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Abstract Niemann-Pick type C disease (NPC) is a neu-
rodegenerative genetic disorder caused by accumulation of
lipids, especially cholesterol, in the perinuclear space.
U18666A is a cholesterol transport-inhibiting agent, being
used to mimic NPC, mainly in fibroblasts. The objective of
this study was to observe the effect of the drug U18666A,
which causes the accumulation of cholesterol in the cyto-
plasm of astrocytes from newborn rats, on some lysosomal
hydrolase activities. Filipin staining and fluorescence mi-
croscopy, through CellM software, were used for visual-
ization and quantification of cholesterol. The dose of
U18666A that provided the greatest accumulation of
cholesterol was that of 0.25 pg/mL in incubation for 48 h.
Primary rat astrocytes incubated with the drug (NPC)
showed a significantly higher amount of cholesterol than
those without U18666A (controls). The measurement of
activity of enzymes sphingomyelinase and beta-glucosi-
dase in astrocytes of rats with NPC was significantly lower
than that of control astrocytes, which is consistent with the
disease in humans. The activity of the enzyme beta-
galactosidase showed no significant difference between
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both groups. We concluded that U18666A appears to be an
excellent intracellular cholesterol transport-inhibiting agent
affecting some metabolic pathways in astrocytes of young
rats, which mimics NPC in these animals. Just like the
change in the activity of lysosomal enzymes has been
demonstrated, other biochemical parameters of the cell can
be tested with this animal model, thus contributing to a
better understanding of the disease.
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Introduction

Niemann-Pick type C disease (NPC) is a rare lysosomal
storage disorder, estimated to be in 1 case per 150,000 live
births (Meikle et al. 1997).

The disease was described as having a sub acute nervous
system involvement, with moderate/slower course and a
mild visceral storage; however, later work led to a reclas-
sification of NPC as a cellular lipid trafficking disorder,
involving more specifically endocytosed cholesterol
(Pentchev et al. 1994). In NPC disease, cells fail to esterify
exogenously added cholesterol. This disorder is charac-
terized by unique abnormalities of intracellular transport of
endocytosed cholesterol with accumulation of unesterified
cholesterol in endosomal/lysosomal compartment and the
Golgi complex (Ikonen and Holtta-Vuori 2004; Vanier
2010). Besides cholesterol sequestration, NPC cells can
also accumulate other lipids: sphingomyelin, phospho-
lipids, and glycosphingolipids accumulated in the liver and
spleen (Patterson et al. 2001), and glucosylceramide, lac-
tosylceramide, and gangliosides GM2 and GM3 accumu-
lated in the brain of affected individuals (Zervas et al.
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2001). NPC is related to a progressive neurodegenerative
phenotype and in most cases is fatal (Patterson et al. 2001).

This disease has an autosomal recessive inheritance and
is caused by mutations in genes, NPC1 (in 95 % of the
cases) and NPC2 (in approximately 4 % of the cases)
(Vanier 2010) located on chromosome 18. Mutations in
NPC1 and NPC2 genes cause severe imbalance of intra-
cellular lipid transport, leading to accumulation of unes-
terified cholesterol in perinuclear lysosomes (Liscum and
Sturley 2004). The NPC1 and NPC2 proteins both bind
cholesterol. NPC1 binds cholesterol with high affinity in a
1:1 molar ratio and NPC2 rapidly transfers cholesterol, but
not glycosphingolipids, ceramide, phospholipids, or fatty
acids, between phospholipid liposomes or membranes
in vitro (Wang et al. 2010).

NPC clinical manifestations are heterogeneous: hep-
atosplenomegaly, prolonged neonatal jaundice, respiratory
impairment, and secondary progressive neurological dis-
order. Clinical manifestations start from infancy to child-
hood, but occur most frequently during late childhood
(Vanier 2010).

Similar NPC phenotype can be induced through nu-
merous approaches and various drugs like steroids and
hydrophobic amines which have been considered to cause a
cholesterol traffic imbalance similar to NPC (Lange et al.
2000; Lloyd-Evans et al. 2008). Other proteins, like CFTR
(White et al. 2004), GULP (Kiss et al. 2006), Rabll
(Holtta-Vuori et al. 2002), PMD (Simons et al. 2002),
CREB (Lemberg et al. 2008), MLN64 (Zhang et al. 2002),
and VPS4 (Bishop and Woodman 2000), not structurally
related to either NPC1 or NPC2, also produced a storage of
cholesterol creating a NPC-like phenotype. On the other
hand, other works demonstrated that Rab proteins 7, 8, and
9 correct the cholesterol deposition in NPC human
fibroblasts (Linder et al. 2007).

The most effective and specific hydrophobic amine used
to create a NPC-like phenotype is 3-B-[2-(diethy-
lamino)ethoxy]androst-5-en-17-one  (U18666A), which
contains a hydrophobic ring structure associated with a
branched lateral structure and an amino group that inhibits
the transport of intracellular cholesterol. Described
30 years ago, it inhibits the enzyme desmosterol reductase
(Cenedella and Bierkamper 1979) responsible for reduction
of desmosterol to cholesterol in cholesterol biosynthesis,
and it also blocks the transport of LDL-cholesterol from
lysosomes to the endoplasmic reticulum (Eisele et al.
1997). U18666A lowers the amount of cholesterol that
reaches the endoplasmic reticulum and prevents the
movement of cholesterol between lysosomal compartments
and the plasma membrane, and from the plasma membrane
to other intracellular compartments (Lange and Steck
1994). It can also act on the activity or synthesis of other
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proteins or lipids that facilitate cholesterol movement and
change the cellular distribution of NPC1 protein.

The compound U18666A has been used to mimic NPC
phenotype, because the cholesterol accumulated in the in-
tracellular space in cells treated with U18666A is similar to
the one observed in cells of patients with NPC (Vanier
2010; Wang et al. 2010; Neufeld et al. 1999; Lange et al.
2002). These studies on the blockade in cholesterol trans-
port by U18666A and increased levels of cholesterol in cell
cytoplasm were conducted on fibroblasts from humans
(Lange et al. 2002), skunks (Jurgelski et al. 1973), newborn
rats (Bierkamper and Cenedella 1978), and NPC™/~ mice
(Saez et al. 2013). The use of this compound to mimic NPC
in astrocytes from wild rats, not knockout rat or mice, has
not yet been reported, as well as the effect of cholesterol
accumulation in astrocytes produced by UI8666A on
lysosomal hydrolase activities.

Therefore, the purpose of this study was to observe the
effect of the drug U18666A, which causes the accumula-
tion of cholesterol in the cytoplasm of astrocytes from
newborn rats, in order to show this accumulation of
cholesterol in the cytoplasm and the effect of this drug on
the some lysosomal hydrolase activities.

Materials and Methods
Animals

Wistar rats (0-3 days) from the Central Animal House of
the Department of Biochemistry, ICBS, UFRGS had free
access to water and a 20 % (w/w) protein commercial
chow. They were kept in a room with a 12:12 h light/dark
cycle and temperature of 22 £ 1 °C. The “Principles of
Laboratory Animal Care” (NIH publication n°85-2, revised
1985) were followed in all the experiments and the ex-
perimental protocol was approved by the Ethics Committee
for Animal Research of the Federal University of Rio
Grande do Sul, Porto Alegre.

Cortical Astrocyte Culture

The rats were euthanized by decapitation and the cerebral
cortex was removed. It was homogenized with CMF-BSS
buffer and placed in a 24 well-plate in DMEN—Dulbecco’s
Modified Eagle Medium (GIBCO®), supplemented with
10 % Fetal Bovine Serum (SBF) (Invitrogen). After the cells
reached confluence in culture, the medium was changed 4 h
after the total incubation time was completed, every four days.

The “multiwell” plates used for the development of
cultures were previously incubated with a substrate of
poly-L-lysine (Sigma).
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Experiments to Obtain the Time Curve with the use
of the Drug U18666A

In these experiments, the cultures were incubated with
U18666A at doses of 0.1; 0.25; 0.5; 1, and 2 pg/mL in
periods of 24, 48, and 72 h, in order to determine the op-
timal dose and time of incubation of the drug in astrocytes
so that cholesterol accumulation is apparent.

Filipin Staining

The technique of Kruth et al. (1986) was used for the ob-
servation of the amount of cholesterol accumulated after
addition of the drug. 450 pL of medium DMEN supple-
mented with 5 % of lipoprotein deficient serum (LPDS)
was added to each well of the culture plate, according to
the time set for the dose curve above. 0.73 nug/100 pL of
low-density lipoprotein (LDL) was added and subsequently
the plates were again incubated for another 24 h in CO,
incubator at 37 °C. After this period, in the dark, the cells
were washed twice with 300 pL of pre-warmed PBS and
the medium removed. Then the cells were fixed for 45 min
with 300 pL of phosphate buffered formalin 10 % and pH
7.2 in dark room. The fixative was removed and the cells
washed with PBS buffer and 0.9 % saline. Filipin staining
(0.01 % in PBS) (Sigma) was used for 45 min for the
staining of coverslips. Then the cells were washed with
0.9 % saline. For microscopic analysis, a 358 nm excita-
tion and 461 nm emission filter was used, for an exhibition
of 64 ms.

Quantification of Fluorescence of Filipin Staining

All slides were examined and photographed by NIS-
Element AR 3.10 in Nikon fluorescence microscope
(Nikon Instruments, Melville, NY). The quantification of
the fluorescence of the images was analyzed for the number
of pixels, using CellM Olympus software.

Cholesterol Dosage

Astrocyte intracellular cholesterol was determined by
fluorometric technique using the commercial kit Amplex
Red Cholesterol (Molecular Probes) according to the
manufacturer’s instructions. Thus, a four-point standard
curve, and a H,O, positive control were used, as well as the
samples that were pipetted into a black 96-well fluoro-
metric plate and flat bottom (OptiPlate™-96F, Perkin
Elmer).

Fifty microliters of reaction solution W2 (300 pL Am-
plex Red Reagent 4+ 2 U/mL cholesterol oxidase + 0.2
U/mL cholesterol esterase) was added to the curve and
samples in all wells. The plate was kept for 30 min at

37 °C, in shaking incubator and dry heat. Afterwards,
fluorescence was measured in plate reader (Spectramax
MS5-Molecular Devices) at 544 nm excitation and 590 nm
emission. The value obtained was corrected by measuring
protein levels (Lowry et al. 1951) found in the astrocytes
tested and expressed in pg of cholesterol/mg protein.

Measurement of Acid Sphingomyelinase Activity
(ASM)

A technique adapted from Pentchev et al. (1980) was used
for measuring ASM activity. Thus, '*C-10 pCi/200 pL
sphingomyelin radioactive substrate was used. After incu-
bation of the sample in substrate during 4 h while stirring
at 37 °C in dry incubator (Marconi MA-127), some pro-
cedures were performed and titration of radioactivity was
carried out in 3 Perkin Elmer’s scintillation system (Liquid
Scintillation Analyzer TriCarb® 2800 TR). The results
were expressed in nmol/h/mg of protein.

Measurement of Beta-Galactosidase (GLB) Enzyme
Activity

Miniaturized technique of Goldim et al. (2012) adapted
from Suzuki and Suzuki (1970) was used for measuring the
activity of beta-galactosidase (GLB): 10-20 pL of the
sample diluted in 10 pL of NaCl 0.2 M elution buffer was
placed in a fluorometric plate, and 20 pL of the substrate
4-methylumbelliferyl B-p-galactoside 1.33 mM. After in-
cubation at 37 °C for 1 h, fluorescence was read in plate
reader (SpectraMax MS5-Molecular Devices) at 365 nm
excitation and 450 nm emission. The results were ex-
pressed in nmol/h/mg of protein.

Measurement of Beta-Glucosidase (GLB) Enzyme
Activity

The enzymatic activity of B-glucosidase was measured
according to Goldim et al. (2012) adapted from Petters
et al. (1976). 5 pL. of the sample diluted in 12.5 pL of
phosphate citrate buffer 0.54 M, pH 5.5 were placed in a
fluorometric plate. Then 25 pL of the substrate 4-methyl-
umbelliferyl B-p-glycoside 10 mmol/L (substrate) with
50 mmol/L of sodium taurocholate in distilled water. After
incubation at 37 °C for 1 h, fluorescence was read in a
plate reader (SpectraMax MS5-Molecular Devices) at
365 nm excitation and 450 nm emission. The results were
expressed in nmol/h/mg of protein.

Statistical Analysis

Data were compared by two-way analysis of variance
(ANOVA) followed by Duncan’s test when F value was
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significant (p < 0.05). All analyzes were performed using
the Statistical Package for the Social Sciences (SPSS) in a
compatible PC-computer.

Results

Determination of U18666A Dose for the Experimental
Model

According to Fig. 1, we can see that the dose of 0.25 pg/
mL of UI8666A in astrocytes from rats was the most ap-
propriate regarding the increase in cholesterol compared to
astrocytes from rats not treated with the referred substance.

In Fig. 1, it can also be seen that incubation of drug
during 48 h was more appropriate to ensure this significant
increase in cholesterol level.

Filipin staining in astrocytes indicating increase in
cholesterol can be visualized in Fig. 2.

Presence of Cholesterol in Astrocytes from Rats
with and Without Addition of U18666A

Control cells did showed no fluorescence in the cytoplasm,
indicating no accumulation of cholesterol (Fig. 2a). In turn,
cells to which U18666A (0.25 pg/mL) was added for 48 h
showed an increased amount of cholesterol in the cyto-
plasmic space, which is indicated by the intense per-
inuclear fluorescence (Fig. 2b). After quantification by
fluorescence using CellM software, the differences were
confirmed by one-way ANOVA where it was found that the
amount of cholesterol in control cells was significantly
lower than that in the astrocytes with the drug (p < 0.001).
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Fig. 1 Cholesterol concentration depending on the dose and time of
incubation of UI18666A in astrocytes from rats. (f) 24 h; (=) 48 h;
(l ) 72 h of incubation. Cholesterol was measured using CellM
Olympus software and was expressed as pixels of fluorescence. Data
are expressed as mean =+ standard deviation. (¥) statistically sig-
nificant difference from the group not treated with the drug (control)
and the group with U18666A 0.25 pg/mL (p < 0.0001)
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Amount of Intracellular Cholesterol in Astrocytes From
Rats With and Without the Addition of UI8666A

In an assay for quantification of intralysosomal unesterified
cholesterol accumulation using Amplex Red kit, a sig-
nificant difference (p < 0.05) was observed between con-
trol samples and the astrocytes incubated with U18666A
(Fig. 3). The cholesterol level of astrocytes that received
the drug (54.2 pg of cholesterol/mg of protein) was two
times higher than that in control astrocytes (25.7 pg of
cholesterol/mg of protein).

A significant correlation was obtained when we com-
pared the Filipin quantitation method of cholesterol de-
termination using CellM software and the measurement of
cholesterol using the Amplex Red kit (controls:
r=0.9973, p <0.04 and astrocytes incubated with
U18666A: r = 0.99, p < 0.0051.

Measurement of the Activity of Lysosomal Hydrolases
in Astrocytes From Rats that Underwent Treatment
with U18666A in the NPC Model

Sphingomyelinase (ASM)

When ASM enzyme activity in astrocytes (Fig. 4) was
compared between the control samples and the samples
that mimic NPC, a significant difference was observed
(p < 0.0209), that is, astrocytes in contact with the drug
showed an enzymatic activity (42.50 £ 3.21) significantly
lower than that of control cells (65.68 + 7.83).

B-Glucosidase (GBA)

The activity of enzyme GBA in control astrocytes was
significantly greater (701.8 & 78.24) than that of NPC
astrocytes (366.9 = 120.2) (p < 0.0369). These results can
be seen in Fig. 5.

p-Galactosidase (GLB)

According to the analysis of enzyme GLB activity in as-
trocytes from control samples and samples positive for the
accumulation of cholesterol, no significant difference
(p > 0.1035) was observed between these groups
(137.1 £ 18.0; 187.5 £ 15.70, respectively), although ac-
cording to Fig. 6, the enzymatic activity in NPC astrocytes
may seem greater than that of the controls.

Discussion

Cholesterol is an essential component of the Central Ner-
vous System, and growing evidence suggests an
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Fig. 2 Astrocytes from rats
incubated without (a) and with
(b) U18666A 0.25 pg/mL for
48 h. Astrocytes are visualized
after Filipin staining technique
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Fig. 3 Amount of intracellular cholesterol (ug/mg of protein) in
astrocytes measured with a laboratory KitAmplex® Red Cholesterol.
Astrocytes from rats were incubated without (control) and with
U18666A 0.25 pg/mL for 48 h. Data are expressed as mean =+ stan-
dard deviation. (*) statistically significant difference from control
group (p < 0.05)
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Fig. 4 Activity of enzyme ASM (nmol/h/mg of protein) in astrocytes
from rats incubated without (control) and with U18666A 0.25 pg/mL
for 48 h. Data are expressed as mean =+ standard deviation. (*)
statistically significant difference from the control group (p < 0.02)

association between dysfunction in the brain cholesterol
metabolism and the onset of neurodegenerative disorders
(Dietschy and Turley 2004). Some studies suggest that
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Fig. 5 Activity of enzyme GBA (nmol/h/mg of protein) in astrocytes
from rats incubated without (control) and with U18666A 0.25 pg/mL
for 48 h. Data are expressed as mean = standard deviation. (*)
statistically significant difference from the control group (p < 0.03)
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Fig. 6 Activity of enzyme GLB (nmol/h/mg of protein) in astrocytes
from rats incubated without (control) and with UI8666A 0.25 pg/mL
for 48 h. Data are expressed as mean =+ standard deviation

in vivo, cholesterol in the Central Nervous System is
derived from astrocytes and then sent to mature neurons
(Nieweg et al. 2009).

The main purpose of this study was to establish a Nie-
mann-Pick type C, disease with drug U18666A, in cultured
astrocytes from neonatal rats (in vitro study), and thereafter
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perform biochemical analyzes such as checking the activity
of the main lysosomal enzymes associated to this disorder.

The accumulation of cholesterol was inducted in cul-
tured astrocytes from rats aged 0-3 days through the ad-
dition of U18666A. This drug is widely used to mimic NPC
disease in animal models, though in other cells (Liscum
and Faust 1989, Lange et al. 1998; Underwood et al. 1996)
and in the increase of cholesterol levels in NPC™/~ mice
(Saez et al. 2013).

In the present study, we demonstrated that the quan-
tification of fluorescence of the cholesterol levels observed
in Filipin staining in the studied groups through the number
of pixels in the image (CellM software), was a practical
and not subjective method. This technique showed that
there is a significant difference between the intralysosomal
unesterified cholesterol accumulation in control cells and
those containing the drug. These analyzes were one at
different times and doses, and we obtained the appropriate
dose and time (0.25 pg/mL in a 48-h period). After this
period and with a higher dose, there is no marked accu-
mulation of cholesterol in these cells. Moreover, according
to Cheung et al. (2004), higher doses of U18666A increase
the probability that the cells will suffer apoptosis. These
authors used dose and incubation time similar to the ones in
the present study, and there was no problem of cell death.

In the assay for quantification of intracellular cholesterol
using the kitAmplex® Red Cholesterol (Molecular Probe),
in astrocytes, it was demonstrated that astrocytes treated
with U18666A had greater accumulation of intralysosomal
unesterified cholesterol than control cells (not treated with
the drug). The average cholesterol levels observed in
control cells was 25.7 ug of cholesterol/mg of protein,
corresponding to slightly less than twice the cholesterol
levels accumulated in the cells incubated with UI8666A
(54.2 pg of cholesterol/mg of protein). This kit, Amplex®
Red Cholesterol (Molecular Probe) was used by Tangemo
et al. (2011) to quantify free cholesterol and intralysosomal
unesterified cholesterol contained in fibroblasts of NPC
patients with great results.

The cholesterol levels calculated with CellM software
corresponded to the cholesterol levels observed in quan-
tification using the kit Amplex® Red Cholesterol (Mole-
cular Probe), which demonstrates that the use of an
appropriate software to quantify fluorescence of Filipin test
provides safe quantification of cholesterol levels, which
suggests the test has the potential to support diagnosis of
NPC disease based on cultured cells.

Lysosomal Storage Diseases, which include NPC, are
understood as a consequence of mutations that resulted in
reduced synthesis of the lysosomal enzymes, leading to
accumulation of lipids within this cell organelle. In our
study, we measured the activity of some lysosomal
enzymes associated with degradation of lipids:
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sphingomyelinase, -glucosidase, and [B-galactosidase. The
activities of these enzymes are changed in human NPC
(Vanier et al. 1991).

We noticed that the activity of ASM in cells with higher
cholesterol accumulation was reduced. These results were
compatible with those where reduced ASM activity was
observed in culture of fibroblasts of patients with NPC
(Vanier et al. 1991; Pentchev et al. 1987; Vanier et al.
1988). The activity of enzyme GBA in astrocytes from rats
was compared between control samples and samples
positive for NPC, and a significant difference was found
between the two groups. Samples of NPC astrocytes
showed a decrease in GBA levels. This had also been ob-
served in previous studies in fibroblasts from patients with
NPC (Vanier et al. 1980; Besley and Moss 1983).

Regarding the activity of enzyme, GLB no significant
difference was observed between the groups. However, in
Fig. 6, we noticed that astrocytes from rats with NPC ap-
pear to have higher enzyme activity than control samples.
No significant increase in the activity of GLB was de-
scribed by Wenger et al. (1974) in fibroblasts from patients
with Niemann-Pick type C disease.

By analyzing the changes occurred in lysosomal en-
zymes in our animal model and comparing them with
studies carried out by other authors in fibroblasts from
humans with Niemann-Pick type C disease, we once again
confirm that our model is of great relevance and reliability
for future research with cell cultures of astrocytes.

We concluded that U18666A appears to be an excellent
inhibitor of the cholesterol transport in astrocytes of young
rats and is able to mimic Niemann-Pick type C disease in
these animals. This drug also alters the activity of three
important enzymes in the degradation of lipids metabolism.
Just like the change in the activity of lysosomal enzymes
has been demonstrated, other biochemical parameters of
the cell can be tested with this animal model, thus con-
tributing to a better understanding of the disease.
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