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Aging and pathologic conditions cause intracellular aggregation of macromolecules and the dysfunction and degeneration of neurons,
but the mechanisms are largely unknown. Prime examples are lysosomal storage disorders such as Niemann–Pick type C (NPC) disease,
where defects in the endosomal–lysosomal protein NPC1 or NPC2 cause intracellular accumulation of unesterified cholesterol and other
lipids leading to neurodegeneration and fatal neurovisceral symptoms. Here, we investigated the impact of NPC1 deficiency on rodent
neurons using pharmacologic and genetic models of the disease. Improved ultrastructural detection of lipids and correlative light and
electron microscopy identified lamellar inclusions as the subcellular site of cholesterol accumulation in neurons with impaired NPC1
activity. Immunogold labeling combined with transmission electron microscopy revealed the presence of CD63 on internal lamellae and
of LAMP1 on the membrane surrounding the inclusions, indicating their origins from intraluminal vesicles of late endosomes and of a
lysosomal compartment, respectively. Lamellar inclusions contained cell-intrinsic cholesterol and surface-labeled GM1, indicating the
incorporation of plasma membrane components. Scanning electron microscopy revealed that the therapeutic drug candidate
�-cyclodextrin induces the subplasmalemmal location of lamellar inclusions and their subsequent release to the extracellular space. In
parallel, �-cyclodextrin mediated the NPC1-independent redistribution of cholesterol within neurons and thereby abolished a deleteri-
ous cycle of enhanced cholesterol synthesis and its intracellular accumulation, which was indicated by neuron-specific transcript anal-
ysis. Our study provides new mechanistic insight into the pathologic aggregation of macromolecules in neurons and suggests exocytosis
as cellular target for its therapeutic reversal.
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Introduction
Aging and many pathologic conditions induce the formation of
aberrant macromolecular complexes in neurons that cause dys-
function and degeneration. Examples are the age-dependent for-

mation of lipofuscin (Nowotny et al., 2014) and the pathologic
aggregation of macromolecules in Alzheimer’s disease (Lim and
Yue, 2015) and lysosomal storage disorders (Samie and Xu, 2014;
Parenti et al., 2015). In most cases, it is unknown where the
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Significance Statement

Many neurodegenerative diseases involve pathologic accumulation of molecules within neurons, but the subcellular location and
the cellular impact are often unknown and therapeutic approaches lacking. We investigated these questions in the lysosomal
storage disorder Niemann–Pick type C (NPC), where a defect in intracellular cholesterol transport causes loss of neurons and fatal
neurovisceral symptoms. Here, we identify lamellar inclusions as the subcellular site of lipid accumulation in neurons, we un-
cover a vicious cycle of cholesterol synthesis and accretion, which may cause gradual neurodegeneration, and we reveal how
�-cyclodextrin, a potential therapeutic drug, reverts these changes. Our study provides new mechanistic insight in NPC disease
and uncovers new targets for therapeutic approaches.
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macromolecular complexes form, how they damage neurons,
and whether they can be dissolved. We have addressed these
key questions in Niemann–Pick type C (NPC) disease (OMIM
#257220), a rare and ultimately fatal autosomal recessive lyso-
somal storage disorder with aggravating neurologic symptoms
(Vance and Karten, 2014; Vanier, 2015) due to progressive neu-
rodegeneration in specific brain areas (Tanaka et al., 1988; Ger-
man et al., 2001; Yamada et al., 2001; Luan et al., 2008). The
disease is caused by genetic defects in NPC1 or NPC2, which are
located in the membrane and lumen of late endosomes, respec-
tively (Loftus et al., 1997; Naureckiene et al., 2000). The dysfunc-
tion of NPC1 or NPC2 causes accumulation of unesterified
cholesterol in the endosomal–lysosomal system (Sokol et al.,
1988; Liscum et al., 1989; Kobayashi et al., 1999), which can be
detected by cytochemical staining with the fluorescent polyene
filipin (Gimpl, 2010). The presence of filipin-positive “perinu-
clear vesicles” in patient-derived fibroblasts has served as a key
diagnostic indicator of NPC disease (Vanier, 2015).

To study pathologic lipid accumulation and its impact on
CNS neurons, we have used retinal ganglion cells (RGCs) as an
experimental model. These neurons depend on cholesterol im-
port in vitro (Mauch et al., 2001; Nieweg et al., 2009), they are
affected by NPC1 deficiency in humans (Palmer et al., 1985) and
mice (Claudepierre et al., 2010), and they can be highly purified,
allowing for neuron-specific analyses (Meyer-Franke et al.,
1995).

Materials and Methods
Preparation of RGCs. Experimental procedures involving animals and
their care were performed in accordance with European and French
regulations on animal experimentation (Directive 63/2010 CEE). Ani-
mals of either sex were used. For in vitro experiments, RGCs
were purified from 1-week-old Wistar rats (Chronobiotron UMS 3415,
Strasbourg, France). For ex vivo experiments, RGCs were purified from
1-week-old BALB/c mice homozygous for the recessive NIH allele of
Npc1 or from wild-type littermates (BALB/cNctr-Npc1 m1N/J; Stock
003092; The Jackson Laboratory; Chronobiotron UMS 3415). Mice were
genotyped as described previously (Buard and Pfrieger, 2014). RGCs
were purified from rats (Meyer-Franke et al., 1995) and mice (Steinmetz
et al., 2006) as described with some modifications. Briefly, animals were
anesthetized and killed by decapitation. Retinae were dissected and sub-
jected to mechanic and enzymatic dissociation (Neural Tissue Dissocia-
tion Kit, Postnatal Neurons, Miltenyi Biotec). RGCs were purified using
a subtraction (for rats, primary: rabbit anti-rat macrophage, Axell/WAK-
Chemie, catalog #AI-A51240; secondary: goat anti-rabbit IgG, Jackson
ImmunoResearch, catalog #111-005-003; for mice, the primary antibody
was omitted) and a selection step (for rats, primary: mouse anti-rat
Thy1.1/CD90 clone T11D7e; secondary: goat anti-mouse IgM, Jackson
ImmunoResearch, catalog #115-005-003; for mice, primary: mouse anti-
mouse CD90 clone F7D5, Bio-Rad, catalog #MCA02R; secondary: goat
anti-mouse IgM). RGCs were plated as indicated. For ex vivo experi-
ments, mouse RGCs were used directly after purification or subjected to
short-term culture for a maximum of 30 h. For in vitro experiments, rat
RGCs were cultured in serum-free medium (Neurobasal, Invitrogen)
supplemented with MACS Neurobrew-21 (Miltenyi Biotec), brain-
derived neurotrophic factor (25 ng/ml; PeproTech), ciliary neurotrophic
factor (10 ng/ml; PeproTech), forskolin (10 �M; Sigma), glutamine (2
mM; Invitrogen), N-acetylcysteine (60 �g/ml; Sigma), penicillin (100

units/ml; Invitrogen), sodium pyruvate (1 mM; Invitrogen), and strepto-
mycin (100 �g/ml; Invitrogen). Unless indicated otherwise, experiments
were performed on RGCs treated with glia-conditioned medium (GCM)
starting after 1 d in culture. GCM was prepared as described previously
(Nieweg et al., 2009). Briefly, mechanically dissociated cortices from
postnatal day 1 (P1)–P3 Wistar rats were cultured in poly-D-lysine
(PDL)-coated (10 �g/ml; Sigma, catalog #P7886) tissue culture plates
(diameter, 10 cm; BD Falcon, catalog #353003) in DMEM (catalog
#21969), heat-inactivated fetal calf serum (10%), penicillin (100 units/
ml), streptomycin (100 �g/ml), and glutamine (2 mM; all from Invitro-
gen). After 2 weeks, culture plates were washed with PBS, and glial cells
were cultured in Neurobasal medium supplemented with glutamine (2
mM), penicillin (100 units/ml), sodium pyruvate (1 mM), streptomycin
(100 �g/ml), and NS21. Two times a week, fresh medium was added, and
GCM was harvested after 2 weeks. GCM was spun down (5 min at 3000 �
g) to remove cellular debris and used immediately or stored at �20°C.
For GCM treatment, two-thirds of the RGC medium was replaced by
GCM. As a control, corresponding amounts of medium from RGC cul-
tures were replaced by fresh culture medium. Unless indicated otherwise,
rat RGCs were treated with 3-�-[2-(diethylamine)ethoxy]androst-5-en-
17-one [U18666A (U18); Interchim] after 2 d in culture at a concentra-
tion of 0.5 �g/ml for 48 h. Some cultures were treated for 24 –30 h with
2-hydroxypropyl-�-cyclodextrin (HbC) [Sigma catalog #H5784; molec-
ular weight (MW), �1400; 50 �M � 70 �g/ml � 0.007% (w/v)], with
sulfobutylether-�-cyclodextrin (SbC; Captisol, Ligand Pharmaceuticals;
MW, 2163) or with 2-hydroxypropyl-�-cyclodextrin (HaC; Sigma/Al-
drich, catalog #390690; MW, �1180).

Viability test and cytochemical and immunocytochemical staining. RGCs
were plated on PDL-coated, 96-well microplates (7000 cells per well;
black/clear imaging plate; BD Falcon, catalog #353219). Neuronal sur-
vival was measured using the Live/Dead viability assay according to the
manufacturer’s instructions (Invitrogen). For cytochemical detection of
cholesterol, RGCs were fixed by paraformaldehyde [PFA; 4% in PBS for
15 min at room temperature (RT)] and subjected to staining with filipin
(40 �g/ml in PBS for 2 h at RT; from 250-fold ethanolic stock solution;
Sigma, catalog #F9765). To label surface-resident ganglioside GM1,
RGCs were cultured for indicated periods of time in the presence of
biotinylated cholera toxin B (CTB) subunit (10 ng/ml; Sigma, catalog
#C9972), fixed with PFA (4% for 15 min at RT) and reacted with Alexa
488-coupled streptavidin (1:50; Nanoprobes). For immunocytochemis-
try, RGCs were fixed with PFA (4% for 15 min at RT), permeabilized with
sodium borohydride [0.05% NaBH4 (w/v) in PBS for 15 min], and
blocked with bovine serum albumin (BSA; 3% in PBS for 15 min). Stain-
ing with primary (diluted in 3% BSA/PBS) and secondary antibodies (in
PBS; Alexa 594 goat anti-rabbit at 1:1000 and Alexa 488 goat anti-mouse
at 1:1000; Invitrogen; from a 50% glycerol/PBS stock) was performed
overnight at 4°C and for 1 h at RT, respectively. Nuclei were stained with
4�,6-diamidino-2-phenylindole dihydrochloride (DAPI; 100 ng/ml for 5
min at RT; Sigma, catalog #D9542). Primary antibodies against the fol-
lowing proteins were used: ARHGAP9 (1:250; rabbit polyclonal; Santa
Cruz Biotechnology, catalog #Sc-135084), CD63 (for rats, 1:2000, mouse
monoclonal, Abcam, catalog #Ab108950; for mice, 1:1000 goat poly-
clonal, Santa Cruz Biotechnology, catalog #Sc-31214), hexosaminidase A
(1:500; rabbit polyclonal; Novus Biologicals, catalog #NBP1-74127);
HMGCR (1:2000; rabbit polyclonal; US Biological, catalog #211303),
and LAMP1 (1:2000; rabbit polyclonal; Abcam, catalog #Ab24170). Flu-
orescence and phase-contrast images of cells were acquired on an in-
verted microscope (Axiovert 135TV; Zeiss) equipped with a metal halide
lamp (10%; Lumen 200, Prior Scientific), appropriate excitation/emis-
sion filters (Filipin, XF02-2; Alexa 488, XF100-1; Alexa 594, XF102-2;
Omega Optical) and objectives (10� or 40� oil, 1.3 numerical aperture;
Zeiss), and an air-cooled monochrome CCD camera (Sensicam, PCO
Computer Optics) controlled by custom-written LabVIEW routines
(National Instruments). Fluorescence micrographs were analyzed using
ImageJ (version 1.43u) and custom-written LabVIEW routines to detect
somata (viability assay) and labeled puncta (cytochemical and immuno-
cytochemical staining). For soma detection, fluorescence images (10�
objective) were segmented by label-specific intensity thresholds [mean �
SD � 2.5 (calcein) or 4.0 (ethidium)]. To count the number of live
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(calcein-stained) and dead (ethidium-stained) cells, binary images were
subjected to particle analysis using empirically determined ranges of ra-
dius lengths (calcein, 5–30; ethidium, 2–10 pixels). To detect fluorescent
puncta, fluorescence images (40� oil) were processed by a Mexican hat
filter to enhance puncta-like features using an empirically derived 5 � 5
kernel (0, �2, �2, �2, 0/0, �2, 3, �2, 0/�2, 3, 12, 3, �2/0, �2, 3, �2,
0/0, �2, �2, �2, 0). Filtered images were segmented (mean fluorescence
intensity plus constant) and subjected to particle detection (minimum
area, 3 pixels) within manually outlined somata, which calculated the
numbers and coordinates of detected puncta per soma. Colocalization of
markers at detected puncta was determined based on correlation of flu-
orescence intensities (r � 0.5) across enlarged particle areas (1.5-fold
radius length). Fluorescence intensities of detected puncta were calcu-
lated as analog-to-digital conversion units (8 bit) integrated over the area
(3 pixel minimum) and represented by the third quartile per cell.

Hexosaminidase activity. Enzyme activity was measured using a fluo-
rogenic substrate-based assay (Wendeler and Sandhoff, 2009). Briefly,
lysate or medium from RGCs (20 �l) growing in 96-well plates was
incubated at 37°C for 3 h with reaction mix (40 �l) containing sodium
citrate (10 mM; pH 4.2) and 4-methylumbelliferyl-2-acetamido-2-
deoxy-b-D-glucopyranoside (2 mM; Sigma). The reaction was stopped by
adding 200 �l of 0.2 M glycine/0.2 M Na2CO3. The fluorescent product
4-methylumbelliferone was measured in triplicate on a microplate reader
(Mithras, Berthold Technologies) using suitable excitation (365 nm) and
emission filters (440 nm). Calibration curves were acquired using de-
fined amounts of the fluorescent product in 0.2 M glycine/0.2 M Na2CO3.
Note that these experiments were performed in the absence of GCM due
to the high basal hexosaminidase activity in glial culture medium.

Transmission electron microscopy. RGCs plated on PDL-coated cover-
slips (17,000 per 12 mm diameter; Assistent No. 1001) were fixed with
glutaraldehyde (2.5% in 0.1 M cacodylate buffer at pH 7.4 for 1 h at RT;
Electron Microscopy Services-EMS) and rinsed with cacodylate buffer.
In some experiments, cholesterol was stained by filipin (50 �g/ml for 30
min, from a 100-fold dimethylformamide stock solution). Cells were
postfixed for 1 h with osmium tetroxide [OsO4; 1% (w/v)] in cacodylate
buffer for the conventional protocol or with OsO4 [2% (w/v)] in 0.1 M

imidazole buffer for the lipid-preserving protocol before dehydration,
embedding, and ultramicrotomy. To detect GM1, RGCs were plated on
PDL-coated coverslips, cultured, and incubated with biotinylated CTB
(10 ng/ml; Sigma, catalog #C9972). After indicated times, cells were fixed
with PFA (4%) and glutaraldehyde (0.5% in PBS at pH 7.4 for 30 min).
To inactivate residual aldehyde groups present after aldehyde fixation
and to permeabilize cells, samples were incubated with sodium borohy-
dride [0.05% NaBH4 (w/v) in PBS for 15 min] and blocked in BSA (2% in
PBS, three times for 10 min each). Cells were incubated with
streptavidine-gold particles (5 nm; 1:100 in PBS with 0.1% BSA; Aurion).
After several rinses in Sorensen’s phosphate buffer (SPB; 0.1 M, pH 7.4),
cells were postfixed in glutaraldehyde (2.5% in SPB) and washed with
SPB and with distilled water. Cells were postfixed in OsO4 (0.5% in aqua
bidestillata for 15 min).

For immunogold labeling, RGCs plated on PDL-coated glass cover-
slips were fixed with PFA (4%) and glutaraldehyde (0.1% in PBS at pH
7.4 for 20 min), incubated with sodium borohydride [0.05% NaBH4

(w/v) in PBS for 15 min], and blocked in BSA (2% in PBS, three times for
10 min each). Cells were incubated overnight at 4°C with antibodies
against LAMP1 (1:100) and CD63 (1:100; all in PBS with 0.1% BSA).
After washing in PBS (2% BSA), cells were incubated with ultrasmall
nanogold F(ab�) fragments of goat anti-rabbit or goat anti-mouse immu-
noglobulin G (1:100 in PBS with 0.1% BSA; Aurion). After several rinses
in SPB, cells were postfixed in glutaraldehyde (2.5% in SPB) and washed
with SPB and with distilled water. Gold particles were then silver en-
hanced using the R-Gent SE-EM kit (Aurion). Immunogold-labeled cells
were postfixed in OsO4 (0.5% in aqua bidestillata for 15 min). Finally,
cells were dehydrated in graded ethanol series and embedded in Embed
812 (EMS). The ultrathin sections were cut with an ultramicrotome
(Leica), stained with uranyl acetate [1% (w/v) in 50% ethanol], and
examined with a Hitachi H7500 transmission electron microscope
equipped with an Advanced Microscopy Techniques/Hamamatsu digital
camera. For quantitative analyses of the endosomal–lysosomal system,

the different compartments were identified by well-established ultra-
structural criteria (Miller and Palade, 1964; Klumperman and Raposo,
2014). Briefly, endosomes are variably shaped with an electron-
translucent interior, no or few internal vesicles, and clathrin-coated
membrane domains. Multivesicular bodies are spherical structures with
a fuzzy internal coat and abundant intraluminal vesicles. Primary lyso-
somes have a homogenously electron-dense vacuolar matrix. Secondary
lysosomes show a more dense vacuolar matrix with more or less degraded
material. Residual bodies, also called tertiary lysosomes, show degraded
material and a compact electron-dense core. Lamellar inclusions are
spherical compartments containing few internal membranes, and mul-
tilamellar inclusions are densely filled with concentric membrane sheets.
For each experimental condition, electron micrographs from at least 40
cells were analyzed using ImageJ.

Correlative light and electron microscopy. RGCs cultured on PDL-
coated, gridded, thin-bottom tissue culture plates (30,000 cells; �Dish 35
mm, Grid-500; Ibidi) were fixed with glutaraldehyde (2.5% in PBS at pH
7.4, for 1 h at RT), rinsed with PBS, treated with glycine (0.1 M in PBS; pH
7.4; for 1 h at RT) to reduce aldehyde-based fluorescence, and subjected
to filipin staining (50 �g/ml in PBS for 2 h at RT, from 100-fold dimeth-
ylformamide stock solution). RGCs were imaged by phase-contrast and
fluorescence microscopy, and the grid coordinates were recorded. Sam-
ples were then processed for transmission electron microscopy (TEM),
and ultrathin sections were cut from areas covering the recorded grid
coordinates. Selected filipin-labeled cells from fluorescence micrographs
were localized and photographed on serial ultrathin sections at different
magnifications. To define the ultrastructural correlate of filipin-positive
puncta, masks derived from filipin fluorescence were aligned to electron
micrographs from ultrathin sections.

Scanning electron microscopy. To detect cholesterol-rich inclusions,
cells on PDL-coated 96-well microplates were fixed with glutaraldehyde
(2.5% in 0.1 M cacodylate buffer at pH 7.4; for 1 h at RT) and rinsed with
cacodylate buffer. Cholesterol was labeled by filipin (50 �g/ml for 30
min, from 100-fold dimethylformamide stock solution) and cells were
postfixed with OsO4 [1% (w/v) in cacodylate buffer for 1 h]. For com-
bined immunogold labeling and secondary electron and backscattered
electron (BSE) imaging, RGCs were fixed with PFA (4%) and glutaralde-
hyde (0.1% in PBS at pH 7.4 for 20 min). Samples were blocked in BSA
(2% in PBS, three times for 10 min each) and incubated overnight at 4°C
with antibodies against LAMP1 (1:200) and CD63 (rat-specific, 1:200;
mouse-specific, 1:50; all in PBS with 0.1% BSA). After washing in PBS
(2% BSA), samples were incubated with gold F(ab�) fragments of goat
anti-rabbit or goat anti-mouse immunoglobulin G (1:100 in PBS with
0.1% BSA; Aurion). After several rinses in SPB, cells were postfixed in
glutaraldehyde (2.5% in SPB) before washing with SPB and with distilled
water and again postfixed in OsO4 (0.5% in water for 15 min).

To visualize the cytoplasmic face of the plasma membrane, cells were
prepared as described previously with modifications (Boyles and Bain-
ton, 1979). Briefly, RGCs plated on glass coverslips were covered by a
second coverslip and sequeezed to ensure adhesion of the plasma mem-
branes to the glass surface. Coverslips were then ripped apart to fracture
cells horizontally and to expose the cytoplasmic side of the plasma mem-
brane. Top and bottom halves of cells attached to each respective cover-
slip were fixed with PFA (4%) and glutaraldehyde (0.1% in PBS at pH 7.4
for 20 min). Samples were blocked in BSA (2% in PBS, three times for 10
min each) and incubated overnight at 4°C with antibodies against
�-actin (1:200; rabbit polyclonal �-actin; Abcam, catalog #ab8227), class
III �-tubulin (TUJ1; 1:200; mouse monoclonal; Covance, catalog
#MMS-435P) and VAMP8 (1:500; rabbit polyclconal; Synaptic Systems,
catalog #104 302; all in PBS with 0.1% BSA). After washing in PBS (2%
BSA), samples were incubated with gold F(ab�) fragments of goat anti-
rabbit or goat anti-mouse immunoglobulin G (1:100 in PBS with 0.1%
BSA; Aurion).

To detect secreted, cholesterol-rich inclusions in neuron-conditioned
culture medium, medium was removed from cells, fixed with 2.5% glu-
taraldehyde, and added to glass coverslips for sedimentation (1 h). To
detect CD63 and GM1 in secreted inclusions, living RGCs were incu-
bated for 48 h with biotinylated CTB as described. Medium was fixed
with 4% PFA and 0.1% glutaraldehyde for 15 min, spun down at 13.4
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rpm for 60 min, resuspended in sodium boro-
hydride (0.05% in PBS for 15 min), and
blocked in BSA (2% in PBS for 30 min). Pellets
were incubated overnight at 4°C with an anti-
body against CD63 (rat-specific, 1:200; in PBS
with 0.1% BSA). After washing in BSA (2% in
BSA), pellets were incubated with ultrasmall
nanogold F(ab�) fragments of goat anti-biotin
immunoglobulin G (1:50 in PBS with 0.1%
BSA; Aurion) overnight at 4°C. After rinses in
SPB and distilled water, gold particles were
silver-enhanced for 90 min using the R-Gent
SE-EM kit (Aurion). Pellets were then rinsed in
distilled water and SPB and incubated with ul-
trasmall nanogold F(ab�) fragments of goat
anti-mouse immunoglobulin G (1:50 in PBS
with 0.1% BSA; Aurion) overnight at 4°C. Pel-
lets were postfixed in glutaraldehyde (2.5% in
SPB) and washed with SPB and distilled water.
Gold particles were silver-enhanced for 60 min
using the R-Gent SE-EM kit (Aurion).

All samples were dehydrated in graded
ethanol series, desiccated in hexamethyldisi-
lazane, and air dried. Samples were carbon
coated and examined by scanning electron mi-
croscopy at 15 kV (Hitachi S800). Secondary
electron and BSE images were collected simul-
taneously by corresponding detectors. To ana-
lyze the surface distribution of LAMP1, the x–y
coordinates of the gold particles were deter-
mined using an ImageJ plug-in (Zhang et al.,
2006). Ripley’s k function was calculated using
the coordinates and then standardized to the
99% confidence interval of a random pattern
(Zhang et al., 2006).

Analysis of gene expression by RNA sequenc-
ing. Neuronal RNA was harvested immediately
after immunopanning from RGCs still at-
tached to the selection plate using a standard
kit according to the manufacturer’s instruc-
tions (RNeasy Plus Micro Kit, Qiagen, catalog
#74034). After isolation of total RNA from four
wild-type and four NPC1-deficient mice (sam-
ples; biological replicates), libraries of template
molecules suitable for high throughput DNA
sequencing were created using the TruSeq
RNA Sample Preparation v2 kit (Illumina;

Figure 1. Intracellular localization of U18-induced cholesterol accumulation. A, Phase-contrast micrograph showing somata
and neurites of RGCs purified by immunopanning from 1-week-old rats and cultured for 4 d under serum- and glia-free conditions.
B, Fluorescence micrographs of RGCs treated without [control (Con)] or with U18 (2.5 �g/ml for 48 h) and stained with filipin. C,
Numbers of filipin-positive puncta in somata of RGCs (top; for 0, 0.1, 0.5, 1.0, and 2.5 �g/ml, n � 638, 557, 594, 451, and 678 cells,
respectively; 2–3 preparations) and percentage of surviving RGCs (bottom) treated with U18 at indicated concentrations for 48 h.
Viability values were normalized to untreated control cultures (3– 4 preparations). Inset, False-color fluorescence micrograph
showing living (green) and dead (red) RGCs from an untreated control culture. D, Numbers (left axis, white boxes; Con, n � 311
cells; GCM, n � 328 cells) and intensities of filipin-positive puncta (right axis, blue boxes; Con, n � 284 cells; GCM, n � 325 cells;

4

values divided by 1000) in somata of RGCs treated with U18 in the
presence or absence of GCM (3 preparations; Mann–Whitney U
test). **p 	 0.01; ***p 	 0.001. E, Transmission electron micro-
graphs of RGCs treated with U18 and fixed with glutaraldehyde
(left) plus imidazole (middle) and plus filipin (right). F, Diagram
and scanning electron micrographs of RGC somata using second-
aryelectrondetection(red,top)tovisualizethecellsurfaceandBSE
detection (blue, bottom) to detect intracellular filipin-osmium-
stained structures (arrowhead) after treatment with U18 and with
or without filipin staining as indicated. G, CLEM revealing lamellar
inclusions as ultrastructural correlate of filipin-positive puncta in
U18-treated RGCs. Left, Phase-contrast (top), fluorescence (mid-
dle), and transmission electron micrographs (bottom) of the same
group of cells. Numbered arrows point to two RGCs selected for
CLEM and shown in the middle panel. Middle, Higher-
magnification micrographs of selected RGCs with false-color over-
lays of filipin fluorescence. Right, Magnified areas outlined in the
middle panel. Scale bars: A, 40 �m; B, 20 �m; C, 50 �m; E, G,
right, 500 nm; F, 6 �m; G, left, 10 �m; middle, 2 �m.
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Plateforme Biopuce et Séquencage, Institut de Génétique et de Biologie
Moléculaire et Cellulaire, Illkirch, France). Briefly, mRNA was purified
from 120 –150 ng of total RNA using poly-T oligo-attached magnetic
beads and fragmented using divalent cations at 94°C for 8 min. The
cleaved mRNA fragments were reverse transcribed to cDNA using ran-
dom primers, and the second strand of the cDNA was synthesized using
DNA polymerase I and RNase H. The double-stranded cDNA fragments
were blunted using T4 DNA polymerase, Klenow DNA polymerase, and

T4 polynucleotide kinase. A single “A” nucleotide was added to the 3�
ends of the blunt DNA fragments using a Klenow fragment (3� to 5� exo
minus) enzyme. The cDNA fragments were ligated to double stranded
adapters using T4 DNA ligase. The ligated products were enriched by
PCR amplification [30 s at 98°C; (10 s at 98°C, 30 s at 60°C, 30 s at
72°C) � 14 cycles; 5 min at 72°C]. Then, surplus PCR primers were
removed by purification using AMPure XP beads (Agencourt Biosci-
ences). DNA libraries were checked for quality and quantified using the
2100 Bioanalyzer (Agilent). The libraries were loaded in the flow cell at 7
pM concentration, and clusters were generated in the Cbot and sequenced
in the Illumina Hiseq 2500 as single-end 50 base reads. Image analysis

Figure 2. Accumulation of surface-labeled GM1 in cholesterol-rich lamellar inclusions.
A, Fluorescence micrographs of RGCs treated with U18 and cultured for indicated durations (in
hours) in the presence of biotinylated CTB before fixation and filipin staining. B, False-color
fluorescence micrograph of U18- and CTB-treated RGCs, magnified from A, showing overlap of
filipin and CTB. C, Number of CTB-positive puncta per soma [left axis, white boxes, CTB 2 h,
control (Con), n � 227 cells; U18, n � 183 cells; 24 h, Con, n � 135 cells; U18, n � 208 cells;
48 h, Con, n � 339 cells; U18, n � 271 cells] and mean percentage of CTB-positive puncta
colocalizing with filipin (right axis, blue boxes; 2 h, n � 86; 24 h, n � 198; 48 h, n � 270) at
indicated treatments (3 preparations). D, Representative electron micrograph showing CTB
gold-labeled GM1 inside a lamellar inclusion of an RGC cultured in the presence of U18 and CTB.
***p 	 0.001. Scale bars: A, B, 20 �m; D, 500 nm.

Figure 3. Origin of lamellar inclusions. A, Fluorescence micrographs of RGCs treated with
U18 and stained as indicated. The false-color micrograph shows colocalization of filipin-positive
puncta with endosomal–lysosomal markers in U18-treated cells. B, Left axis, Number of filipin-,
LAMP1-, and CD63-positive puncta that were detected in RGCs treated as indicated. Right axis,
Percentage of puncta that showed no colocalization with the other markers (top box colored as
in A; F, filipin, blue; C, CD63, green; L, LAMP1, red), colocalization with only one marker (two
middle boxes with color of respective overlap), and colocalization with both markers (bottom
box in white indicating overlap of blue, red, and green) in RGCs treated with U18 (control, n �
263; U18, n � 223 cells; 3 preparations; Mann–Whitney U test). C, Representative electron
micrograph of an immunogold-labeled RGC showing LAMP1 (large; filled arrowheads) and
CD63 (small; empty arrowheads) on the surrounding membrane and on the lamellae of an
U18-induced inclusion, respectively. ***p 	 0.001. Scale bars: A, 20 �m; C, 500 nm.
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and base calling were performed using Real-Time Analysis version
1.17.21.3 and CASAVA version 1.8.2. Reads were mapped onto the
mm10 assembly of the mouse genome using Tophat version 2.0.10
and the Bowtie version 2.1.0 aligner. Only uniquely aligned reads
were retained for further analyses. Gene expression was quantified
using HTSeq version 0.5.4p3 (Anders et al., 2015) and gene annota-
tions from Ensembl release 74. Read counts were normalized across
libraries as proposed previously (Anders and Huber, 2010). Compar-
ison between NPC and WT samples was performed as described pre-
viously (Love et al., 2014) implemented in the DESeq2 Bioconductor
library (version 1.0.19), adjusting for litter effects. Adjustment for
multiple testing was performed with the method used by Benjamini
and Hochberg (1995). Gene ontology and pathway analysis were per-
formed using the Database for Annotation, Visualization and Inte-
grated Discovery (version 6.7; Huang et al., 2009), using all Gene
Ontology (GO) terms for biological process, cellular component, and
molecular function, and thresholds for gene count (�3) and statisti-
cal significance [EASE (Expression Analysis Systematic Explorer)
score 	0.05; p 	 0.05 Benjamini–Hochberg corrected t test].

Statistical analysis. Unless stated otherwise,
statistical analyses were performed using
the two-tailed multiple comparisons Kruskal–
Wallis test (Statistica 12; Dell/StatSoft). Levels
of significance are indicated by asterisks in the
figure legends. Box plots indicate percentiles of
data distributions (boxes: 25, 50, and 75%;
whiskers: 5 and 95%). Column plots indicate
the means and whiskers the SDs.

Results
To provoke pathologic lipid accumula-
tion in neurons, we treated serum-free
cultures of purified RGCs (Fig. 1A) with
the amphiphilic cation U18, which in-
duces the cellular phenotype of NPC
disease (Liscum and Faust, 1989; Karten
et al., 2002) by blocking NPC1 activity
(Lu et al., 2015). Treatment with U18
for 48 h induced the presence of filipin-
positive puncta in neuronal somata in a
dose-dependent manner, but decreased
neuronal viability only at the highest
concentration tested (Fig. 1 B, C).
Filipin-positive puncta occurred in the
absence or presence of GCM (Fig. 1D),
indicating accumulation of endogenous
and imported cholesterol, respectively.

Identification of lamellar inclusions as
sites of cholesterol accumulation
Next, we searched for the subcellular lo-
cation of U18-induced cholesterol accu-
mulation in neurons. TEM revealed the
presence of round, often vacuolar struc-
tures of variable size inside neurons
containing bits of electron-dense mate-
rial in U18-treated (0.5 �g/ml, 48 h)
RGCs (Fig. 1E, left), which were absent
from untreated controls. To test,
whether the vacuolar appearance was
due to lipid loss during sample prepara-
tion, we treated cells with imidazole,
which enhances lipid fixation by os-
mium tetroxide (Angermüller and Fa-
himi, 1982). The modified fixation
protocol revealed the presence of mem-

braneous lamellae inside the structures (Fig. 1E, middle).
Prior staining of cells with filipin strongly increased the elec-
tron density of the lamellae probably by enhancing osmium
complexation (Fig. 1E, right), indicating that lamellar inclu-
sions contain unesterified cholesterol. Next, we investigated
whether filipin-cholesterol-osmium complexes can be visual-
ized in intact cells by scanning electron microscopy combined
with BSE detection. Scanning electron microscopy revealed
the presence of filipin-osmium-stained cholesterol-rich inclu-
sions inside U18-treated RGCs, but not in untreated neurons
or in neurons that were not stained with filipin (Fig. 1F ). Next,
we performed correlative light and electron microscopy
(CLEM), which traces the ultrastructural correlate of fluores-
cently labeled structures (Sjollema et al., 2012). This approach
provided direct evidence that the cholesterol-containing la-
mellar inclusions observed by TEM correspond to filipin-

Figure 4. Impact of U18 on the endosomal–lysosomal system of neurons. A, Fractional area of endosomes, lysosomes, and
lamellar inclusions compared to total cell area in RGCs cultured in the absence (n � 41 cells) or presence of U18 (n � 52; 3
preparations; Mann–Whitney U test). B, Fractional area and representative transmission electron micrographs of indicated endo-
somal–lysosomal compartments in RGCs [control (Con), black, n � 41 cells; U18, gray, n � 52 cells; Mann–Whitney U test]. End,
Endosome; MVB, multivesicular body; PLy, primary lysosome; SLy, secondary lysosome; RBo, residular body; LIn, lamellar inclusion;
MLI, multilamellar inclusion. Scale bar, 200 nm. C, Fractional area of lamellar inclusions compared to total area of the endosomal–
lysosomal system plotted against fractional area of endosomal (left) and of lysosomal compartments (right) in individual U18-
treated RGCs (n � 51; Pearson’s correlation coefficients; p values). Dashed lines indicate the linear regression fit. ***p 	 0.001.
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positive puncta revealed by fluorescence microscopy (n � 5
cells; Fig. 1G).

Accumulation of surface-resident GM1 in
cholesterol-rich inclusions
U18 treatment and NPC1 dysfunction cause intracellular ac-
cumulation of lipids other than cholesterol (Lloyd-Evans et
al., 2008), namely, gangliosides (Sugimoto et al., 2001; Zervas
et al., 2001). We therefore studied the distribution of gangli-
oside GM1, an essential component that controls the struc-
tural and functional properties of the neuronal plasma
membrane (Ledeen and Wu, 2015). To this end, we took ad-
vantage of the fact that surface-resident GM1 can be labeled in
living cells by CTB. Incubation of RGCs with CTB for increas-
ing periods of time labeled first the plasma membrane and
then intracellular structures due to constitutive endocytosis of
GM1 (Fig. 2 A, C). In the presence of U18, CTB-labeled GM1
from the cell surface was incorporated into cholesterol-rich
lamellar inclusions within 24 to 48 h, as shown by colocaliza-
tion with filipin (Figs. 2A–C) and TEM ( D).

Endosomal–lysosomal origin of lamellar inclusions
Having identified lamellar inclusions as the subcellular site of
lipid accumulation, we investigated their relation to the endo-
somal–lysosomal system, which is the primary target of U18
treatment and NPC1 deficiency (Sokol et al., 1988; Liscum and
Faust, 1989). Immunocytochemical staining revealed that U18
enhanced the number of CD63-positive but not of LAMP1-
positive puncta in neuronal somata and induced colocaliza-
tion of both markers with filipin-positive puncta (Figs. 3 A, B).
Immunogold labeling and TEM of U18-treated RGCs revealed
the presence of LAMP1 and CD63 in lamellar inclusions (Fig.
3C). Notably, LAMP1 (Fig. 3C, filled arrowheads) decorated
exclusively the membrane surrounding the inclusions,
whereas CD63 (empty arrowheads) was restricted to internal
lamellae indicating distinct origins of these membrane
compartments.

Next, we determined the impact of U18 on the endosomal–lyso-
somal system by quantitative TEM. Our analysis revealed that U18
enlarged the size of the endosomal–lysosomal system in RGCs (Fig.
4A), induced lamellar inclusions, and reduced the contribution of
endosomes, primary lysosomes, and residual bodies to the total en-
dosomal–lysosomal system (Fig. 4B). The fractional area of lamellar
inclusions was negatively correlated with that of endosomes and of
primary lysosomes (Fig. 4C), suggesting that the inclusions formed
at the expense of these compartments.

Cyclodextrin-mediated reversal of cholesterol accumulation
by exocytotic release of inclusions
At present, there is no curative treatment for NPC disease, but
HbC, a modified �-cyclodextrin, slows down neurodegeneration
in animal models of the disease (Liu et al., 2009a; Davidson et al.,
2009; Aqul et al., 2011; Vite et al., 2015). To clarify the mechanism
of action in neurons, we studied the effect of cyclodextrins on
RGCs. Within 24 h of treatment, HbC reverted the U18-induced
accumulation of cholesterol in lamellar inclusions and the
changes to the endosomal–lysosomal system in a dose-dependent
manner (Fig. 5). The reversal was mimicked by SbC, a sulfobu-
tylether derivative of �-cyclodextrin (Ramirez et al., 2011; Taylor
et al., 2012; Davidson et al., 2016), but not by HaC (Fig. 5B),
probably because the cavity of �-cyclodextrins is too small to
harbor cholesterol (Zidovetzki and Levitan, 2007; Gimpl, 2010).

Scanning electron microscopic inspection of RGCs that were
treated with U18 and HbC and labeled with filipin and immuno-
gold revealed the occasional presence of cholesterol-rich
inclusions at the cell surface that were surrounded by a LAMP1-
positive rim of plasma membrane (Fig. 6A,B). This surprising
finding suggested that HbC induces the neuronal release of la-
mellar inclusions. To address this point, we performed immuno-
gold labeling of nonpermeabilized RGCs. Scanning electron
microscopy combined with BSE detection revealed that HbC in-
creased the density of LAMP1, but not of CD63 on the neuronal
surface (Fig. 6C,D). This effect occurred only in U18-treated cells,
but not in untreated controls (Fig. 6D). Regardless of the treat-

Figure 5. HbC-induced reversal of cholesterol accumulation in lamellar inclusions. A, Fluorescence and electron micrographs showing filipin distribution (top) and ultrastructure (bottom) of RGCs
treated with U18 and for the last 24 h with HbC at indicated concentrations (in micromolar). Scale bars: top, 20 �m; bottom, 200 nm. B, Number of filipin-positive puncta in somata of RGCs treated
with U18 and with HbC [control (Con), n � 410 cells; U18, n � 548; U18 � 50 �M HbC, n � 470; U18 � 100 �M HbC, n � 450; 5 preparations] or with SbC (100 �M) and HaC (100 �M; inset, control
treated with U18, n � 490 cells; SbC, n � 211 cells; HaC, n � 366 cells; 3 preparations). C, Average fractional area of endosomal–lysosomal compartments in RGCs treated as indicated (Con, n �
41 cells; U18, n � 52 cells; U18 � 50 �M HbC, n � 46 cells; U18 � 100 �M HbC, n � 45 cells; 3 preparations). **p 	 0.01; ***p 	 0.001.
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Figure 6. HbC-induced release of lamellar inclusions from neurons. A, Scanning electron micrographs (left, secondary electron; right, BSE) of an RGC treated with U18 and HbC (50 �M),
stained with filipin, and immunogold labeled with an antibody against LAMP1 without prior permeabilization. B, Higher-magnification images of the area outlined in A showing a
filipin-osmium-stained, cholesterol-rich inclusion leaving the soma with the rim of the plasma membrane (left, secondary electron; empty arrowheads) decorated by LAMP1 (right, BSE;
filled arrowheads). C, Scanning electron micrographs (left, secondary electron; middle, right, BSE) of RGCs treated with U18 and with HbC at indicated concentrations and subjected to
immunogold labeling of LAMP1 (40 nm; filled arrowheads) and CD63 (25 nm; empty arrowheads) without prior cell permeabilization. D, Densities (per square micrometer) of indicated
proteins on the surface of nonpermeabilized RGCs after indicated treatments (n � 104 cells per condition; 4 preparations). E, Pooled distributions of immunogold-labeled LAMP1 on the
plasma membrane of RGCs treated with U18 and with HbC at indicated concentrations (in micromolar; U18, n � 8863 particles; U18 � CD50, n � 16253 particles; U18 � CD100, 7483
particles; for each condition, particles were pooled from data shown in D). F, Analysis by Ripley’s k function indicating a clustered surface distribution of LAMP1 on RGCs with an estimated
cluster size of �75 nm and multiples thereof (arrows) regardless of HbC treatment (confidence intervals, 0 �M HbC, 0.1328; 50 �M HbC, 0.072; 100 �M HbC, 0.1571). G, Scanning electron
micrographs of structures detected in sediment of culture medium from U18- and HbC-treated (100 �M) RGCs. The structures were of similar size (Figure legend continues.)
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ment, the distribution of LAMP1 in the plasma membrane was
clustered (Fig. 6E,F).

Further evidence for the HbC-induced release of inclusions
was obtained by scanning electron microscopy imaging of sedi-
ment from neuron-conditioned medium. In medium from HbC-
and U18-treated cells, we observed structures that were of similar
size as lamellar inclusions and that contained filipin-osmium-
stained cholesterol as well as CTB-labeled GM1 and CD63 (Fig.
6G). We could not detect a HbC-induced increase in hexosamini-
dase activity in the medium nor colocalization of filipin-stained
cholesterol and hexosaminidase in neurons (Fig. 6H, I) suggest-
ing the absence of this lysosomal enzyme from U18-induced
inclusions.

To further investigate the exocytotic release of inclusions, we
examined the cytoplasmic face of the neuronal plasma mem-
brane using a cell fracturing technique in combination with scan-
ning electron microscopy (Fig. 7A). This approach revealed that
HbC strongly enhanced the number of U18-induced cholesterol-
rich inclusions attached to the cytoplasmic side of the plasma
membrane (Fig. 7B,C). The surface density of LAMP1 (Fig. 6D)
and the subplasmalemmal density of inclusions showed remark-
ably similar dose dependency (Fig. 7C). Immunogold labeling of
fractured RGCs combined with scanning electron microscopy
revealed an association of subplasmalemmal inclusions with tu-
bulin, actin (Fig. 7B), and VAMP8 (Fig. 7D).

Effects of NPC1 deficiency on RGCs and their reversal by HbC
ex vivo
Based on the results obtained with U18 treatment, we studied the
impact of NPC1 deficiency on neurons and the effects of HbC. To
this end, we established an ex vivo preparation of RGCs that were
acutely isolated from retinae of 1-week-old BALB/c mutant mice.
With older animals, the purity of the preparation decreased signifi-
cantly (Fig. 8A). First, we took advantage of this model to define the
neuron-specific reaction to NPC1 deficiency using gene expression
profiling by high-throughput RNA sequencing (Gene Expression
Omnibus accession number GSE75775). Mutant mice showed
lower transcript counts than their wild-type littermates (Fig. 8B),
and the profiling proved highly reproducible across biological repli-
cates (n�4 mice per genotype; Fig. 8C,D). Comparison of transcript
counts revealed a limited number of genes that are upregulated (n �
75) and downregulated (n � 191) in RGCs acutely purified from
mutant mice (n � 4) compared to those from wild-type littermates
(n � 4; Fig. 8E). Transcript counts of Npc1 and the neuronal marker
Calb1 were reduced in RGCs from mutant mice compared to wild-
type littermates (Fig. 8F) as expected based on previous studies (Lof-
tus et al., 1997; German et al., 2001; Claudepierre et al., 2010), thus
validating our approach. The observed changes at transcript levels
also affected protein levels as shown for ARHGAP9, one of the most
strongly downregulated genes (Fig. 8G). GO term analysis revealed
increased transcript counts for genes involved in cholesterol and

fatty acid synthesis and in lipoprotein accretion and decreased
counts for those mediating cholesterol efflux in RGCs from mutant
mice compared to wild-type controls (Fig. 8H,I). These findings
suggested that already at 1 week of age, NPC1-deficient neurons
experience a cholesterol deficit in the endoplasmic reticulum be-
cause of its accumulation in the endosomal–lysosomal system.

4

(Figure legend continued.) as lamellar inclusions, and contained filipin-osmium-stained cho-
lesterol (left pair, secondary electrons and BSE images) and CTB-labeled GM1 (filled arrow-
heads) and CD63 (empty arrowheads; right pair, secondary electron and BSE images). H,
Fluorescence micrographs of RGCs treated with U18 and subjected to filipin staining (left) and to
immunocytochemical staining with an antibody against hexosaminidase A (middle). Right,
False-color micrograph showing little overlap between filipin-positive puncta (blue) and hexo-
saminidase A label (green, intensity enhanced). I, Hexosaminidase activity in RGCs (white) and
in RGC-conditioned medium (black) in the presence or absence of U18 and HbC. Levels were
normalized to activity in untreated control cells (n�3 preparations). ***p 	0.001. Scale bars:
A, 3 �m; B, 750 nm; C, left, middle, 3 �m; right, 500 nm; E, 2 �m; G, 750 nm; H, 20 �m.

Figure 7. HbC-induced accumulation of lamellar inclusions at the cytoplasmic face of
the plasma membrane. A, Diagrams illustrating horizontal cell fracturing and scanning
electron microscopy with secondary electron and BSE detection to visualize the cytoplas-
mic face of the neuronal plasma membrane. B, Scanning electron micrographs (top, sec-
ondary electron; middle, bottom, BSE) showing the cytoplasmic face of the plasma
membrane after fracturing of an U18- and HbC-treated RGC. Bottom, High-magnification
false-color image of outlined area showing an inclusion with overlay of secondary electron
(gray scale) and BSE signals (color) after filipin staining (blue) and immunogold labeling
to reveal tubulin (green) and actin (red). C, Number of cholesterol-rich inclusions at the
cytoplasmic face of the plasma membrane under indicated conditions (n � 100 cells per
condition; 4 preparations). D, Scanning electron micrographs of an U18- and HbC-treated
(100 �M) RGC after cell fracturing (left, secondary electron; right, BSE). Note the
cholesterol-rich inclusion at the cytoplasmic face of the plasma membrane covered with
immunogold labeled clusters of VAMP8. Scale bars: B, top, middle, 10 �m; bottom, 1.5
�m; D, 1 �m. *p 	 0.05; ***p 	 0.001.
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Indeed, filipin staining, immunocytochemistry, and scanning
electron microscopy combined with BSE imaging revealed filipin-
positive structures that colocalized with LAMP1 in RGCs from
1-week-old mutant mice, but not in wild-type littermates (Fig.

9A,B). TEM inspection of filipin-stained
neurons confirmed the presence of inclu-
sions with electron-dense lamellae (Fig. 9C).
Our observation of cholesterol accumula-
tion in our ex vivo preparation prompted us
to test the effects of HbC. Treatment of
NPC1-deficient RGCs with HbC for 24 to
30 h reverted the intracellular accumulation
of filipin-stained cholesterol and of LAMP1
and strongly increased the density of
LAMP1 on the cell surface (Fig. 9A,B) indi-
cating the release of cholesterol-rich inclu-
sions. The release was further supported by
the presence of filipin-osmium-stained
structures still attached to the surface of
HbC-treated RGCs from mutant mice (Fig.
9D).

Closer inspection of HbC-treated RGCs
from mutant mice by BSE imaging revealed
the presence of inclusions within somata
that were partially depleted of cholesterol
(Fig. 9A, bottom). This observation sug-
gested that HbC mediates the transfer of
cholesterol from lamellar inclusions to the
cell-intrinsic pools. To test this indirectly,
we measured HMGCR levels in somata of
RGCs from mutant mice. This experiment
revealed a small but robust HbC-induced
reduction of somatic HMGCR levels in
NPC1-deficient RGCs (Fig. 9E), indicating a
redistribution of cholesterol to the endo-
plasmatic reticulum. Moreover, treatment
with cholesterol (10 �g/ml; 24 h) reduced
HMGCR levels in RGCs from wild-type
mice, but not in those from mutant litter-
mates (Fig. 9E). This validated the down-
regulation of HMGCR levels by external
cholesterol in normal RGCs and the im-
paired cholesterol transport in NPC1-
deficient neurons.

Discussion
Here, we provide new insight into the intra-
cellular location, impact, and therapeutic
reversal of pathologic lipid accumulation in
neurons affected by NPC disease. Moreover,
we deliver refined electron microscopic
tools to visualize lipid aggregation in cells at
nanoscale resolution.

By improved lipid fixation and
CLEM, we identify lamellar inclusions
as the subcellular sites of cholesterol ac-
cumulation in neurons with impaired
NPC1 activity. This finding merges two
hallmarks of NPC disease that are ob-
served by light and electron microscopy:
the intracellular accumulation of unes-
terified cholesterol in neurons (Yamada
et al., 2001; Karten et al., 2002; Runz et
al., 2002; Reid et al., 2004) and the pres-

ence of “lamellar bodies” or “myelin figures” in neurons of
NPC patients (Harzer et al., 1978) and animal models (Tanaka
et al., 1988; Lowenthal et al., 1990; Phillips et al., 2008). The

Figure 8. Gene expression profiling by RNAseq of RGCs acutely purified from wild-type and NPC1-deficient mice. A, Left,
false-color micrographs of RGCs acutely purified from 1-week-old mice by immunopanning and subjected to nuclear
staining with DAPI (blue) and to immunocytochemical staining for Thy1 (green). Scale bar, 20 �m. Right, percentage of
Thy1� cells after isolation from retinae of 1-week-old (n � 9) and 2-week-old mice (n � 5; t test). Immunopanning
delivered �73,000 
 8,000 Thy1-positive cells per 1-week-old mouse (n � 5). B, Quantity of total RNA in purified RGCs
per mouse (n � 4 mice per genotype corresponding to biological replicates; t test). C, Heat map of Pearson’s correlation
coefficient showing the reproducibility of transcript counts among biological replicates. D, First factorial plane resulting
from a correspondence analysis of variance-stabilized data with the x-axis and y-axis explaining 23 and 22% of the
variability of the whole dataset, respectively. E, Mean fold changes of transcript counts in RGCs from 1-week-old mutant
mice compared to wild-type littermates plotted against normalized mean counts of each transcript as revealed by RNAseq.
Red dots indicate genes with an adjusted p value of 	0.05. F, Counts of indicated transcripts divided by gene lengths in
RGCs from individual mice as indicated (lines indicate means). G, Means of relative transcript counts and relative fluores-
cence intensities of ARHGAP9 revealed by RNAseq (n � 4 per genotype; t test) and by immunocytochemical staining of
acutely isolated RGCs, respectively (WT, n � 443 cells; NPC, n � 492 cells; 3 preparations; Mann–Whitney U test). H,
Transcript counts divided by gene lengths of selected cholesterol-synthesizing enzymes in purified RGCs revealed by
RNAseq (n � 4 per genotype; values divided by 1000). I, Enrichment of gene ontology terms (numbers of genes per GO
term) in transcripts of RGCs from mutant mice compared to wild-type littermates (n � 4 mice per genotype). Unless
indicated otherwise, p values are from t tests adjusted by the Benjamini–Hochberg method. *p 	 0.05; **p 	 0.01;
***p 	 0.001.
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vacuolar appearance of NPC1-deficient neurons (Harzer et al.,
1978; Liao et al., 2007) may have been caused by lipid loss after
conventional fixation of TEM samples. A previous report
showed that U18 binds directly to NPC1 and blocks its activity
(Lu et al., 2015). This finding explains why U18 mimics the

cellular phenotype of NPC1 deficiency and suggests that la-
mellar inclusions induced by drug treatment are comparable
to those caused by NPC1 deficiency.

Two independent lines of evidence indicate that lamellar in-
clusions originate from the endosomal–lysosomal system: Our

Figure 9. HbC-mediated reversal of cholesterol accumulation in RGCs acutely isolated from NPC1-deficient mice. A, Fluorescence (top, middle) and scanning electron micrographs
(bottom, BSE images; insets, corresponding secondary electron images) of RGCs with indicated genotypes and treatments (100 �M HbC for 24 –30 h) subjected to filipin staining (top),
to immunocytochemical staining of LAMP1 inside cells (middle; fluorescence), and to immunogold staining on the cell surface (bottom; BSE images). Top, False-color micrograph shows
outlined area at higher magnification (blue, filipin; green, LAMP1; intensities modified). Bottom, Arrowheads indicate immunogold-labeled LAMP1 (filled) and filipin-osmium-stained
cholesterol-rich inclusions (empty). Note the apparent partial depletion of cholesterol from inclusions after HbC treatment. B, Number of filipin-positive (top) and of LAMP1-positive
puncta in RGC somata (middle) and surface density (bottom) of immunogold-labeled LAMP1 (per square micrometer) in nonpermeabilized RGCs after indicated treatments (WT, filipin,
n � 674 cells; LAMP1, n � 249 cells; NPC, filipin, n � 838 cells; LAMP1, n �330 cells; 50 �M HbC, filipin, n � 220 cells; LAMP1, n � 244 cells; 100 �M HbC, filipin, n � 234 cells; LAMP1,
n � 239 cells; n � 2– 4 preparations; LAMP1 density, 50 cells per condition; 2 preparations). C, Representative transmission electron micrograph showing lamellar inclusions in an
NPC1-deficient RGC acutely isolated and fixed with imidazole and filipin. D, Scanning electron micrographs (left, middle, secondary electron; right, BSE) of an NPC1-deficient RGC treated
with HbC (100 �M) for 30 h. Middle and right micrographs show the outlined area at higher magnification. Note the presence of filipin-osmium-stained cholesterol-rich inclusions on the
cell surface after HbC-induced release. E, Left, Fluorescence micrographs of RGCs from 1-week-old NPC1-deficient mice, treated as indicated (100 �M HbC) and subjected to immuno-
cytochemical staining for HMGCR. Right, Relative HMGCR levels in somata of NPC1-deficient RGCs treated with HbC (left; 0 �M, n � 308 cells; 50 �M, 258 cells; 100 �M, 276 cells; 3
preparations) and RGCs from wild-type and mutant mice treated with cholesterol (right; WT, 0 �g/ml, 456 cells; 10 �g/ml, 459 cells; NPC, 0 �g/ml, 375 cells; 10 �g/ml, 391 cells; 4
preparations; Mann–Whitney U test). Scale bars: A, top, middle, 20 �m; bottom, 3 �m; C, 500 nm; D, left, 12 �m; middle, right, 3 �m; E, 20 �m. *p 	 0.05;
***p 	 0.001.
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quantitative TEM analysis revealed that their fractional area in
individual neuronal somata was inversely proportional to the
area of endosomes and lysosomes. Our immunogold labeling
defined the origin of their membrane compartments: The pres-
ence of LAMP1 on their surrounding membrane indicated
that they are late endosome/lysosome-derived or endosome/
lysosome-related organelles (Marks et al., 2013). The absence of
hexosaminidase suggests that they are distinct from mature lyso-
somes. The internal lamellae were decorated by CD63, indicating
that they originate from intraluminal vesicles of late endosomes
(Pols and Klumperman, 2009). The exact mechanism, by which
lamellae form, remains to be determined, but the endosomal–
lysosomal origin of inclusions further validates them as site of
cholesterol accumulation.

Our finding that lamellar inclusions form in the absence
of external lipoproteins indicates that impaired activity of
NPC1 causes accumulation of neuron-intrinsic cholesterol. This
observation is in line with reports on different types of NPC1-
deficient cells including neurons (Karten et al., 2002; Reid et al.,
2003). A likely source is the plasma membrane, as suggested by
previous reports on U18-treated or NPC1-deficient cells showing
transfer of cholesterol from the cell surface to lysosomal com-
partments (Lange et al., 1998). Labeling surface-resident GM1 in
living neurons with CTB revealed that this key component of the
neuronal plasma membrane becomes trapped in lamellar inclu-
sions during treatment with U18. Thus, inhibition of NPC1 may
cause a slow but steady depletion of lipids and other compon-
ents from the neuronal plasma membrane. This depletion may
compromise membrane-dependent signaling processes such as
neurotrophin responsiveness, as shown for NPC1-deficient neu-
rons in vitro (Henderson et al., 2000).

Our neuron-specific transcript analysis suggests an upregula-
tion of cholesterol synthesis and uptake and the downregulation
of its release in NPC1-deficient neurons already at 1 week of age.
These changes were caused by cholesterol accumulation in lamel-
lar inclusions leading to a deficit in the endoplasmatic reticulum
(Goldstein et al., 2006). Enhanced cholesterol synthesis in NPC1-
deficient neurons has not been reported so far. Measurements of
cholesterol synthesis in whole brain extracts from NPC1-
deficient mice and wild-type controls (Xie et al., 1999; Repa et al.,
2007) cannot detect cell-specific changes, and the presence of
serum may perturb the properties of NPC1-deficient neurons
(Karten et al., 2002). Moreover, this effect is likely to be absent in
U18-treated neurons, because the drug also inhibits cholesterol
synthesis (Cenedella, 2009). Overall, we hypothesize that a slow
but steady depletion of components from the plasma membrane
and a gradual intracellular overload with cholesterol and other
molecules produced along the synthesis pathway contribute to
the dysfunction and degeneration of specific types of neurons in
NPC disease. These changes may first affect compartments that
are distant from the cell soma, including axons (Karten et al.,
2002) and synapses (Karten et al., 2006; Buard and Pfrieger,
2014).

Our study provides new insight into how HbC reverts the
accumulation of cholesterol in neurons with impaired NPC1
activity. Based on preclinical evidence (Liu et al., 2009a; Da-
vidson et al., 2009; Aqul et al., 2011; Vite et al., 2015), this
compound is currently being tested in clinical trials as a treat-
ment for NPC disease (Ottinger et al., 2014). Our findings
suggest a two-step mechanism of action. First, endocytosed
HbC resolubilizes cholesterol contained in lamellar inclusions
and promotes its intracellular redistribution in an NPC1- and

NPC2-independent manner. This process was indicated by
several HbC-induced changes in U18-treated and NPC1-
deficient RGCs. TEM revealed a dose-dependent reduction of
lamellae within inclusions. Scanning electron microscopy
combined with BSE imaging revealed the presence of inclu-
sions that were partially depleted from cholesterol. Immuno-
cytochemical staining showed a significant decrease in
HMGCR, indicating its redistribution to the ER, where it
induced a reduction of cholesterol biosynthesis. These
changes are in agreement with previously reported effects of
�-cyclodextrin in cultured fibroblasts (Abi-Mosleh et al.,
2009; Rosenbaum et al., 2010) and brain cells (Peake and
Vance, 2012; Taylor et al., 2012) and in animal models in vivo
(Davidson et al., 2009; Liu et al., 2009a; Aqul et al., 2011; Vite
et al., 2015). In a second step, HbC enables the exocytotic
release of lamellar inclusions from neurons. This surprising
mechanism was indicated by several HbC-induced changes
detected by our refined scanning electron microscopy tech-
niques. Immunogold labeling revealed an increased density of
LAMP1 clusters in the plasma membrane, which indicates ex-
ocytosis of LAMP1-positive compartments (Samie and Xu,
2014). A clustered appearance of LAMP1 on the cell surface
was also observed after induction of lysosomal exocytosis in
natural killer cells (Liu et al., 2009b). Scanning electron mi-
croscopy of intact and fractured cells revealed the presence of
cholesterol-rich inclusions at the cytoplasmic face of the
plasma membrane, on the cell surface, and in culture medium
before, during, and after release, respectively. Finally, immu-
nogold labeling of fractured RGCs revealed a close association
of cholesterol-rich inclusions with actin and tubulin and with
VAMP8, indicating their active transport to the subplas-
malemmal space and their SNARE-dependent exocytosis. No-
tably, all of these changes occurred only in RGCs with
impaired NPC1 activity, and not in untreated RGCs or those
isolated from wild-type animals. HbC induced these changes
at concentrations between 50 of 100 �M, which have been used
previously to revert the NPC phenotype in vitro (Peake and
Vance, 2012) and in vivo (Aqul et al., 2011). At 100-fold higher
concentrations, HbC extracts cholesterol from the plasma
membrane, induces exocytosis in cultured fibroblasts (Chen et
al., 2010), and kills primary neurons (Peake and Vance,
2012).

We hypothesize that the resolubilization of cholesterol from in-
clusions by HbC enables their transport to the plasma membrane
(Neefjes and van der Kant, 2014) and their release to the extracellular
space. The latter provides an efficient means to remove the enor-
mous amounts of accumulated cholesterol that may become toxic,
when resolubilized in toto within cells. The ability of neurons to
exocytose LAMP1-positive cargo has not been observed previously.
Our results suggest that this pathway can serve as target for thera-
peutic approaches to NPC and other disorders where lysosomal ac-
cumulation of macromolecules causes neurodegeneration (Shen et
al., 2012; Samie and Xu, 2014).
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