurosteroidogenesis is accomplished
by complex contributions from almost all cell types in
the brain. Astrocytes appear to be the most active cells
because they produce pregnenolone, progesterone, dehy-
droepiandrosterone, androstenedione, testosterone, es-
trone, and estradiol (Garcia-Segura and Melcangi, 2006;
Zwain and Yen, 1999). Combined with their numerical
density, astrocytes are considered the primary source of
neurosteroids in the brain. Neurosteroids are synthe-
sized from cholesterol in the CNS by means of a series
of enzymatic processes, using the pathway ‘‘cholesterol
fi pregnenolone fi dehydroepiandrosterone fi androste-
nedione fi testosterone fi estradiol’’ (Kawato, 2004).
Since decreases in pregnenolone, allopregnanolone, and
testosterone synthesis in NPC12/2 mice have been
reported (Griffin et al., 2004; Roff et al., 1993), the syn-
thesis of other neurosteroids such as estradiol may also
be disrupted. Experimental and clinical studies have
indicated that estradiol may influence memory, cogni-
tion, postural stability, fine motor skills, mood, and af-
fectivity (Garcia-Segura and Melcangi, 2006; MacLusky
et al., 2005; Yankova et al., 2001). In addition, estradiol
is protective against neurodegeneration and brain injury
(Henderson, 2006; Miller et al., 2001; Tsang et al., 2000)
and estrogen depletion in the brain is a significant risk
factor for developing Alzheimer’s disease (Yue et al.,
2005). In this study, we found that estradiol content was
decreased both in pure NPC12/2 astrocyte culture me-
dium and in NPC12/2 mouse brain, and in vivo studies
showed that estradiol replacement therapy alleviated
the symptoms of the NPC12/2 mouse phenotype. Com-
bined with the results from heterotypic neuron-glia co-
culture, our findings suggest that astrocytes play an im-
portant role in the neurodegeneration of NPC and estra-
diol treatment may be useful in ameliorating the
progression of the disease.

MATERIALS AND METHODS

All chemicals were from Sigma (St. Louis, MO) unless
otherwise noted.

BALB/c NPC1NIH Mice and Genotype Analysis

The use and care of animals followed the guidelines of
the Shanghai Institutes for Biological Sciences Animal
Research Advisory Committee. A breeding pair of BALB/
c NPC1NIH mice were obtained from Jackson Laborato-
ries (Bar Harbor, ME). These mice were bred to produce
normal (NPC11/1), heterozygous (NPC11/2), and
homozygous affected (NPC12/2) mice. DNA was isolated

from the tail tips of each mouse and PCR was performed
at the NPC1 locus using primer pairs as previously
described (Loftus et al., 1997).

Cell Culture

Primary cultures of astrocytes were prepared as
described previously (Yang et al., 2003). Briefly, astro-
cytes were prepared from cerebral cortex of NPC12/2 or
wild-type mice on postnatal day (P) 0, and cultured in a
75 cm2 flask in MEM (Invitrogen) with 10% FBS
(Gibco). After reaching confluence, the cells were shaken
and replated on poly-D-lysine-coated glass coverslips or
six-well plates. Astrocytes formed a confluent layer 2–3
days after replating and were ready for neuron cocul-
ture. Cortex from NPC12/2 or wild-type mice at P0
were dissociated and plated on a layer of primary astro-
cytes (wild-type or NPC12/2) and maintained in
DMEM medium (Invitrogen) containing 10% FBS and
10% F-12 (Invitrogen) for 24 h, then treated with cyto-
sine arabinoside (10 lM) to kill proliferating cells and
subsequently maintained in Neurobasal medium (Gibco)
with 2% B27 supplement (Life Technologies, Gaithers-
burg, MD) and 0.25% glutamine. In some experiments,
1 nM anastrozole (AstraZeneca Pharmaceuticals LP),
1 nM tamoxifen, or 10 nM 17b-estradiol were added.

RT-PCR Analysis

RT-PCR analysis of steroidogenic enzymes was per-
formed as described (Zwain and Yen, 1999). Briefly, pure
cultured NPC12/2 or wild-type astrocytes were homoge-
nized in 1 mL Trizol reagent (Invitrogen) and RNA was
isolated according to the manufacturer’s instructions.
Total RNA (5 lg) was reverse transcribed in independ-
ent duplicate reactions using Oligo(dT)20 primer and
SuperScript III reverse transciptase (Invitrogen). One
tenth of the RT reaction was used as a template for
amplification by PCR using PrimeSTAR HS DNA poly-
merase (Takara Biotechnology). Amplification was per-
formed in a GeneAmp PCR system 2700 (Applied Bio-
systems) with the following cycling parameters: initial
activation of the PrimeSTAR HS DNA polymerase at
94�C for 10 min, denaturation at 94�C for 45 s, anneal-
ing at 52.5, 55, or 60�C (optimal conditions were deter-
mined for each set of primers) for 45 s, and extension at
72�C for 1 min. A total of 35 cycles was used, followed
by a 10-min final extension at 72�C. The specific sense
and antisense oligonucleotide PCR primers were as fol-
lows: for cytochrome P450 side-chain cleavage (size: 342
bp), 50-acttccggtacttgggcttt-30 and 50-acctgggcaggtaatca-
cag-30; for 17a-hydroxylase/C17-20-lyase (360 bp), 50-
gtcacggtgggagacatctt-30 and 50-cataaaccgatctggctggt-30;
for 17b-hydroxysteroid dehydrogenase (346 bp), 50-gttat
gagcaagccctgagc-30 and 50-ttgtcctgacccggtttatc-30; for
cytochrome P450 aromatase (344 bp), 50-aacacgtctgg
tctcctgct-30 and 50-caccgtaagcaactgggttt-30; for 3a-hydrox-
ysteroid dehydrogenase (333 bp), 50-aagctttggagcactttcca-

1510 CHEN ET AL.

GLIA DOI 10.1002/glia



30 and 50-atggcattctacctggttgc-30; for 20a-hydroxysteroid
dehydrogenase (335 bp), 50-cgaagctttggtcaacttcc-30 and
50-atggcattctacctggttgc-30; for 5a-reductase type 1 (308
bp), 50-gaagcagggagcaatgagtc-30 and 50-tagcccaaaggaa-
gagcaaa-30; for 5a-reductase type 2 (388 bp), 50-act-
taacctggtggctggtg-30 and 50-cagtttggagacacccgttt-30; for
the steroidogenic acute regulatory protein (356 bp), 50-
gttcctcgctacgttcaagc-30 and 50-gaaacaccttgcccacatct-30;
and for actin (367 bp), 50-actgggacgacatggaaaag-30 and
50-gaaggaatagccacgctcag-30. PCR products were resolved
on 2% agarose gel, stained with ethidium bromide, and
visualized under UV light.

Filipin, Masson Trichrome, and Golgi Staining

Filipin staining followed the method described previ-
ously (Deisz et al., 2005). Briefly, astrocytes were fixed
for 10 min at room temperature in 4% paraformalde-
hyde, then incubated with 100 lg/mL filipin in PBS con-
taining 1% BSA for 1 h at room temperature. The cells
were examined with a cool-CCD camera (pixel size
6.7 lm, PCO SensiCam, PCO, Germany). Masson tri-
chrome and Golgi staining followed the protocols pub-
lished on the IHC World Website.

Immunostaining

Cultured cells or cerebellar slices were fixed with 4%
paraformaldehyde and permeabilized with 0.01% Triton,
then treatment with 10% BSA. Samples were stained over-
night at 4�C with one or two of the following antibodies:
mouse anti-bIII-tubulin (1:1,000; Promega), rabbit anti-cal-
bindin (1:1,000; Chemicon), rabbit anti-StAR (1:100;
Abcam). After washing to remove excess primary antibod-
ies, the samples were incubated for 1 h at room tempera-
ture with fluorescence-conjugated secondary antibodies
(Jackson Immunoresearch, West Grove, PA): anti-mouse-
IgG-FITC, anti-rabbit-IgG-Cy5, or anti-rabbit-IgG-FITC.
Excess antibody was removed and cells were imaged using
a confocal microscope (Olympus Fluoview 500 IX71).

Morphological Analysis

Cocultured neurons maintained for 1, 2, or 3 days in
the presence or absence of 1 nM anastrozole, 1 nM ta-
moxifen, or 10 nM 17b-estradiol were immunostained
with anti-bIII tubulin. The ratio of neurite number/cell
and total neurite length/cell were measured using Meta-
Morph software (Universal Imaging, West Chester, PA).
The length and the number of neuritis of PCs revealed
by Golgi staining were measured using ImageJ software
(National InstituteS of Health, USA).

Cholesterol and apoE Quantitation

Confluent NPC12/2 or wild-type astrocytes were
washed three times with HBSS, then serum free DMEM

was added and cells were incubated for 3 days. The me-
dium was collected and centrifuged at 1,000g for 10 min
to remove cell debris. The supernatant were used for cho-
lesterol analysis and apoE immunoblotting. The Amplex
Red cholesterol assay kit (Molecular Probes) was used to
assess cholesterol content in astrocyte culture medium.
Fluorescence was measured with a Packard FluoroCount
fluorometer with a 571/585-nm filter set. For apoE immu-
noblotting assay, the quantity of media used for SDS-
PAGE analyses was normalized to equivalent quantities
of proteins in the corresponding cell lysates, subjected to
12% SDS-PAGE under reducing conditions, and electro-
blotted to nitrocellulose membranes. The membranes were
blocked and incubated with mouse monoclonal apoE (at
1:1,000 dilution). The antibody was visualized with horse-
radish peroxidase-conjugated anti-mouse IgG (1:2,000) by
using the ECL kit (Pierce).

Neurosteroid Quantification

Neurosteroid concentrations were measured as
described previously (Amateau et al., 2004). Briefly, cul-
ture medium conditioned by NPC12/2 or wild-type astro-
cytes was collected at 5 DIV after replating for measure-
ment of estradiol and progesterone content. Whole brains
from NPC12/2 or wild-type mice (P60) rinsed in cold
saline were homogenized in RIPA buffer by mechanical
trituration. After keeping on ice for 30 min, lysates were
centrifuged at 14,000g and 4�C for 5 min, and the super-
natants were used for measurement. Neurosteroid levels
were determined by a competitive EIA method as de-
scribed previously (Hira et al., 1990). The procedures for
estradiol and progesterone followed the instructions in the
Microwell Estradiol EIA kit (sensitivity 10 pg/mL; Syn-
tron Bioresearch) and the Microwell Progesterone EIA kit
(sensitivity 200 pg/mL; Syntron Bioresearch). Protein lev-
els of cultured astrocytes and brains were quantified
using a bicinchoninic acid assay (Beyotime Biotechnology,
Haimen, China) at the same time.

Measurement of Plasma Liver Enzyme Activities

Plasma alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activities (U/L) were measured
by a commercial laboratory.

Estradiol Treatment

NPC12/2 mice received subcutaneous injections of 2
mg/kg or 20 mg/kg of 17b-estradiol in corn oil weekly
from P7; the concentrations of 17b-estradiol were 10 ng/
10 lL or 100 ng/10 lL.

Rota-Rod Performance Test

This test measures motor coordination and balance
(Zausinger et al., 2000). The apparatus consisted of a
rotating rod with a diameter of 3 cm and a nonslippery
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surface. The apparatus was turned on at the minimum
speed, the mice were positioned on the rotating rod, and
acceleration started immediately until 10 rpm was
reached. Three testing sessions were performed at 5 min
intervals. Results were expressed as the longest time
that a mouse remained on the treadmill. Mice were
tested every 5 days from P30.

Statistical Analysis

Data are presented as mean 6 SEM. Statistical compari-
sons were assessed with an ANOVA test or paired t-test
with SPSS software; P < 0.05 was taken as significant.

RESULTS
Inhibited Outgrowth in Neurons Co-cultured with

NPC12/2 Astrocytes

To determine whether astrocytes from NPC12/2 mice
also accumulate unesterified cholesterol, astrocytes de-
rived from wild-type and NPC12/2 mice were stained
with filipin, a dye that labels unesterified cholesterol.
The filipin stain revealed an intracellular, punctate pat-
tern of intense fluorescence in astrocytes from NPC12/2
mice, whereas in wild-type astrocytes the fluorescence
intensity was weak (Figs. 1A,B).

Astrocytes secrete many factors that support neuronal
structure and function (Christopherson et al., 2005;
Haydon, 2001; Mauch et al., 2001; Yang et al., 2003; Zhang
et al., 2003). To verify whether astrocytes from NPC12/2
mice play similar supportive roles, cortical neurons from
P0 wild-type mice were plated on a layer of primary astro-
cytes derived from wild-type or NPC12/2 mice. Staining
of neuronal marker bIII-tubulin showed that while neuritic
extension was evident at 48 h in those on the layer of wild-
type astrocytes, it was impaired in those on the layer of
NPC12/2 astrocytes (Figs. 1C,D). In addition, time-
dependent analysis indicated that neuritic extension and
sprouting were significantly suppressed by the NPC12/2
astrocyte layer, compared with the wild-type layer (Figs.
1E,F). Furthermore, when NPC12/2 neurons were co-
cultured with wild-type astrocytes, the neurite length and
the neurite number observed at 72 h (171.17 6 10.93 lm/
cell and 2.91 6 0.09/cell, respectively) were significantly
increased (P < 0.01 and P < 0.05, respectively, t-test, n 5
150), as compared with the same NPC12/2 neurons cul-
tured with NPC12/2 astrocytes (151.57 6 5.98 lm/cell
and 2.78 6 0.07/cell, respectively). These resultes indicate
that NPC12/2 astrocytes are not able to supply sufficient
neurotrophic factors for neuronal growth.

Release of Cholesterol and apoE from Astrocytes
was not Affected by NPC1 Deficiency

Defective trafficking of intracellular cholesterol is a
major characteristic in NPC12/2 disease. Since astro-
cytes-derived cholesterol has been reported to play im-

portant role in neuronal outgrowth, synaptogenesis, and
synaptic plasticity (Hayashi et al., 2004; Koudinov and
Koudinov, 2001; Mauch et al., 2001), it is possible that a
defect in cholesterol and/or lipoprotein production by
NPC12/2 astrocytes contribute to the impaired support
for neuronal outgrowth. To determine whether or not
the release of cholesterol depended on NPC1 genotype,
we compared the release of cholesterol from wild-type
and NPC12/2 astrocyte cultures. The amount of choles-
terol in the medium of NPC1-/- astrocytes was not sig-
nificantly different from that in wild-type astrocytes

Fig. 1. Accumulation of unesterified cholesterol and impaired sup-
porting function for neuronal outgrowth in NPC12/2 astrocyte culture.
(A, B) Astrocytes isolated from NPC12/2 (A) and wild-type (B) stained
with filipin at 7 DIV. (C, D) Wild-type (WT) neurons cocultured with
NPC12/2 astrocytes (C) and wild-type astrocytes (D) at 48 h. Neurons
stained with bIII-tubulin. Bar, 10 lm. (E, F) Summary of the average
total neurite length (E) and neurite number (F) in two different cul-
tures. n 5 400 cells for each group. ‘‘*’’ P < 0.05, as compared with
wild-type group. (G) The cholesterol concentration in the cultured me-
dium collected from wild-type (WT) and NPC12/2 astrocyte cultures.
Results are means 6 SEM for three independent experiments. (H) The
example immunoblot of secreted apoE in the cultured medium of wild-
type (WT) and NPC12/2 astrocyte cultures. The data are representa-
tive of three independent experiments with similar results.
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(Fig. 1G). Furthermore, the amounts of apoE in the me-
dium of NPC12/2 astrocyte cultures estimated by west-
ern-blot was also not significantly different from that in
wild-type astrocyte cultures (Fig. 1H). These results
were consistent with the previous reports (Karten et al.,
2005; Mutka et al., 2004; Suresh et al., 1998).

Estradiol Deficiency in Culture Medium of
NPC12/2 Astrocytes

A noteworthy advance in NPC research was the finding
that the NPC12/2 mouse contains substantially lower
neurosteroid than the wild-type does (Gevry et al., 2004;
Griffin et al., 2004; Roff et al., 1993). Since astrocytes are
a major source of neurosteroid, we next examined
whether NPC12/2 astrocytes are deficient in neuroste-
roid synthesis. The gene expression of various neuroste-
roid synthetic enzymes was determined by RT-PCR. A
dramatic decrease in 17a-hydroxylase/C17-20-lyase (P450c)
and the steroidogenic acute regulatory protein (StAR) and
a moderate decrease in cytochrome P450 aromatase
(P450a) were found in astrocyte cultures derived from
NPC12/2 mice (Fig. 2A) Furthermore, immunostaining
of StAR, a key cholesterol transport protein required for
the synthesis of pregnenolone, also showed a significant
decreased expression in NPC12/2 astrocyte cultures
(Fig. 2B). These results suggest that neurosteroid synthe-
sis is disrupted in NPC12/2 astrocytes.

Because the P450a is the rate-limiting enzyme in
estrogen synthesis, we then measured the estradiol in
medium conditioned by wild-type and NPC12/2 astro-
cytes. We found that the estradiol content in NPC12/2
astrocyte medium was 72% of that in wild-type medium
(Fig. 2C), suggesting that estradiol deficiency in the cul-
ture medium of NPC12/2 astrocytes may be responsible
for their abnormal role in supporting neuronal out-
growth. To explore this possibility, we added tamoxifen,
an estrogen receptor antagonist, and anastrozole, a spe-
cific inhibitor of P450a, to the culture medium and used
17b-estradiol as a positive control. The difference in
neurite outgrowth between NPC12/2 and wild-type cul-
tures disappeared after adding tamoxifen, anastrozole,
or 17b-estradiol (Figs. 2D,E), consistent with the idea
that estradiol deficiency in NPC12/2 astrocytes results
in inhibited neuronal outgrowth. Furthermore, applica-
tion of 17b-estradiol significantly increased the neurite
length in the wild-type group (Fig. 2D), suggesting that
the basal levels of estradiol in wild-type cultures may be
not saturated in stimulating neurite growth.

Estradiol Treatment Improved Behavioral
Deficiencies in NPC12/2 Mice

We found that the content of progesterone and estradiol
in the whole brain were significantly decreased in
NPC12/2 mice (Fig. 3A). We thus next verified whether
replacement of 17b-estradiol can alleviate some neurode-
generative features in NPC12/2 mice. As shown in Figs.
3B and C, two dose of replacement of 17b-estradiol signifi-

cantly increased the lifespan of NPC12/2 mice. The
untreated NPC12/2 mice had their maximal body weight
approximately at 40 days (15.7 6 2.1 g) and begin to loss
their weight quickly afterward (Fig. 3D). Two doses of
treatment with 17b-estradiol delayed the time starting to
loss weight (50 days in treated mice vs. 45 days in
untreated group) and attenuated the severity of weight
loss estimated during 45–55 days. Furthermore, the loco-
motor function and motor coordination of NPC12/2 mice,
estimated by the rota-rod test, were significantly im-
proved by the treatment with 17b-estradiol (Fig. 3E).
Tremors were first detected at 62.3 6 0.4 days in 17b-es-
tradiol-treated mice, significantly delayed as compared
with 51.2 6 0.5 days in untreated mice (P < 0.01, n 5
15). There was no difference in survival, locomotor func-
tion, or motor coordination between male and female mice
receiving 17b-estradiol treatment (data not shown). Thus,
17b-estradiol treatment significanly improved behavioral
deficiencies in NPC12/2 mice.

Fig. 2. Deficiency in estradiol synthesis in NPC12/2 astrocyte cul-
ture contributes to the impaired neurite growth. (A) RT-PCR analysis
of steroidogenic enzymes, cytochrome P450 side-chain cleavage (P450s),
17a-hydroxylase/C17-20-lyase (P450c), cytochrome P450 aromatase
(P450a), 3a-hydroxysteroid dehydrogenase (3aH), 20a-hydroxysteroid
dehydrogenase (20aH), 5a-reductase type 1 (5a1R), 5a-reductase type 2
(5a2R), 17b-hydroxysteroid dehydrogenase (17bH), and the steroido-
genic acute regulatory protein (StAR) in astrocyte cultures from the
cerebral cortex of the neonatal wild-type (W) and NPC12/2 (N) brain.
M is a DNA size marker. (B) Left, immunostaining of StAR in the two
types of astrocyte cultures. Bar, 10 lm. Right, average fluorescence in-
tensity of immunostaining StAR in NPC12/2 astrocytes was normal-
ized with those in wild-type (n 5 4 experiments for each group). ‘‘*’’ P
< 0.05, as compared with wild-type group. (C) Elisa measurement of es-
tradiol content in astrocyte culture medium conditioned by the two
groups (n 5 5 experiments for each group). ‘‘*’’ P < 0.05, as compared
with wild-type group. (D,E) Summary of average total neurite length
(E) and neurite number (F) of neurons co-cultured with wild-type (WT)
and NPC12/2 astrocytes under different treatments. Con, untreated;
Anast, anastrozole; Tamo, tamoxifen; Estra, 17b-estradiol. n 5 200 cells
for each group. Broken line represents the averaged value obtained
from untreated neurons co-cultured with wild-type astrocytes. ‘‘*’’ P <
0.05, as compared with wild-type group.
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Estradiol Promoted Purkinje Cell Survival

Cerebellar neuronal loss was a prominent phenom-
enon in NPC12/2 mice. We found that 17b-estradiol (20
mg/kg, weekly from P7) treatment improved the survival
of cerebellar neurons. Untreated NPC12/2 mice had
fewer Purkinje cells (PCs) (identified as anti-calbindin
positive immunostaining, Figs. 4A,B) and granule cell
(identified as calbindin-negative and bIII-tubulin-
positive immunostaining, Fig. 4B) than wild-type mice,
with the greatest loss of PCs occurring in cerebellar
lobes 1–7 (Fig. 4C). Estradiol treatment was most effec-
tive in promoting PCs survival in lobes 3–9 (P < 0.05 or
P < 0.01; Fig. 4C). Furthermore, Golgi staining showed
that the survived PCs in NPC12/2 mice had shorter
neurite and fewer branches than wild-type PCs did,
while 17b-estradiol treatment partially rescued the defi-
ciency in the neurite outgrowth (Fig. 5).

Estradiol Treatment had no Effect on the Liver
Disorder in NPC12/2 Mice

Although estradiol treatment in NPC12/2 mice signif-
icantly rescued cerebellar neuronal loss and outgrowth
deficiency (Figs. 4 and 5) and improved locomotor func-

tion and motor coordination (Fig. 3E), it only increased
life longevity moderately (Figs. 3B,C). Because patholog-
ical change in the liver of NPC12/2 mice is another le-
thal factor, we then determined whether estradiol treat-
ment rescued the liver disorder in NPC12/2 mice. We
found that treatment with 17b-estradiol (20 mg/kg,
weekly from P7) did not prevent the increases in the rel-
ative liver weight (Fig. 6A) or the plasma level of liver
enzyme activity of ALT (Fig. 6B) and AST (Fig. 6C) in
the NPC12/2 mice estimated at either 40 or 60 days of
age. Moreover, histological examination of the liver by
Masson staining at 60 days of age did not reveal signifi-
cant improvement of pathological changes in NPC12/2
mice treated with estradiol (Figs. 6D,E). Large numbers
of foamy macrophages were seen within the livers from
both untreated and estradiol-treated NPC12/2 mice.
Above all, these evidences indicated that estradiol treat-
ment had no effect on liver pathology in NPC12/2 mice.

DISCUSSION

In most neurodegenerative diseases, neuronal loss can
be attributed to cell-autonomous versus noncell-autono-
mous factors; however, for NPC12/2 disease, there have
been inconsistent statements about the reasons for

Fig. 3. Effects of 17b-estradiol (E2) injections on progression of
NPC12/2 symptoms. (A) Elisa measurement of progesterone and estra-
diol content in wild-type and NPC12/2 mouse brain (n 5 6 mice for
each group). ‘‘*’’ P < 0.05, as compared with wild-type group. (B) Aver-
age lifespan of NPC12/2 mice with or without 17b-estradiol (E2) treat-
ment (2 mg/kg or 20 mg/kg, subcutaneous injection weekly from P7). N
5 15 mice for each group ‘‘*’’ P < 0.05, as compared with untreated
group (Oneway ANOVA test). (C) Kaplan-Meier survival curves for dif-

ferent group mice as shown in (B). (D) Normalized body weight loss in
NPC12/2 mice with or without 17b-estradiol treatment. Data were
normalized with the body weight of the same mouse at 40 days of age.
‘‘*’’ P < 0.05, as compared with untreated group at the same age. (E)
Rota-rod test assessed for NPC12/2 mice with or without 17b-estradiol
treatment. ‘‘*’’ P < 0.05, as compared with untreated group at the same
age.
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neuronal death. Ko et al. constructed genetically mosaic
mice in which some cells had mutant NPC1 and some
had normal NPC1 function. In the cerebella of these
mosaic mice, PCs lacking NPC1 continued to die even
when surrounded by normal cells, while normal PCs
appeared unaffected by their partially mutant surround-
ings. From these findings, it was concluded that the
neurodegeneration is due to a problem within the PCs
themselves and not due to a lack of supporting factors
provided by other cells or an extrinsic toxic or inflamma-
tory insult (Ko et al., 2005). However, another study
found that the loss of PCs was prevented in NPC12/2,
Tg(NPC1) mice, in which the expression of a wild-type
murine NPC1 gene under the control of the mouse prion
promoter was introduced into NPC12/2 mice (Loftus
et al., 2002). Since PCs lack transgene expression of
mouse prion promoter construct (Garden et al., 2002; La

Spada et al., 2001; Schilling et al., 1999), the improved
PC loss in NPC12/2, Tg(NPC1) mice under the control
of the mouse prion promoter (Loftus et al., 2002) sug-
gests involvement of noncell-autonomous causes for neu-
ronal death in NPC12/2 disease. Consistent with this
idea, we found that dysfunction in astrocytes is involved
in the neurodegeneration in this disease.

We found that StAR expression was markedly de-
creased in NPC12/2 mouse astrocytes (Fig. 2B). StAR
is a key element in the rate-limiting step of steroid hor-
mone biosynthesis. It regulates cholesterol delivery to
the P450scc enzyme located in the inner mitochondrial
membrane (King et al., 2002), which converts cholesterol
to pregnenolone, a precursor of steroids (Lambeth et al.,
1987). Mutations in the StAR gene have been shown to
underlie lipoid congenital adrenal hyperplasia, a disor-
der leading to a dramatic congenital deficiency in all ste-
roid hormones (Cherradi et al., 2001; Lin et al., 1995).
In contrast, mitochondria are known to be important for
sterol metabolism (Miller, 1995) and mitochondrial dys-
function in NPC12/2 mouse astrocytes has also been

Fig. 4. Cerebellar histology examined at P60 from wild-type,
NPC12/2 mice with or without treatment of 17b-estradiol (20 mg/kg,
weekly from P7). (A) Immunostaining with calbindin (Purkinje cell
marker, red). Enlargements of the boxed regions are shown in lower
panels. Scale bars, 100 lm. (B) Immunostaining with calbindin (red,
upper) and bIII-tubulin (neuronal marker, green). Scale bars, 100 lm.
(C) Number of calbindin-immunopositive neurons determined in each
cerebellar lobe in wild-type, NPC12/2, and NPC12/2 mice treated
with 17b-estradiol. All Purkinje cells in five sections at least 100 lm
apart were counted for each mouse. Data are presented as the percent-
age of the number of Purkinje cells in wild-type mice (the broken line).
N 5 10 sections from two mice in each group, *P < 0.05; **P < 0.01.

Fig. 5. Neurite outgrowth of cerebellar Purkinje cells revealed by
Golgi staining at P60 in NPC12/2 mice with or without treatment of
17b-estradiol (20 mg/kg, weekly from P7). (A, B) Example images of
Golgi staining of Purkinje cells in wild type and NPC12/2 mice. Note
the shorter neurites and fewer branches of the survived Purkinje cells
in NPC12/2 mice and the partial rescue of the abnormal morphology
by treatment with 17b-estradiol. Enlargements of the boxed regions in
(A) are shown in B. Scale bars, 100 lm. (C) The projection images
showed by Golgi staining in B were semi-automatically traced and
quantified with NIH ImageJ using the NeuronJ plugin. (D, E) Sum-
mary of the averaged total neurite length and neurite number of Pur-
kinje cells as analyzed in (C) (n 5 100 cells, 10 sections from two mice
in each group, *P < 0.05).
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reported (Huang et al., 2006; Yu et al., 2005). Consistent
with these reports, we found the estradiol content
decreased 28% in medium conditioned by NPC12/2
mouse astrocytes. The content of progesterone and estra-
diol in the NPC12/2 mouse brain were also decreased
15% and 29% respectively.

Estradiol exerts widespread and important regulatory
functions in the brain. We found that decreased estra-
diol secretion by astrocytes from NPC12/2 mice was the
crucial factor in impairment of support for neuronal out-
growth (Fig. 1). Thus, in the presence of 17b-estradiol,
P450a inhibitor anastrozole, or estrogen receptor antago-
nist tamoxifen, no significant difference was observed
for the neurite growth rate between neurons co-cultured
with wild type astrocytes and those with NPC12/2
astrocytes (Figs. 2D,E), indicating that decreased estra-
diol secretion from astrocytes contributes to the develop-
ment of NPC12/2 disease.

An assessment of the clinical phenotype of NPC12/2
mice and the rota-rod test revealed that estradiol treat-
ment markedly delayed weight lost, tremors and ataxia
(Fig. 3). Histochemical staining showed that estradiol
treatment not only rescued PCs from death but also main-
tained their normal morphology (Figs. 4 and 5). We found
surprisingly that although the clinical phenotypes were
significantly improved, survival was only extended moder-
ately. It is possible that other lethal pathological changes
are not ameliorated by this treatment. More recent clini-
cal information suggests that serious liver, spleen, and
pulmonary disease are also important in NPC12/2 dis-
ease, as in the phenotypes of Niemann-Pick A and B
(Beltroy et al., 2005; Erickson et al., 2005; Schofer et al.,
1998). Liver plays the key role in the clearance of circulat-

ing cholesterol carried in lipoproteins and so manifests
the highest rate of sterol accumulation in both the human
and mouse with a mutation in NPC1 (Goldin et al., 1992;
Xie et al., 1999). NPC12/2 mice develop significant hepa-
tomegaly that reaches 8% of body weight at 5–6 weeks of
age. This increase in liver size is associated with a linear
increase in cholesterol content and with accumulation of
amorphous cellular inclusions in both hepatocytes and
macrophages and can be fatal before the onset of neuro-
degeneration (Beltroy et al., 2005; Erickson et al., 2005;
Loftus et al., 2002). Our result that estradiol treatment
did not ameliorate the liver pathogenesis in NPC12/2
disease (Fig. 6) may explain the limited effect of estradiol
treatment on the survive length of NPC12/2 mice.

In summary, we found that astrocytes play an im-
portant role in the development of NPC12/2 disease
and estradiol replacement therapy can ameliorate the
NPC12/2 phenotype in the brain. Since NPC12/2 dis-
ease is a syndrome that is not only deleterious to brain,
but also particularly pronounced in liver and spleen,
effective treatment approaches should also consider how
to restore function in organs other than the brain.
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