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ABSTRACT
Niemann-Pick type C disease (NP-C) is a fatal neurodegenerative disorder caused by a deficiency in
the function of the NPC1 gene. Malfunction of this gene/protein leads to progressive accumulation
of unesterified cholesterol and sphingolipids in many organs, including the brain. To date, drugs
that target pivotal stages in the pathogenic cascade have been tested as monotherapies or in
combination with a second agent, showing additive benefits. In this study, we have investigated
the effects of combining centrally and systemically administered therapies in a mouse model of
NP-C, i.e. overexpression of brain-specific vascular endothelial growth factor (VEGF) in
combination with systemic administration of 2-hydroxypropyl-β-cyclodextrin (CD). We found that
animals treated using a combination of VEGF and CD showed an improvement in
pathophysiology compared to those treated with CD alone or brain VEGF overexpression alone,
or non-treated NP-C mice. Combination therapy increased the time period over which NP-C mice
maintained their body-weight and motor function, and decreased the abnormal accumulation of
lipids. In addition, combination therapy delayed the onset of Purkinje cell loss and reduced
neuroinflammation. Taken together, our results demonstrate that combination therapy using
VEGF and CD is a promising therapeutic modality for treating NP-C, and suggest that it
represents a potential strategy for the treatment of diseases that cause both visceral and brain
pathologies.
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Introduction

Niemann-Pick type C disease (NP-C) is a neurovisceral
autosomal recessive lysosomal storage disease caused
by mutations in the NPC1 gene. Defects in NPC1
protein result in abnormal intracellular trafficking of
cholesterol and accumulation of unesterified cholesterol
and sphingolipids, such as sphingomyelin and sphingo-
sine, in late endosomes/lysosomes (Vanier and Millat
2003; Lee et al. 2014). Patients with this fatal disease
initially develop an ataxic gait and motor dysfunction,
typically preceded by vertical gaze palsy and organome-
galy, and later develop seizures and dementia. Neurode-
generation, characterized by patterned loss of cerebellar
Purkinje cells (PNs) and neuroinflammation (Sarna et al.
2003), is also a feature of NP-C.

A number of experimental disease-specific therapies,
based on the molecular pathophysiology of NP-C, have
been tested in cell culture and genetic animal models.
Several groups have demonstrated the ability of either

centrally or systemically administered therapies alone
to reduce the pathophysiology of NP-C (Mellon et al.
2008; Liu et al. 2009; Lee et al. 2010; Wraith et al. 2010).
For example, our group demonstrated improvements
using histology, with corresponding improvements in
neurological function and life span, following bone
marrow-stem cell transplantation into the brains of NP-
C mice (Lee et al. 2010). Systemically administered thera-
pies have also been found to reduce lysosomal storage in
visceral organs, and delay disease progression (Mellon
et al. 2008). Long-term treatment with Miglustat has
been shown to stabilize neurologic disease, and is well
tolerated in adult and juvenile patients with NP-C
(Wraith et al. 2010). 2-Hydroxypropyl-β-cyclodextrin
(CD) is being studied as an emerging therapy. It chelates
cholesterol and has therefore been proposed as a poten-
tial therapy for NP-C (Liu et al. 2009); however, it does not
cross the blood–brain barrier (BBB) (Pontikis et al. 2013).
Therefore, systemic delivery primarily benefits the liver
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and other organs of the body cavity, whereas therapies
that act on the pathophysiology in the brain are
needed in order to see substantial neurological improve-
ments. Recently, we have shown that the activity of vas-
cular endothelial growth factor (VEGF) is reduced in NP-C
cells, including neurons, and this causes the accumu-
lation of sphingosine that results in the loss of PNs.
Increase of VEGF levels in the brain improved the patho-
physiology of NP-C by increasing the survival of PNs,
motor function, and lifespan, even though the primary
genetic defect is not corrected (Lee et al. 2014).

Based on these concepts and findings, we tested the
effects of using a combination of central and peripheral
therapies, that is, overexpressing brain-specific VEGF and
systemically injecting CD. Here we show for the first time
that the effects of combination therapy using VEGF and
CD are superior to either central or systemically adminis-
tered therapies alone on all disease aspects, such as life-
span, PN survival, motor function, lipid correction, and
neuroinflammation. We suggest that this combination

therapy may provide important new opportunities for
the treatment of NP-C.

Materials and methods

Animals

A colony of BALB/c Npc1nih mice was established for this
study by brother-sister mating of heterozygous animals.
Polymerase chain reaction was performed to determine
the genotype of each mouse (Lee et al. 2014). Transgenic
mice overexpressing VEGF (Wang et al. 2005) in the brain,
under the control of neuron-specific promoters, were
bred with NP–C mice to generate VEGF/NP–C (VEGFtg/
Npc1-/-) mice. Starting at P7 and weekly thereafter,
mice were given a subcutaneous injection of cyclodex-
trin (CD, 4000 mg/kg; H107, Sigma Aldrich, St. Louis,
MO). The timeline of the experiment is outlined in
Figure 1A. We chose a block randomization method to
allocate the animals to experimental groups. To

Figure 1. Effect of combination therapy on survival, body weight, and motor function in NP-C mice. (A) Experimental design to deter-
mine the effect of combination therapy on NP-C. (B) Survival curve of WT and NP-C mice in each treatment group (n = 10–12 per
group). (C) Average body-weights of WT and NP-C mice in each treatment group according to age (n = 10–12 per group). (D)
Rotarod scores of WT and NP-C mice in each treatment group (n = 10–12 per group). (E) Beam test of WT and NP-C mice in each treat-
ment group. Left, 12-mm square beam. Right, 6-mm square beam (n = 10–12 per group). One-way ANOVA followed by Tukey’s post hoc
test. *P < 0.05, **P < 0.01. All error bars indicate s.e.m.
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eliminate bias, we were blinded at experimental points
such as data collection and data analysis. Mice were
housed on a 12 h light–dark cycle with free access to
tap water and food pellets. Mouse studies were
approved by the Kyungpook National University Insti-
tutional Animal Care and Use Committee.

Behavioral tests

Behavioral studies were performed to assess the balance
and coordination of mice by measuring the amount of
time the animal was able to remain on a longitudinally
rotating rod. Briefly, the Rotarod apparatus (accelerating
model 47600; Ugo Basile, Comerio, Italy) was set to an
initial speed of 4 rpm, and the acceleration was
increased by 32 rpm every 25–30 s. The latency to fall
was measured in each trial up to 5 min. Scores were
registered every seven days, and three independent
tests were performed for each measurement. Motor
coordination, balance, and hindlimb placement were
evaluated by assessing the ability of mice to traverse
two types of balance beams to reach a safety platform.
Each mouse was tested for its ability to traverse two
different styles of 41 cm long scored Plexiglas beams.
One was 12 mm in diameter, and the other was 6 mm
wide. Beams were placed horizontally 50 cm above a
table. The time taken to traverse each beam was
recorded for each trial with a 60 s maximum cutoff,
and falls were scored as 60 s. Scores were registered
every seven days.

Immunofluorescence staining

For immunofluorescence staining, brain sections were
blocked with phosphate buffered saline (PBS) containing
5% normal goat serum (Vector Laboratories), 2% bovine
serum albumin (BSA; Gibco) and 0.4% Triton X-100
(Sigma-Aldrich). Sections were then incubated for 24 h
with primary antibodies in the same buffer solution.
The following primary antibodies were used: anti-calbin-
din (rabbit, diluted 1:500; Chemicon, ab82812) and anti-
glial fibrillary acidic protein (GFAP, rabbit, diluted 1:500;
DAKO). For visualization, sections were incubated with
secondary antibodies for 2 h at room temperature fol-
lowed by PBS washing. Alexa Fluor 488-conjugated
goat anti-rabbit IgG (diluted 1:1,000; Molecular Probes,
Carlsbad, CA) was used as a secondary antibody. The sec-
tions were analyzed with a laser scanning confocal
microscope equipped with Fluoview SV1000 imaging
software (Olympus FV1000) or with an Olympus BX51
microscope. Metamorph software (Molecular Devices)
was used to calculate the average intensities.

Lipid extraction and sphingosine/sphingomyelin
quantification

Samples were lysed in a homogenization buffer contain-
ing 50 mM HEPES (Gibco), 150 mM NaCl (Sigma-Aldrich),
0.2% Igepal (Sigma-Aldrich) and protease inhibitors (Cal-
biochem). To quantify sphingosine and sphingomyelin
levels, the dried lipid extract was resuspended in 0.2%
Igepal CA-630. Four microliters of the lipid extract was
added to 20 μl of a naphthalene-2, 3-dicarboxyaldehyde
(NDA) derivatization reaction mixture (25 mM borate
buffer, pH 9.0, containing 2.5 mM each of NDA and
NaCN). The reaction mixture was diluted with ethanol
in a 1:3 ratio, incubated at 50°C for 10 min, and centri-
fuged (13,000 g for 5 min). An aliquot (30 μl) of the
supernatant was then transferred to a sampling glass
vial and 5 μl was applied to an ultra performance liquid
chromatography (UPLC) system for analysis. The fluor-
escence was measured using a model 474 scanning
fluorescence detector (Waters). Quantification of sphin-
gosine and sphingomyelin peaks was carried out by cal-
culation against the sphingosine and sphingomyelin
standard calibration curves using Waters Millennium
software.

Amplex red assay

The cerebellum, liver, lung, kidney, and spleen were
lysed with lysis buffer (50 mM phosphate buffer,
500 mM NaCl, 25 mM cholic acid and 0.5% Triton X-
100). Unesterified cholesterol was measured using the
Amplex Red Cholesterol Assay Kit (Molecular Probes)
according to the manufacturer’s instructions. After incu-
bation for 30 min at 37°C, fluorescence intensities were
measured on a microplate reader (Molecular devices)
equipped with a filter set for excitation and emission at
560 ± 10 nm and 590 ± 10 nm, respectively. The choles-
terol content of the samples was calculated by measure-
ment against a cholesterol standard curve. Cellular
cholesterol content was normalized to protein content.

Filipin staining

Sections of the cerebellum, liver, lung, kidney, and spleen
were fixed with 4% paraformaldehyde for 15 min,
washed with PBS and incubated for 30 min with
100 μg ml−1 filipin (Polysciences) in PBS. The sections
were washed twice with PBS for 5 min. Images of filipin
labeling were obtained using a laser scanning confocal
microscope and an Olympus BX51 microscope. Meta-
morph software was used to calculate the average
intensities.
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Statistical analysis

Results are expressed as mean ± standard error of the
mean (s.e.m.). Differences between group means were
tested for significance using a one-way analysis of var-
iance (ANOVA), followed by a Tukey’s honestly significant
difference (HSD) post hoc test. Statistical differences
between survival curves of groups were determined
using a log-rank test. All statistical analyses were per-
formed using SPSS statistical software (SPSS, version
17.0). Differences with a P < 0.05 were considered to be
statistically significant.

Results

Combination therapy using brain-specific VEGF
overexpression and systemic administration of
CD improves survival and motor function in NP-C
mice

To examine the therapeutic effects of VEGF, CD and a
combination of these, we compared wild type (WT),
NP-C, VEGFtg (Wang et al. 2005)/NP-C (VEGFNP-C), CD-
treated NP-C (NP-C/CD) and CD-injected VEGF/NP-C
mice (VEGF/NP-C/CD) (Figure 1A). Untreated NP-C mice
have an acute clinical course and die by 8–9 weeks of
age, with a mean survival time of 60 days. Mean lifespan
was slightly extended by VEGF overexpression or CD
injection alone (mean survival time: VEGF/NP-C = 66
days; NP-C/CD = 68 days), representing an increased life-
span of approximately one week in each case. Combi-
nation therapy extended the lifespan more than either
therapy alone, and showed an additive benefit, with a
48.5% increase in lifespan above that of the untreated
NP-C group (mean survival time: VEGF/NP-C/CD = 89
days; Figure 1B). Another indicator of therapeutic effect
in NP-C mice is the maintenance of body-weight. Typi-
cally, the body-weights of NP-C mice plateau at 6–7
weeks of age, and then progressively decline. Untreated
NP-C, VEGF/NP-C, and NP-C/CD mice showed a precipi-
tous weight loss beginning at 7–8 weeks of age, while
CD-treated VEGF/NP-C mice gradually lost weight start-
ing at 9 weeks of age (Figure 1C).

Next, we assessed the motor function/coordination of
mice using the Rotarod test. NP-C mice showed a signifi-
cant decrease in motor function/coordination with age.
This was improved by treatment with CD, but was not
improved in VEGF/NP-C mice. When compared with
other groups, CD-treated VEGF/NP-C mice showed a
loss of motor function/coordination that occurred signifi-
cantly later than in other groups (Figure 1D). Limb
coordination and balance were also measured using
the balance beam test. NP-C mice took longer to traverse

the beams compared with age-matched WTmice. Similar
to the Rotarod results, NP-C/CD mice showed an
improvement in limb coordination and balance, but
this effect was not seen in VEGF/NP-C mice. An enhance-
ment of this effect was observed in CD-treated VEGF/NP-
C mice (Figure 1E), indicating the therapeutic synergy of
combination therapy.

Combination therapy delays PN loss and
ameliorates neuroinflammation in NP-C mice

Since the degeneration of PNs is generally seen in NP-C
brain pathology, we quantified PN survival in each of the
therapeutic groups. There was limited survival of PNs in
the cerebellum of untreated NP-C mice. An increase in
the number of PN cells was observed in VEGF/NP-C
and NP-C/CD mice (Figure 2A). Remarkably, combination
therapy resulted in a high level of neuroprotection when
compared with the other groups (Figure 2A). Another
feature of brain pathology in NP-C mice is excessive
inflammation. To investigate whether combination
therapy affects neuroinflammation, we examined astro-
cytic activation in NP-C mice using GFAP staining. Astro-
cytic activation was significantly higher in the brains of
NP-C mice compared to WT mice, but was decreased in
the brains of VEGF/NP-C, NP-C/CD and CD-treated
VEGF/NP-C mice (Figure 2B). The greatest reduction in
astrocytic activation was observed in CD-treated VEGF/
NP-C mice (Figure 2B). Taken together, our results indi-
cate that combination therapy has synergistic effects
on neuroprotection in NP-C mice.

Combination therapy reduces abnormal
sphingolipid and cholesterol accumulation in NP-
C mice

To examine whether genetically increasing brain VEGF
expression and systemic treatment with CD affects
sphingolipid levels in NP-C mice, we analyzed samples
derived from the cerebellum, liver, lung, kidney, and
spleen of mice. Compared with WT mice, NP-C mice
had significantly increased levels of sphingosine and
sphingomyelin in all organs (Figure 3). There was com-
plete improvement of sphingolipid storage in all of the
visceral tissues examined from NP-C/CD and CD-treated
VEGF/NP-C mice. In contrast, animals overexpressing
VEGF in the brain showed a slight decrease in sphingoli-
pid levels when compared with NP-C mice (Figure 3). The
sphingolipid levels in the combination therapy group
showed a global reduction to WT levels (Figure 3), indi-
cating that VEGF enhances the decrease in sphingolipids
induced by systemic administration of CD. Similar to
sphingosine and sphingomyelin, unesterified cholesterol
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levels were also significantly increased in NP-C mice.
However, unesterified cholesterol levels were found to
be decreased in NP-C/CD, VEGF/NP-C and CD-treated
VEGF/NP-C mice, and the magnitude of the reduction
was greater in CD-treated VEGF/NP-C mice than other
groups (Figure 4), showing a beneficial effect of combi-
nation therapy. Decreases in cholesterol levels following
the overexpression of VEGF in the brain, systemic admin-
istration of CD or combination therapy were further
confirmed by filipin staining (Figure 5). Together, our
data indicate that combination therapy has a synergistic
effect on reducing sphingolipid and cholesterol accumu-
lation in NP-C mice.

Discussion

NP-C is a highly complex lipid storage disorder that leads
to progressive deterioration of the nervous system and
multiple organ systems in the body (Vanier 2010; Ottin-
ger et al. 2014). The symptoms of NP-C that present in
early childhood include ataxia, seizures, progressive
loss of motor function followed by reduced weight

gain, cognitive decline, and premature death (Ottinger
et al. 2014). The main pathological feature observed in
patients with NP-C is the accumulation of cholesterol
and sphingolipid in their visceral organs, and also in
the brain (Lloyd-Evans et al. 2008). Thus, NP-C has both
central nervous system (CNS) and visceral pathologies.
Current therapeutic designs use either CNS therapy for
the brain or systemic treatments for visceral organs.
The therapeutic approach of using CD has been shown
to dramatically ameliorate disease symptoms in NPC1
mutant mice (Davidson et al. 2009; Lopez et al. 2014).
Intraperitoneal injection of CD decreases cholesterol
storage in the liver and causes a slight delay in neurologi-
cal symptoms in NP-C mice; however, the BBB has been
shown to be practically impermeable to CD (Camargo
et al. 2001). In addition, systemic administration of Miglu-
stat, allopregnanolone, ibuprofen, and curcumin have
shown positive effects in improving the pathophysiology
of NP-C (Hovakimyan et al. 2013; Maass et al. 2015).
Recently, we have shown that intracerebellar injections
of bone marrow stem cells or brain-specific VEGF overex-
pression can improve the pathophysiology of NP-C (Lee

Figure 2. Effect of combination therapy on PN survival and neuroinflammation. (A) Confocal images and quantification of cerebellar
PNs in the cerebellum of mice from each treatment group (n = 3 per group). Scale bar: 50 μm. (B) Representative fluorescence images
and quantification of GFAP in the cerebellum of mice from each treatment group (n = 3 per group). Scale bars: 50 μm. One-way ANOVA
followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01. All error bars indicate s.e.m.
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et al. 2010; Lee et al. 2014). However, the exclusive use of
either therapy alone may not be optimal in clinical set-
tings because both compartments may need correction
to achieve a meaningful quality of life and an increase
in the lifespan of patients. Therefore, the present study
was designed to determine whether the combination
of CNS therapy, using brain-specific VEGF overexpres-
sion, and systemic administration of CD provides
greater functional benefits and/or enhances neuropro-
tection in NP-C.

Our findings with regard to treatment with CD are in
broad agreement with those of previous studies (David-
son et al. 2009; Pontikis et al. 2013; Ottinger et al. 2014).
However, we found that a combination of VEGF overex-
pression in the brain and systemic administration of CD
exhibited a significant synergistic effect in reducing the
pathophysiology of NP-C. The benefits of combination
therapy were consistently more robust compared to

those of VEGF or CD monotherapy alone in all measures.
Indeed, combination therapy delayed the onset of ataxic
gait, motor dysfunction and weight loss, significantly
increased lifespan, and greatly reduced the accumu-
lation of cholesterol, sphingosine, and sphingomyelin
when compared with no or monotherapy.

The additive/synergistic benefits gained by combin-
ing therapies are also evident in the effects on pathology
in the cerebellum. The best-described morphological
and characteristic neuropathological feature in NP-C is
the dramatic age-dependent loss of cerebellar PNs
(Sarna et al. 2003; Vanier and Millat 2003; Lee et al.
2010). It has previously been documented that CD treat-
ment can protect against PN loss in NP-C (Hovakimyan
et al. 2013; Maass et al. 2015). The replenishment of
VEGF in the brain has also been shown to increase the
number of PNs in NP-C (Lee et al. 2014). In line with pre-
vious studies, we have observed a protective effect of

Figure 3. Effect of combination therapy on sphingosine and sphingomyelin accumulation. Sphingosine and sphingomyelin levels in
cerebellum, liver, lung, kidney and spleen of each treatment group (n = 3 per group). One-way ANOVA followed by Tukey’s post
hoc test. *P < 0.05, **P < 0.01, ***P < 0.005. All error bars indicate s.e.m.

Figure 4. Effect of combination therapy on cholesterol accumulation using Amplex red assay. Unesterified cholesterol levels in cerebel-
lum, liver, lung, kidney and spleen of each treatment group (n = 4 per group). One-way ANOVA followed by Tukey’s post hoc test. *P <
0.05, **P < 0.01, ***P < 0.005. All error bars indicate s.e.m.
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monotherapy, either using overexpression of brain-
specific VEGF or CD injection, in NP-C PNs. Strikingly,
there was a strong synergistic increase in PN survival
when a dual treatment of CD injection and neuronal
VEGF overexpression was used. Neuroinflammation is a
common feature found in many disorders, particularly
those affecting the CNS. Pathological changes in glial
cells have also been reported in mouse models of NP-C
(Hovakimyan et al. 2013). Glial cells can induce cytotoxic
effects, and glial activation has been considered to be a
key process leading to neuronal degeneration in lysoso-
mal storage disorders, such as NP-C (Vanier 2010;

Williams et al. 2014). In this study, we observed a
decrease in neuroinflammation in the cerebellum of
NP-C mice following the overexpression of VEGF in the
brain, systemic CD injection, or combination therapy,
but the magnitude of the reduction was greater in CD-
injected VEGF/NP-C mice (combination therapy) than
other groups.

At a cellular level, the mutation in the NPC1 gene pro-
foundly affects the intercellular trafficking of cholesterol
and as a consequence, leads to lysosomal accumulation
of multiple lipid species (Vanier and Millat 2003). This
increased lipid storage is observed in almost all tissues,

Figure 5. Effect of combination therapy on cholesterol accumulation using filipin staining. Representative images and quantification of
unesterified cholesterol using filipin staining in mice (n = 3 per group). One-way ANOVA followed by Tukey’s post hoc test. *P < 0.05,
**P < 0.01, ***P < 0.005. Scale bars (cerebellum): 100 μm. Scale bars (liver, lung, kidney and spleen): 50 μm. All error bars indicate s.e.m.
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characterized bymarked elevations in unesterified choles-
terol and complex sphingolipids, including sphingomyelin
and sphingosine (Vanier and Millat 2003; Fan et al. 2013).
The complex lipid storage events in NP-C disease, like
other sphingolipidoses, are also associatedwith alterations
in neuronal function (Walkley and Suzuki 2004), and
deterioration of diverse organ systems in the body
(Vanier 2010).We found that the abnormalities in sphingo-
lipid and cholesterol accumulationwere decreased by sys-
temic treatment with CD or the overexpression of VEGF in
thebrain, althoughmoderate changeswere observedwith
VEGF replenishment. Compared with monotherapy, com-
bination therapy induced a significant decrease in sphin-
golipid and cholesterol accumulation, indicating that
dual therapy has synergistic effects on restoring lipid
levels to a normal range.

While targeting the initial gene/protein defect in
NPC1 may prove elusive for the time being, the presence
of many different downstream therapeutic targets would
suggest that a combination of central and peripheral
therapies might play an important role in the manage-
ment of symptoms for patients with NP-C, and could
potentially have synergistic effects. Here we show for
the first time that combining the overexpression of
brain VEGF with the systemic administration of CD to
treat the pathogenic cascade has enhanced therapeutic
benefits in a mouse model of NP-C. While additional
studies are required to identify the exact mechanisms
at play, the outcome of using VEGF/CD combination
therapy is clearly more beneficial than using a single
treatment strategy. Combination therapy leads to a
delay in the onset of clinical signs, a significant increase
in lifespan, a reduction in cholesterol and sphingolipid
accumulation, diminished neurodegeneration, and nor-
malization of neuroinflammatory mediators. Taken
together, our results demonstrate the amenability of
NP-C to combination therapy, and suggest new thera-
peutic options for NP-C patients.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This research was supported by the NRF grant funded by the
Korean government, MSIP (2017R1A2A1A17069686,
2017R1A4A1015652, 2018M3C7A1056513).

References

Camargo F, Erickson RP, Garver WS, Hossain GS, Carbone PN,
Heidenreich RA, Blanchard J. 2001. Cyclodextrins in the

treatment of a mouse model of Niemann-Pick C disease.
Life Sci. 70:131–142.

Davidson CD, Ali NF, Micsenyi MC, Stephney G, Renault S,
Dobrenis K, Ory DS, Vanier MT, Walkley SU. 2009. Chronic
cyclodextrin treatment of murine Niemann-Pick C disease
ameliorates neuronal cholesterol and glycosphingolipid
storage and disease progression. Plos One. 4:e6951.

Fan M, Sidhu R, Fujiwara H, Tortelli B, Zhang J, Davidson C,
Walkley SU, Bagel JH, Vite C, Yanjanin NM, et al. 2013.
Identification of Niemann-Pick C1 disease biomarkers
through sphingolipid profiling. J Lipid Res. 54:2800–2814.

Hovakimyan M, Maass F, Petersen J, Holzmann C, Witt M, Lukas
J, Frech MJ, Hübner R, Rolfs A, Wree A. 2013. Combined
therapy with cyclodextrin/allopregnanolone and miglustat
improves motor but not cognitive functions in Niemann-
Pick type C1 mice. Neuroscience. 252:201–211.

Lee H, Lee JK, Min WK, Bae JH, He X, Schuchman EH, Bae JS, Jin
HK. 2010. Bone marrow-derived mesenchymal stem cells
prevent the loss of Niemann-Pick type C mouse Purkinje
neurons by correcting sphingolipid metabolism and increas-
ing sphingosine-1-phosphate. Stem Cells. 28:821–831.

Lee H, Lee JK, Park MH, Hong YR, Marti HH, Kim H, Okada Y, Otsu
M, Seo EJ, Park JH, et al. 2014. Pathological roles of the VEGF/
SphK pathway in Niemann-Pick type C neurons. Nat
Commun. 5:5514.

Liu B, Turley SD, Burns DK, Miller AM, Repa JJ, Dietschy JM. 2009.
Reversal of defective lysosomal transport in NPC disease
ameliorates liver dysfunction and neurodegeneration in
the npc1-/- mouse. Proc Natl Acad Sci U S A. 106:2377–2382.

Lloyd-Evans E, Morgan AJ, He X, Smith DA, Elliot-Smith E,
Sillence DJ, Churchill GC, Schuchman EH, Galione A, Platt
FM. 2008. Niemann-Pick disease type C1 is a sphingosine
storage disease that causes deregulation of lysosomal
calcium. Nat Med. 14:1247–1255.

Lopez AM, Terpack SJ, Posey KS, Liu B, Ramirez CM, Turley SD.
2014. Systemic administration of 2-hydroxypropyl-β-cyclo-
dextrin to symptomatic Npc1-deficient mice slows choles-
terol sequestration in the major organs and improves liver
function. Clin Exp Pharmacol Physiol. 41:780–787.

Maass F, Petersen J, Hovakimyan M, Schmitt O, Witt M,
Hawlitschka A, Lukas J, Rolfs A, Wree A. 2015. Reduced cer-
ebellar neurodegeneration after combined therapy with
cyclodextrin/allopregnanolone and miglustat in NPC1: a
mouse model of Niemann-Pick type C1 disease. J Neurosci
Res. 93:433–442.

Mellon SH, Gong W, Schonemann MD. 2008. Endogenous and
synthetic neurosteroids in treatment of Niemann-Pick type
C disease. Brain Res Rev. 57:410–420.

Ottinger EA, Kao ML, Carrillo-Carrasco N, Yanjanin N, Shankar
RK, Janssen M, Brewster M, Scott I, Xu X, Cradock J, et al.
2014. Collaborative development of 2-hydroxypropyl-β-
cyclodextrin for the treatment of Niemann-Pick type C1
disease. Curr Top Med Chem. 14:330–339.

Pontikis CC, Davidson CD, Walkley SU, Platt FM, Begley DJ. 2013.
Cyclodextrin alleviates neuronal storage of cholesterol in
Niemann-Pick C disease without evidence of detectable
blood-brain barrier permeability. J Inherit Metab Dis.
36:491–498.

Sarna JR, Larouche M, Marzban H, Sillitoe RV, Rancourt DE,
Hawkes R. 2003. Patterned Purkinje cell degeneration in
mouse models of Niemann-Pick type C disease. J Comp
Neurol. 456:279–291.

ANIMAL CELLS AND SYSTEMS 353



Vanier MT. 2010. Niemann-Pick disease type C. Orphanet J Rare
Dis. 5:16.

Vanier MT, Millat G. 2003. Niemann-Pick disease type C. Clin
Genet. 64:269–281.

Walkley SU, Suzuki K. 2004. Consequences of NPC1 and NPC2
loss of function in mammalian neurons. Biochim Biophys
Acta. 1685:48–62.

Wang Y, Kilic E, Kilic U, et al. 2005. VEGF overexpression induces
post-ischaemic neuroprotection, but facilitates haemo-
dynamic steal phenomena. Brain. 128:52–63.

Williams IM, Wallom KL, Smith DA, Al Eisa N, Smith C, Platt
FM. 2014. Improved neuroprotection using miglustat, cur-
cumin and ibuprofen as a triple combination therapy in
Niemann-Pick disease type C1 mice. Neurobiol Dis. 67:9–
17.

Wraith JE, Vecchio D, Jacklin E, Abel L, Chadha-Boreham H,
Luzy C, Giorgino R, Patterson MC. 2010. Miglustat in
adult and juvenile patients with Niemann-Pick disease
type C: long-term data from a clinical trial. Mol Genet
Metab. 99:351–357.

354 M. S. JEONG ET AL.


	Abstract
	Introduction
	Materials and methods
	Animals
	Behavioral tests
	Immunoﬂuorescence staining
	Lipid extraction and sphingosine/sphingomyelin quantiﬁcation
	Amplex red assay
	Filipin staining
	Statistical analysis

	Results
	Combination therapy using brain-specific VEGF overexpression and systemic administration of CD improves survival and motor function in NP-C mice
	Combination therapy delays PN loss and ameliorates neuroinflammation in NP-C mice
	Combination therapy reduces abnormal sphingolipid and cholesterol accumulation in NP-C mice

	Discussion
	Disclosure statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


