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The accumulation of intracellular storage vesicles is a
hallmark of lysosomal storage diseases. Neither the
identity nor origin of these implicated storage ves-
icles have yet been established. The vesicles are
often considered as lysosomes, endosomes, and/or
autophagosomes that are engorged with undigested
materials. Our studies in the mouse model of mu-
copolysaccharidosis type IIIB , a lysosomal storage
disease that induces neurodegeneration, showed
that large storage vesicles in cortical neurons did
not receive material from either the endocytic or
autophagy pathway, which functioned normally.
Storage vesicles expressed GM130, a Golgi matrix
protein, which mediates vesicle tethering in both
pre- and cis-Golgi compartments. However , other
components of the tethering/fusion complex were
not associated with GM130 on storage vesicles ,
likely accounting for both the resistance of the ves-
icles to brefeldin A and the alteration of Golgi rib-
bon architecture , which comprised distended cis-
terna connected to LAMP1-positive storage vesicles.
We propose that alteration in the GM130-mediated
control of vesicle trafficking in pre-Golgi and Golgi
compartments affects Golgi biogenesis and gives
rise to a dead-end storage compartment. Vesicle accumu-
lation, Golgi disorganization, and alterations of other
GM130 functions may account for neuron dysfunction
and death. (Am J Pathol 2010, 177:2984–2999; DOI:
10.2353/ajpath.2010.100447)

Lysosomal storage disorders (LSDs) represent the most
common cause of neurodegeneration in pre-adulthood.

In these inherited metabolic diseases, a biochemical dis-
order interrupts the degradation of macromolecules in
lysosomes or the recycling of degradation products. This
primary defect triggers cascades of intricate events,
which frequently results in neuronal dysfunction and
death. A hallmark of LSD pathology is the intracellular
accumulation of storage vesicles with characteristics of
lysosomes. They predominate in specific cell types de-
pending on the disease. Observations in animal models
show progressively increasing numbers and size of stor-
age vesicles with age in affected tissues, which is evoc-
ative of a slow and irreversible process.

Storage vesicles in cells with LSDs are commonly iden-
tified as crippled lysosomes engorged with undigested
material resulting form the genetic defect.1 The activation
of a genetic program controlling lysosome proliferation
could compensate deficient lysosomal functions.2 Stor-
age vesicles are however not normal lysosomes and
might be distinct from lysosomes. Whereas lysosomes
are usually small, highly dynamic, and contain homoge-
neous dense material, storage vesicles are large, poly-
morphic, poorly mobile,3 and contain highly heteroge-
neous materials, frequently consisting of internal vesicles
and membranes. These morphological features are rem-
iniscent of multivesicular bodies (MVBs), which could
accumulate due to impaired capacity for lysosomal deg-
radation. Activation of macroautophagy, or impairment of
autophagosomal-lysosomal fusion, or a combination of
both, were reported in several LSDs.4–9 Activation and/or
interruption of the macroautophagy flux can increase the
number and size of autophagosomes, leading to imbal-
ance between production and elimination, and subse-
quent accumulation. It is therefore conceivable that stor-
age vesicles are MVBs, autophagosomes, a combination
of both, or amphisomes resulting from merging of these
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two types of vesicles. Alterations of the endo-lysosomal
and/or macroautophagy pathways are intimately associ-
ated to neurodegeneration, as shown in Alzheimer and
Parkinson diseases.10–12 There are additional cell disor-
ders in LSDs that are not necessarily linked to these
pathways. They include defects in calcium homeosta-
sis,13–15 alterations in phospholipid synthesis,16,17 oxida-
tive and endoplasmic reticulum (ER) stress.18–20

We report here the results of a comprehensive analysis
of storage vesicles in the neurons of a mouse model of
mucopolysaccharidosis IIIB mice (MPSIIIB, Sanfilippo
syndrome type B). This LSD is caused by �-N-acetylglu-
cosaminidase (NaGlu, EC 3.2.1.50) deficiency, a lysoso-
mal hydrolase necessary for heparan sulfate (HS) degra-
dation. The enzyme defect induces the production of
partially digested HS oligosaccharides. The associated
accumulation of substances like GM3 gangliosides,21

subunit c of mitochondrial ATP synthase (ScMAS),22

ubiquitin, or lysozyme23 is not currently understood.
Mechanisms leading to the development of neuroinflam-
mation24 and loss of synaptophysin expression,25 which
both predominates in the rostral cortex, and neuropathol-
ogy, which is spread throughout the central nervous sys-
tem, are also ignored. Neurological manifestations are
predominant in children with MPSIIIB, evolving over few
years from behavioral changes to profound mental retar-
dation.26 Cortical neurons are severely affected and pre-
sumably play a major role in disease clinical expres-
sion.27,28 In the mouse model of MPSIIIB, storage vesicle
accumulation is conspicuous in the central nervous sys-
tem and contrasts with limited amounts of undigested HS
accumulating in this tissue.21 Genetic correction at early
stage of disease progression rescues HS degradation,
clears other accumulating substances, prevents storage
vesicle accumulation, and improves animal behavior.29

Our results provide evidence that storage vesicles in
MPSIIIB mouse neurons are not related to endosomes or
autophagosomes but more likely to the Golgi complex.

Materials and Methods

Antibodies and Reagents

Cell culture reagents, media, and Dulbecco’s PBS
(DPBS) were from Invitrogen (Cergy-Pontoise, France),
fetal calf serum (FCS) was from PAA Laboratories (Les
Mureaux, France). Other products were from Sigma
(Lyon, France) if not specified otherwise. Antibodies (di-
lutions for immunofluorescence): mouse monoclonal
(mAb) IgG1 anti-�-synuclein (clone 42, 1:500, BD Bio-
sciences, Erembodegem, Belgium), rabbit polyclonal
anti-�-COP (COPI, 1:1000, Novus Biologicals, Cam-
bridge, UK), rabbit polyclonal anti-Calnexin (1:1000,
Stressgen, Victoria, Canada), rabbit polyclonal anti-EEA1
(1:200, Affinity BioReagents, Golden, US), rabbit poly-
clonal anti-ERGIC53 (1:200, Sigma), rabbit polyclonal an-
ti-Giantin (1:1000, Covance, Emeryville, CA), biotinylated
goat polyclonal anti-GFP/YFP (1:3000, Rockland, Gil-
bertsville, PA), mouse mAb IgM anti-GM3 (clone GMR6,
1:100, Sheikagaku, Tokyo, Japan), mouse mAb IgG1

anti-GM130 (clone 35, 1:200, BD Biosciences), mouse
mAb IgG1 anti-Golgin97 (clone CDF4, 1:200, Molecular
Probes, Eugene, OR), rabbit polyclonal anti-GRASP65
(1:500, Novus Biologicals), mouse mAb IgG1 anti-GS15
(clone 19/GS15, 1:200, BD Biosciences), mouse mAb
IgM anti-heparan sulfate (clones HepSS-1 and F58-10E4,
1:200, Sheigagaku), rat mAb IgG2b anti-LAMP1 (clone
1D4B, 1:500, BD Biosciences), mouse mAb IgG1 anti-
LC3-II (clone 4E12, 1:100, MBL, Naka-ku Nagoya, Ja-
pan), rabbit polyclonal anti-LC3B (1:250, Novus Biologi-
cals), mouse mAb IgG2a anti-M6PR (clone 2G11, 1:400,
Abcam, Cambridge, UK), mouse mAb IgG1 anti-Neuro-
filament 200kD (clone RT97, 1:1000, Hybrydoma Bank,
Iowa City, US), mouse mAb IgG1 anti-p115 (clone 15/
p115, 1:200, BD Biosciences), mouse mAb IgG1 anti-p62
(clone 3/p62, 1:200, BD Biosciences), rabbit polyclonal
anti-ScMAS (1:1000, a gift from Pr D. Palmer, Centre for
Molecular Biology, Lincoln University, Canterbury, New
Zealand),30 rabbit polyclonal anti-Sec23 (COPII, 1:300, Af-
finity BioReagents), rabbit polyclonal anti-Syntaxin 5 (1:100,
Synaptic Systems, Göttingen, Germany), rabbit polyclonal
anti-Ubiquitin (1:500, Dako, Glostrup, Denmark). Lyso-
Tracker Red DND-99 (50 nmol/L), streptavidin (1 �g/ml)
and secondary antibodies conjugated to Alexafluor 488,
555, or 647 were from Molecular Probes (Invitrogen). Dex-
tran-biotin was from Sigma.

Animals

Mouse experiments were approved by the Institut Pas-
teur ethical committee for animal research and per-
formed by authorized investigators (authorization no.
75-268, Ministère de l’Agriculture et de la Pêche).
C57Bl/6NaGlu�/� mice were obtained from Pr. E.
Neufeld (UCLA, Los Angeles, CA)21 and bred. C57Bl/
6NaGlu�/� mutant embryos were identified by PCR on
DNA from tail-clipped.

Viral Vectors

The structure, preparation, and use of AAV-hNaGlu,
HIV-hNaGlu, and HIV-IDUA-GFP vectors were previ-
ously described.29,31

Cortical Neuron Cultures

Cerebral cortices from 4 to 6 C57Bl/6NaGlu�/� or C57Bl/
6NaGlu�/� E17 embryos were pooled. Cells were pre-
pared, plated, and cultured as previously described.25

Neuron cultures were exposed to lentivirus vectors cod-
ing for the missing enzyme NaGlu or for the lysosomal
hydrolase �-L-iduronidase fused to GFP (IDUA-GFP) at
day 3 or day 7, respectively (10 ng of p24 protein/cover-
slip). Cultures were incubated with DMSO, rapamycin
(250 nmol/L), and/or leupeptin (50 �mol/L) at day 6 for 48
hours, or with BFA (1.25 �g/ml) at day 7.

ts045 VSV-G-YFP Trafficking

Neurospheres from wild-type or MPSIIIB mouse E17
ganglionic eminences were prepared and grown as
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previously described.32 Nucleofection was performed
according to the manufacturer protocol (Mouse NSC
Nucleofector Kit, LONZA, Levallois-Perret, France) with 4
�g of ts045VSV-G-YFP plasmid DNA.33 Cell differentia-
tion was induced by growth factor withdrawal and adhe-
sion in the presence of 2% FCS onto coverslips coated
with 50 �g/ml polyornithine, 5 �g/ml laminine. Neuro-
spheres were incubated 24 hours at 40°C, then switched
to 32°C to allow VSV-G trafficking. VSV-G-YFP was re-
vealed on fixed cells with anti-GFP antibodies.

Fluorescence Labeling and Imaging

Mouse were killed with ketamine injection and perfused
intracardiacally with PBS followed by PBS, 4% parafor-
maldehyde (PFA, 50 ml). Brains were removed, postfixed
in the same fixative for 1 hour at 4°C, then embedded in
20% gelatin and sliced sagittally with vibratome (60-�m-
thick sections). Sections were delipidated for 3 minutes
with pure ethanol, rinsed 3 times in PBS before over-
night incubation at 4°C with primary antibodies diluted
in PBS, 0.3% triton X100, 1% bovin serum albumin
(BSA), 2% normal goat serum (NGS). Bound antibodies
were revealed by one-hour incubation at room temper-
ature with fluorescent secondary antibodies. Cover-
slips were mounted in FluoromountG (Southern Bio-
tech, Birmingham, AL).

Cultured cells were washed in DPBS and fixed with
DPBS, 4% PFA for 15 minutes. After blocking with PBS,
0.1% saponin, 1% BSA, 2% NGS, cells were incubated
overnight at 4°C with primary antibodies diluted in block-
ing buffer. Bound antibodies were revealed after one-
hour incubation at room temperature with fluorescent
secondary antibodies. Coverslips were mounted in
FluoromountG. Living neuron cultures were treated with
biotinylated dextran for 5 minutes at 37°C in Neurobasal
medium and washed three times in Dulbecco’s PBS be-
fore incubation in Neurobasal supplemented with 5%
FCS. Cells were then processed for immunostaining.

Quantification of Immunolabeling

Images were acquired either with an Axioplan 2 imaging
optic microscope equipped with Apotome and AxioCam
TR camera controlled by the AxioVision software (Zeiss,
Le Pecq, France), or with a SP5 confocal system (Leica,
Reuil-Malmaison, France). Time exposure was kept con-
stant for all analyses in the same experiment. Fluores-
cent signal was binarised, keeping threshold constant
for all acquisitions in the same experiment. Quantifica-
tion in neuronal processes was performed by scoring
stained individual objects (vesicles), using the Axiovi-
sion or ImageJ softwares. Quantification in neurons
soma, where individual objects could hardly been distin-
guished from each other, was performed by measuring
specific signal pixel numbers relative to total cell surface,
using the Axiovision colocalization module. Confocal im-
ages were deconvoluted with the Huygens 2 software
(SVi, Hilversum, The Netherlands). Deconvoluted 3D im-

ages were constructed with the Imaris x64 software (Bit-
plan, Zurich, Switzerland).

Electron Microscopy and Immunogold Labeling

Cultured cells were washed in DPBS before fixation in
0.1M cacodylated, 2.5% glutaraldehyde, 1% sucrose
and postfixed in 0.1M cacodylate, 0.1% osmium tetrox-
ide, 1.5% potassium ferricyanide. Samples were then
dehydrated and embedded in epon 812. Anesthetized
mice were perfused with 0.1 mol/L Sorensen buffer, 20
U/ml heparin, followed by 0.1 mol/L Sorensen, 2% PFA.
Coronal cortical sections (2 mm) were postfixed with
Karnovsky fixative (0.08M cacodylate, 2% PFA, 2.5%
glutaraldehyde, 5 mmol/L CaCl2). Fragments (1 mm3)
were prepared and postfixed in 1% aqueous osmium
tetroxide and embedded in epon 812. Ultrathin sections
(70 nm) were prepared using a Reichert Ultracut S Wild
M3z microtome (Leica) and contrasted with uranyl ace-
tate and lead citrate.

For immunogold ultrastructural microscopy, anesthe-
tized mice were perfused with 0.1 mol/L Sorensen buffer
containing 20U/ml heparin followed by 0.1 mol/L So-
rensen, 4% PFA. Coronal cortical sections were postfixed
with 0.1 mol/L Sorensen, 4% PFA, 0.05% glutaraldehyde.
Fragments were prepared according to the Tokuyasu
cryo-ultramicrotomy method. Fragments were quenched
in 50 mmol/L NH4Cl, cryoprotected in 2.1 mol/L sucrose
and frozen in liquid nitrogen. Ultrathin cryosections were
prepared using a cryo-ultramicrotome EM FC6 (Leica).
Double immunogold labeling was made sequentially at
room temperature. Briefly, for the first labeling, sections
were quenched with 50 mmol/L NH4Cl and saturated with
PBS, 1% BSA, 0.1% NGS, then incubated with anti-
GM130 (1:25) revealed with a goat anti-mouse IgG con-
jugated to 10 nm gold particles (1:25, BBI, Cardiff, UK).
After postfixation in PBS, 1% glutaraldehyde, sections
were similarly processed for the second labeling, using
anti-LAMP1 (1:50) revealed with a goat anti-rat IgG
conjugated to 15 nm gold particles (1:25, BBI). Sec-
tions were contrasted with uranyl acetate mixed with
methylcellulose.

Analyses were performed on a JEOL 1200EXII trans-
mission electron microscope (JEOL, Croissy-sur-Seine,
France) equipped with an Eloise Megaview camera con-
trolled by Analysis Pro 3.1 software (Eloise, Roissy-CDG,
France).

Turnover of Long-Lived Proteins

Neuron cultures were incubated with L-leucine-free me-
dium supplemented with 2% FCS for 1 hour to deplete the
endogenous L-leucine pool before the addition of
L-leucine-free medium/FCS containing 5�Ci/ml 3H-la-
beled L-leucine (GE Health care, Aulnay-sous-Bois,
France). After 24 hours of incubation, the medium was
replaced with the normal medium containing excess of
L-leucine or with medium containing 250 nmol/L rapamy-
cin. Aliquots of medium were collected at the indicated
times (8 hours, 24 hours, 48 hours). Proteins were pre-
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cipitated in 20% TCA and stored at 4°C. Upon acquisi-
tion, all samples were centrifuged at 15,000g for 5 min-
utes at 4°C. Supernatants were collected, the pellets
were washed twice with cold 20% TCA, then all super-
natants were pooled and the total radioactivity was mea-
sured by scintillation counting. Cells were then washed
with PBS and solubilized in extraction buffer. An aliquot of
solubilized cells was used to determine total protein con-
centration. Relative proteolysis was determined by nor-
malizing TCA soluble radioactivity in the medium to pro-
tein concentration from the solubilized cells.

Western Blots

After intracardiac perfusion with PBS, mouse brains were
removed and cortical fragments (3 mm3) were collected.
Total proteins were extracted from brain fragments or
cultured cortical neurons homogenized in lysis buffer
(0.1% SDS,1% NP-40, 0.2% deoxycholate, 0.15 M NaCl,
50 mmol/L Tris pH7.8, protease inhibitors). Membrane
proteins were extracted with a CNMCS Compartmental
extraction kit (Biochain, Hayward, US) according to
manufacturer recommendations. Endo-H (Biolabs,
Beverly, US) and peptide N-glycosidase F (PNGase F)
were used according to manufacturer recommendations.
Proteins were analyzed by Western blot, as previously
described.25 Signals were revealed with anti-LC3B (1:
2000), anti-LAMP1 (1:5000), mouse mAb anti-IDUA
(clone ID1A, 1:100, a gift from Dr. D. Brooks, Women’s
and Children’s Hospital, Adelaide, Australia), anti-GM130
(1:500), rabbit polyclonal anti-actin (1:500, Abcam),
mouse mAb anti-actin (1:5000, Sigma) or goat polyclonal
anti-CD56 (1:5000, AbCys, Paris, France) antibodies fol-
lowed by appropriate horseradish peroxydase-coupled
secondary antibodies (AbCys, 1:10000) and SuperSignal
West Dura chemiluminescent substrate (Pierce, Rock-
ford, US). Signal intensities were measured with the LAS-
1000CH Luminescent photofilm LTD system, piloted by
the IR-LAS-Pro software (Fujifilm Life Science, Courbev-
oie, France). Specific signal value is relative to actin
signal in the same lane.

Statistical Analysis

Statistics were performed using the SPSS software
(SPSS). The assumption that the values follow normal
distribution was verified by the Shapiro-Wilk’s test. Non-
parametric tests were used when normal distribution was
not assumed.

Results

Storage Vesicles Are Distinct from Lysosomes

We and others previously reported behavioral manifesta-
tions reminiscent of symptoms in children with Sanfilippo
syndrome in MPSIIIB mice from the age of 4–5
months.21,29,34 In our colony, life expectancy is 12 � 2
months (n � 91). Cortical atrophy, neuronal loss and
decreased synaptic density are absent until end-stage

disease.35 Vesicular distension in brain cells is prominent
at 4–5 months and worsens progressively with age. Elec-
tron microscopy showed that the morphology and size
of storage vesicles accumulating in neuronal soma and
processes of 8-month-old MPSIIIB mouse cortical neu-
rons differed from normal lysosomes (Figure 1, A–N).
Individual cells accumulated numerous vesicles with
highly heterogeneous content, ranging from clear amor-
phous material, internal debris, internal vesicles, isolated
membranes fragments, dense aggregates, multilamellar
structures, or even densely packed stacks of mem-
branes, called zebra bodies. Storage vesicles diameter
varied from less than 0.1 �m to several micrometers.
Immunogold electron page 10.microscopy detected the
lysosomal marker LAMP1 in storage vesicle limiting mem-
branes (Figure 1O).

The accumulation of LAMP1 vesicles was also ob-
served in primary cultures of embryonic MPSIIIB cortical
neurons. The ultrastructure of storage vesicles accumu-
lating in cultured cell bodies and neurites after 7 days in
vitro was reminiscent of brain pathology (Figure 2A–C). In
neurites, LAMP1 vesicles were easily distinguished from
each other by fluorescent microscopy (Figure 2, D and
E), allowing reliable scoring according to size. Increased
vesicle density in MPSIIIB neurites, when compared with
wild type, concerned all size categories (see Supplemen-
tal Figure 1A at http://ajp.amjpathol.org). Clearance after
genetic correction with a lentiviral vector coding for the
missing enzyme indicated that vesicle accumulation was
related to the enzyme defect (see Supplemental Figure
1B at http://ajp.amjpathol.org). Storage vesicles were simi-
larly observed in living neurons stained with LysoTracker,
a marker of acidic vesicles (not shown), or with IDUA-
GFP, a marker of late endosomes and lysosomes.31

Combined labeling showed that LAMP1 vesicles were
also stained with Lysotracker and contained IDUA-GFP.
The movements of vesicles stained with IDUA-GFP were
recorded in living neuron processes (see Supplemental
Videos 1, 2, and 3 at http://ajp.amjpathol.org). These ves-
icles were larger in MPSIIIB (0.71 � 0.03 �m2, n � 295)
than in wild type (0.54 � 0.02 �m2, n � 185, P � 0.01)
neurons, and more frequently immobile (72.2% versus
49.7%). The dynamics of vesicles accumulating in
MPSIIIB neuron processes therefore differed from normal
lysosomes. Large vesicles (�1 �m2, 16.2% of total) were
always static in MPSIIIB neurons and often formed
clusters in neurites (38% of vesicles located in MPSIIIB
neurites belong to clusters, Figure 2F and G). Clusters
hampered displacement of smaller mobile vesicles
(see Supplemental Video 3 at http://ajp.amjpathol.org),
which marked longer arrests than in wild type neurons
(16.52 � 1.30 seconds versus 11.65 � 1.25 seconds,
P � 0.001). Thus, storage vesicles clogged in MPSIIIB
neuron processes affected vesicular transport. Veloc-
ity, direction changes and arrest frequency of mobile
vesicles were otherwise comparable in MPSIIIB and
wild type neurites, suggesting that the disease did not
affect the transport machinery involved in normal lyso-
some dynamics.
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Storage Vesicles Are Not Related to the
Endocytic Pathway

In the MPSIIIB mouse brain, we did not observed LAMP1-
positive vesicles expressing the early endosomal antigen 1
(EEA1), or the mannose-6-phosphate receptor (M6PR), a
marker of late endosomes and MVBs (Table 1, Figure 3A,
see Supplemental Figure 2 at http://ajp.amjpathol.org). In
the neurites of cultured MPSIIIB cortical neurons, only few

LAMP1 vesicles reacted with anti-EEA1, and none re-
acted with anti-M6PR antibodies.

We examined dextran uptake, a compound internal-
ized via nonspecific fluid-phase endocytosis and ad-
dressed to lysosomes. Cultured cortical neurons were
briefly pulsed with biotinylated dextran, chased for vari-
ous periods of time and stained for LAMP1. Dextran was
internalized in small-size vesicles (�0.5 �m2, Figure 3B).
Equivalent colocalization coefficients in small vesicles

Figure 1. Vesicles accumulating in the MPSIIIB
mouse rostral cortex are distinct from lysosomes.
A–M: Rostral cortex fragments of 8-month-old
wild-type (A) or MPSIIIB mice (B–M) were pro-
cessed for electron microscopy on ultrathin sec-
tions. Low magnification images of wild-type (A)
and MPSIIIB neurons (B) show polymorphic dis-
tended vesicles in the affected cell. A normal
lysosome is shown in A (inset). High magnifi-
cations of vesicles present in MPSIIIB neuron
soma (C–I) show intraluminal electro-dense
fibrillar (C), granular (D), globular (arrow-
heads in E), or multilamellar (arrows in E–G)
materials. A sequestered vesicle is visible in H
(double arrowhead). Images consistent with
vesicle fusion or scission were observed (I). Ves-
icles with zebra bodies are shown in I. Enlarge-
ment of a process filled with dense vesicular
bodies is visible in J. Vesicles also accumulate in
myelinated axons (K) and in dendrites (L–M). A
dendritic multivesicular body with normal as-
pect juxtaposed to a vesicle loaded with multi-
lamellar material (arrow) is shown (M). Azure
stains tissue beyond cell limits. Ly, lysosome;
mye, myelin; MVB, multivesicular body; n, nu-
cleus. Scale bars, 1 �m (A, B, J, and L); 0.2 �m
(C–H, K, and M); 0.4 �m (I). N and O: Ultrathin
cryosections from wild-type (N) or MPSIIIB (O)
rostral cortex were immunostained for LAMP1
using 15 nm gold particles, revealing LAMP1 in
small vesicles (N) or in limiting membranes of
most distended vesicles (O). Scale bars, 0.2 �m.

2988 Vitry et al
AJP December 2010, Vol. 177, No. 6



doubly stained for dextran and LAMP1 were scored in
wild type (8.0 � 1.0%) and MPSIIIB neurons (8.4 � 1.8%)
after a one-hour chase. Noticeably, examination after 5
hours did not detect biotinylated dextran in large-size
(�1 �m2) LAMP1-positive storage vesicles, which were
easily identified in neurites. This result suggested that
large storage vesicles were not accessible to internalized
dextran during the period of observation.

Storage Vesicles Are Not Related to the
Macroautophagy Pathway

The detection of intracellular vesicles stained with anti-
LC3 antibodies, a marker of autophagosomes, is an in-
dicator of activated autophagy.36 We observed diffuse
nonvesicular LC3 staining in wild-type and MPSIIIB
mouse cortical sections (Figure 4A, Table 1). LAMP1-
positive storage vesicles were negative for LC3. Activa-
tion of autophagy and translocation of LC3 to autopha-

gosomes is associated with an increased proportion of
the lipidated versus unlipidated forms of LC3.36 Western
blots of cortical tissue extracts from wild-type or MPSIIIB
mice did not detect LC3-II signal (Figure 4B). These
results suggested that macroautophagy was not acti-
vated in the MPSIIIB mouse cortex.

In cortical neuron cultures, LC3 showed both diffuse
and punctate patterns in neurites (Figure 4C). The den-
sity of LC3-positive vesicles and the frequency of LAMP1
and LC3 colocalization (Figure 4C) were equivalent in
wild-type and MPSIIIB neurites (Table 1). Western blots
revealed comparable LC3-II/LC3-I ratios in cell protein
extracts (Figure 4D). The turnovers of long-lived proteins
were also comparable (Figure 4E). These results suggested
that in basal condition activation of macroautophagy was
equally low in MPSIIIB and wild-type neuron cultures.

Rapamycin is an inducer of autophagy, which stimu-
lates autophagosome formation, as indicated by the
translocation of LC3 to vesicles, and by the increased
proportion of LC3-II. Rapamycin effects on autophago-
some formation are more apparent in the presence of
leupeptin, a drug that inhibits proteolysis after autopha-
gosome fusion with lysosomes.36 In wild-type neuron cul-
tures, rapamycin (250 nmol/L) slightly increased LC3
vesicle density in neurites (Figure 4C), did not modify
LC3-II/LC3-I ratios, except when leupeptin (50 �mol/L)
was added (Figure 4D), and increased long-lived protein
proteolysis (Figure 4E). Rapamycin effects on MPSIIIB
neurons were not uniform. Effects on LC3-positive vesi-
cles and LC3-II/LC3-I ratios were similar to wild-type
neurons (Figure 4, C and D), indicating that rapamycin
stimulated autophagosome formation in MPSIIIB effi-
ciently, as in wild-type neurons. However, the drug did
not increase the proteolysis of long-lived proteins (Figure
4E), suggesting limited proteolytic capacities in MPSIIIB
neuron lysosomes.

Accumulating Substances Are Not Associated
with Storage Vesicles

Staining of cortical sections, or cortical neuron cultures
for HS, ScMAS, ubiquitin, or GM3 gangliosides differed
between wild-type and MPSIIIB mice (Table 1, see Sup-
plemental Figure 3 at http://ajp.amjpathol.org). On brain
sections, HS staining showed diffuse signal in MPSIIIB
neuron soma, which was not observed in wild-type con-
trols but which did not colocalize with LAMP1. As previ-
ously described,22 ScMAS formed aggregates in perinu-
clear areas of MPSIIIB neurons in cortical laminae II/III,
which were not observed in wild-type cortex but which
partially colocalized with LAMP1. ScMAS signal outside
perinuclear aggregates was distinct from LAMP1. Ubi-
quitin formed aggregates throughout the MPSIIIB cortex,
which were not stained with anti-LAMP1 antibodies. In
cortical neuron cultures, ScMAS and ubiquitin staining
was similar in wild-type and MPSIIIB neurons, despite
more intense LAMP1 staining in MPSIIIB. Cultured
MPSIIIB neurons showed more abundant and more in-
tense GM3 ganglioside staining in vesicles located in cell
soma, some of them being positive for LAMP1. In con-

Figure 2. Storage vesicles accumulate in MPSIIIB mouse cortical neuron
cultures. A–C: MPSIIIB embryonic cortical neuron cultures were fixed at day
7 to 16 and processed for electron microscopy. Many polymorphic vesicles
are visible in the cell soma (A and B) and prolongations (C). Scale bars, 5 �m
(A); 0.3 �m (B and C). D and E: Cultures of wild-type or MPSIIIB embryonic
cortical neurons were fixed at day 12 and immunolabeled with anti-LAMP1
antibodies (green). Nuclei were counterstained in blue. Abundant and often
distended LAMP1-positive vesicles are visible in MPSIIIB neuronal processes.
Scale bars, 10 �m. F and G: Cultures of wild-type or MPSIIIB embryonic
cortical neurons were exposed to a lentivirus vector coding for the fluores-
cent lysosomal hydrolase IDUA-GFP at day 7 and examined at day 12 by
fluorescent time-lapse microscopy (see Supplemental Videos 1, 2, and 3 at
http://ajp.amjpathol.org). A cluster of IDUA-GFP–positive vesicles is visible
in a MPSIIIB neuronal process (arrow). Scale bars, 10 �m.
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trast, anti-GM3 antibodies did not stain LAMP1-positive
storage vesicles in neurites.

Storage Vesicles Express Markers of the Early
Secretory Pathway

We next examined whether storage vesicles were related
to the early steps of lysosome biogenesis. Mouse cortical
sections were stained for sec23, a COPII coat component
of vesicles exiting ER to reach the ER-to-Golgi interme-
diate compartment (ERGIC), ERGIC53, Golgi matrix pro-
tein 130 (GM130), p115, GRASP65, giantin and �-COP,
all markers of ERGIC and Golgi complex,37 and Gol-
gin97, a marker of the median and trans-Golgi network.38

With the exception of GM130, staining patterns were
comparable in MPSIIIB and wild-type mouse brain and
colocalization with LAMP1 was equally rare (Table 1).
GM130 signal was more intense and broader in MP-
SIIIB rostral cortex (Figure 5A). Whereas GM130 and
LAMP1 signals rarely colocalized in wild-type neuron
soma or processes, colocalization was frequently ob-

served in soma and processes of MPSIIIB neurons
(Figure 5A). Immunoelectron microscopy confirmed
juxtaposition of LAMP1 and GM130 signals in storage
vesicle limiting membranes and showed that doubly
stained vesicles were ninefold more frequent in MP-
SIIIB than in wild-type neurons (4.45 � 0.69 vs. 0.53 �
0.22 doubly stained vesicle per neuron profile, n � 20,
P � 0.00001, t-test, Figure 5B-H). All examined MP-
SIIIB neuron profiles contained at least one doubly
stained vesicle.

In addition to the markers examined in the brain, we
stained cortical neuron cultures with antibodies against
calnexin, a marker of ER, syntaxin 5 and Gs15, two IC
and Golgi complex markers. With the exception of
GM130, all markers showed comparable staining pat-
terns in MPSIIIB and wild-type mouse neurons (Table 1).
In wild-type neurons, GM130 signal most frequently sur-
rounded the entire nucleus, sometime extending in neu-
rites (79.3 � 0.8% of neurons, n � 490). Less frequently,
GM130 signal was polarized and exclusively juxtanuclear
(20.7 � 0.8%). This latter aspect was even less frequent

Table 1. Summary of Investigated Markers

Rostral cortex sections Cortical neuron cultures

Similar staining
patterns in

MPSIIIB and
wild type

Colocalization
with LAMP1
in MPSIIIB*

Similar staining
patterns in

MPSIIIB and
wild type

More frequent
colocalization with
LAMP1 in MPSIIIB
than in wild type†

ER markers
Calnexin ND ND Yes No

ER-to-Golgi markers
ERGIC53 Yes No Yes No
COPII (sec23) Yes Yes‡ Yes Yes (�1.6)
betaCOP Yes No Yes No

Golgi markers
GM130 No§ Yes No§ Yes (�2.3)
Syntaxin 5 ND ND Yes¶ No
Giantin Yes No Yes¶ No
p115 Yes No Yes¶ No
GRASP65 Yes No Yes¶ No
GS15 ND ND Yes¶ No
Golgin 97 Yes No Yes¶ No (�1.01)

Endocytic markers
EEA1 Yes No Yes No (�0.83)
M6PR Yes No Yes No

Autophagic markers
LC3 Yes No Yes No (�0.85)
p62/SQSTM1 Yes No Yes No

Other markers
Ubiquitin No� No Yes No
ScMAS No** No Yes No
Heparan sulfate No†† No ND ND
GM3 ganglioside ND ND No‡‡ No
Alpha synuclein Yes No ND ND
Neurofilament Yes No ND ND

ND, not done.
*Analyses were performed on confocal brain sections.
†Colocalizations observed on apotome sections of cultured neurons were confirmed on confocal sections. MPSIIIB to wild-type ratios of doubly

positive vesicles are indicated when colocalization was observed.
‡Images were not conclusive on brain sections due to high-density punctuated staining.
§Broader signal extending to cell processes in MPSIIIB.
¶Typical perinuclear Golgi staining, signal intensity and surface were not quantified.
�Dispersed aggregates in MPSIIIB rostral cortex.
**Clustered signals in neuronal soma in MPSIIIB rostral cortex lamina II/III.
††Diffuse signal in neuronal soma in MPSIIIB rostral cortex.
‡‡More abundant signal in MPSIIIB.
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in MPSIIIB neurons (11.0 � 0.6%, n � 570, P � 0.001,
�2). Colocalization of LAMP1 and GM130 signals in the
same vesicle was more frequently detected in MPSIIIB
(15.2%, n � 828) than in wild-type neurites (4.9%, n �
570, Figure 6, A and B, P � 0.001, �2). Genetic correction
of deficient neurons with a lentivirus vector coding for the
missing enzyme rescued the wild-type phenotype
(18.3 � 1.0% neurons with polarized and juxtanuclear
GM130 signal; n � 327, P � 0.001, �2; 2.0% of doubly-
positive vesicles, n � 551). Although Sec23-COPII pe-
rinuclear staining pattern was comparable in MPSIIIB and
wild-type neurons, it was more frequently associated with
LAMP1 in MPSIIIB neurites (36%, n � 506, versus 23% of
wild-type, n � 253, Figure 6, A and B). Deconvoluted
confocal images revealed colocalization of LAMP1 and
sec23-COPII in vesicle limiting membranes (Figure 6C).
Triple staining for GM130, COPII, and LAMP1 detected
the three signals in the same vesicles in MPSIIIB neurites
but not in wild type neurites (Figure 6, A and B). Code-
tection of these three markers in limiting membranes
suggested that storage vesicles accumulating in MPSIIIB

neurons were related to pre-Golgi compartments, or
Golgi complex.

Pre-Golgi Vesicular Trafficking Is Efficient

We examined ER to Golgi complex trafficking by treating
cortical neuron cultures with brefeldin A (BFA). This se-
lective inhibitor of the GTP-exchange factor for ADP-
ribosylation factor 1 (Arf1) blocks COPI coat assembly
and induces Golgi complex collapse.39,40 Twenty-five
minutes after BFA treatment (1.25 �g/ml), giantin became
localized to ER structures in both wild-type and MPSIIIB
neurons, indicating efficient ER to Golgi complex trans-
port. Golgi collapse was however slightly delayed in
MPSIIIB neurons, indicating reduced sensitivity to BFA
(Figure 7A). ER to Golgi complex trafficking was also
investigated in neural cells by using ts045VSV-G-YFP, a
well-known fluorescent protein misfolded and blocked in
ER at nonpermissive temperature (40°C), which exits ER
at permissive temperature (32°C) to successively reach

Figure 3. LAMP1-positive storage vesicles are
not related to the endocytic pathway. A: Para-
sagittal rostral cortex sections of 8-month-old
wild-type or MPSIIIB mice (cortex sections) and
cultures of wild-type or MPSIIIB cortical neurons
(cortical neuron cultures) were stained with anti-
LAMP1 antibodies (in purple) in combination
with anti-EEA1 (in green) or anti-M6PR (in
green). Nuclei were counterstained in blue.
Merged confocal images of cortical sections, or
apotome images of cultured neurons, show that
LAMP1 signals do not colocalize with endosomal
vesicle markers. For single labeling, see Supple-
mental Figure 2 at http://ajp.amjpathol.org. Scale
bars, 10 �m. B: Ten-day-old cortical neuron cul-
tures established from wild-type or MPSIIIB
mouse embryos were pulsed with biotinylated
dextran for 5 minutes then fixed after 1 hour or
5 hours of chase. Biotinylated dextran was re-
vealed with fluorescent streptavidin (in green)
and cells were simultaneously immunolabeled
with anti-LAMP1 antibodies (in purple). Nuclei
were counterstained in blue. Apotome views
show small doubly positive signals in soma and
neurites (chase 1 hour, arrows). Note the ab-
sence of dextran signal in distended LAMP1-
positive vesicles that are well visible in MPSIIIB
neurites (chase 5 hours, arrowheads). Scale
bars, 10 �m.
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COPII-coated vesicles, Golgi complex and the cell sur-
face.41 Comparable evolution of ts045VSV-G-YFP stain-
ing patterns in wild type and MPSIIIB cells after 15, 17
and 60 minutes of temperature switch, indicated that

VSV-G transport from ER to Golgi complex was not al-
tered in MPSIIIB cells (see Supplemental Figure 4A at
http://ajp.amjpathol.org). Equivalent LAMP1/ts045VSV-
G-YFP co-localized area relative to cell surface after 15

Figure 4. Macroautophagy is not altered in MPSIIIB mouse cortical neurons. A: Parasagittal sections of the rostral cortex of 8-month-old wild-type or MPSIIIB
mice were immunolabeled for LAMP1 (in purple) and LC3 (in green). Nuclei were counterstained in blue. Confocal views show intense LAMP1 staining of MPSIIIB
sections and similar diffuse LC3 staining pattern in wild-type and MPSIIIB. Scale bars, 10 �m. B: LC3-I to LC3-II conversion was analyzed by Western blots. Proteins
were extracted from the rostral cortex of 8-month-old wild-type mice, untreated MPSIIIB mice, or MPSIIIB mice treated by intracerebral injection of AAV-NaGlu
vector (MPSIIIB�AAV-NaGlu). The diagram on the right shows equivalent LC3-I signal intensities with respect to actin signals (means � SEM from three mice).
LC3-II was not detected in cortical tissue extracts in contrast to a positive control (Asterisk) provided by wild-type mouse cortical neuron cultures treated with
rapamycin (250 nmol/L) and leupeptin (50 �mol/L) for 48 hours. C: Cultures of wild-type or MPSIIIB cortical neurons were treated at day 6 with vehicle (DMSO:
D), or rapamycin (250 nmol/L, R), or rapamycin (250 nmol/L) and leupeptin (50 �mol/L, R � L). Neurons were fixed at day 8 and immunolabeled for LAMP1
(in purple) and LC3 (in green). Apotome views of neurons treated with rapamycin and leupeptin show LC3-positive vesicles in wild-type and MPSIIIB neurites
(middle row). Scoring of LC3-positive vesicles along neurites in basal conditions and after drug treatment did not show significant difference between wild-type
and MPSIIIB neurons (left diagram, means � SEM from three independent cultures; P � 0.1, t-test). LC3 and LAMP1 signals did not colocalize more frequently
in MPSIIIB than in wild-type cultures whatever the treatment (right diagram, means � SEM from three independent cultures; P � 0.1, t-test). Scale bars, 10 �m.
D: Proteins extracted at day 8 from neuron cultures maintained in basal conditions (DMSO: D), or incubated with rapamycin (R), or with rapamycin and leupeptin
(R � L) for days 6 to 8 were analyzed by Western blots to examine LC3-I to LC3-II conversion. Signal quantification shows equivalent LC3-II/LC3-I ratios for each condition
in wild-type and MPSIIIB neurons (means � SEM from three independent cultures). E: The degradation of long-lived proteins was examined by metabolic labeling of
cultured neurons with 3H-leucine. Ratios of 3H counts in culture supernatant (corresponding to the amount of degraded proteins) to cell pellet (corresponding to the
number of labeled cells) were determined at day 8 in wild-type (gray lines) or MPSIIIB (black lines) neurons cultures, either in basal conditions (DMSO) or after treatment
with rapamycin (250 nmol/L) for 48 hours (means � SEM from three independent cultures, P � 0.1 for all time-points, Mann–Whitney test).
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minutes of temperature switch (3.4 � 0.5% in wild-type
cells versus 2.9 � 0.4% in MPSIIIB cells, n � 15)
indicated that the amount of newly synthetized LAMP1
protein exiting ER was not higher in MPSIIIB cells than
in wild type cells (see Supplemental Figure 4B at
http://ajp.amjpathol.org).

Golgi Complex Alterations in MPSIIIB Neurons

When compared with wild-type, cultured MPSIIIB neu-
rons showed increased GM130 signal, which predomi-
nated in neurites, and the proportion of neurons with
GM130 staining in neurites was twice higher (Figure 7B).
BFA treatment induces the redistribution of GM130 to
punctate structures corresponding to dispersed Golgi
matrix proteins.42 Although Golgi complex dispersion
was observed in both MPSIIIB and wild-type BFA-treated
neurons, remnant nondispersed GM130 signal was 1.6-
fold more abundant in MPSIIIB (Figure 7B). Colabeling for
GM130 and LAMP1 revealed that doubly stained vesicles
in MPSIIIB neurites were resistant to BFA (Figure 7C),
showing increased density on treatment (8.8 � 1.3 per
100 �m2 in treated, versus 5.8 � 0.8 in untreated MPSIIIB
neurites). Four hours after BFA washout, quantification of
GM130 staining signal in soma indicated equally efficient
reconstitution of Golgi structures in wild type and MPSIIIB
neurons (Figure 7B). Consistently with long-range traf-
ficking from the soma,43 reconstitution was not yet visible
4 hours after washout in wild-type neurites. In contrast,
GM130 staining was increased in MPSIIIB neurites. Sig-
nal was fourfold more intense than in wild-type neurites,

and the proportion of neurons with GM130 signal in neu-
rites was again twice higher.

Golgi complex resident mannosidase II modifies
saccharide chains born on most glycoproteins transit-
ing through Golgi complex, conferring resistance to
endoglycanase H digestion. As an exception to this
rule, despite efficient addressing to lysosomes LAMP1
produced in cultured wild-type neurons conserved
sensitivity to endoglycanase H (see Supplemental Fig-
ure 5A at http://ajp.amjpathol.org). Thus, LAMP1 diges-
tion with endoglycanase H could not be used as an
indicator of storage vesicle trafficking through Golgi
complex. Because IDUA-GFP was addressed to these
vesicles, we examined the susceptibility of endoge-
nous IDUA to endoglycanase H. As well as in wild-type
neurons, IDUA produced in MPSIIIB neurons was re-
sistant to endoglycanase H, indicating that oligosac-
charide chains generated on IDUA molecules present
in the lumen of storage vesicles underwent trimming by
Golgi mannosidase II (see Supplemental Figure 5B at
http://ajp.amjpathol.org).

We assumed that observations made in MPSIIIB neu-
rons could be related to Golgi complex alterations. This
assumption was confirmed by ultrastructural studies in
vivo and in vitro. Golgi complex profiles showed constant
features in wild type neurons (n � 32). Ribbons typically
consisted of 4 to 6 stacks of cisterna. Small vesicles
(�0.12 �m2), presumably representing fenestrated cis-
terna, were visible at one side. Thin saccules (�0.15 �m
wide), from which coated vesicles frequently budded,
formed the other side (Figure 8, A–G). This typical asym-

Figure 5. LAMP1-positive storage vesicles ex-
press GM130 in the MPSIIIB mouse brain. A:
Parasagittal rostral cortex sections of 8-month-
old wild-type or MPSIIIB mice were immunola-
beled for LAMP1 and GM130. Confocal immu-
nofluorescence (LAMP1 in purple, GM130 in
green, nuclei counterstained in blue) shows fre-
quent colocalization of LAMP1 and GM130 sig-
nals (in white) in MPSIIIB cortical sections. Scale
bars, 10 �m. B–H: Immunogold electron micros-
copy was performed on ultra-thin cryosections
of the rostral cortex of 8-month-old wild-type
(B) or MPSIIIB (C–H) mice. Sections were la-
beled with anti-GM130 antibodies revealed with
10-nm gold particles alone or in combination
with anti-LAMP1 antibodies revealed with 15-nm
gold particles. Golgi structures decorated with
GM130

10 nm
particles are shown (B and C). Dis-

tended vesicles in which the limiting membrane
is doubly labeled with LAMP115 nm and GM13010

nm were frequently observed in MPSIIIB neurons
(D–H). GC, Golgi complex. Scale bars, 0.2 �m.
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metrical architecture was not observed in MPSIIIB neu-
rons (n � 49). Although Golgi ribbons were not more
frequently fragmented, their architecture was disorga-
nized to various extends (Figure 8). Milder modifications
consisted in wider cisterna forming internal bulbs and
giving rise to dilated saccules, especially at the rims
(Figures 5C and 8, C and D). An increased amount of
surrounding storage vesicles, the lumen of which was
clear or crowded with internal membranes or other ma-
terials, was observed. Cisterna were sometime in conti-
nuity with LAMP1-positive storage vesicles (Figure 8H).

Discussion

Our studies of storage vesicles in MPSIIIB neurons
showed that they were not associated with major en-
gorgement or dysfunction in the endo-lysosomal or mac-
roautophagy pathways. They did not exhibit markers of
these compartments, and were not actively connected
with these pathways. Alternatively, our results provide
evidence for disease-related alterations involving Golgi
complex, which give rise to abnormal vesicular structures
related to storage vesicles.

Storage Vesicles Are Not Related to Post-Golgi
Compartments

Consistent with previous descriptions,21,22 electron mi-
croscopy revealed abundant storage vesicles in MPSIIIB
mouse rostral cortex neurons. Although to a lesser extent,
they were also observed in pure MPSIIIB mouse cortical
neuron cultures, indicating that their generation was cell
autonomous and effective in short-term culture condi-
tions. Storage vesicles displayed markers of lysosomes,
including LAMP1 in the limiting membrane and the lyso-
somal hydrolase IDUA in the acidic lumen. They differed
from lysosomes with respect to large size, heterogeneous
content, and absence of movements in neurites. Disap-
pearance after correction of the genetic defect indicated
that storage vesicle accumulation was disease related.
Storage vesicles clustering in neuronal processes induced
distensions reminiscent of spheroid bodies,44,45 which
formed bottlenecks affecting transport along neurites.

We did not find evidence for a strong association of
LAMP1-positive storage vesicles with primary or secondary
storage products. LAMP1 signal in neurites was most fre-
quently not associated with HS, ScMAS, or ubiquitin in the

Figure 6. LAMP1-positive storage vesicles ex-
press GM130 and sec23COPII in MPSIIIB mouse
neuron cultures. Wild-type or MPSIIIB cortical
neurons cultures were fixed at day 11 and im-
munolabeled for LAMP1 (in purple), GM130 (in
green), and sec23-COPII (in red in A and B, in
green in C). Nuclei were counterstained in blue.
A: Low-magnification confocal immunofluores-
cence views show vesicles triply positive for
LAMP1, GM130, and COPII (arrows) in MPSIIIB
neurites. Scale bars, 10 �m. B: Areas boxed in
the low magnification view of a MPSIIIB neuron
(upper row) were examined at high magnifica-
tion. Middle row shows a cluster of distended
vesicles costained with the three antibodies.
Bottom row shows images consistent with the
incorporation of a GM130-positive vesicle in a
LAMP1-COPII-positive vesicular complex (ar-
rowhead). Scale bars, 10 �m in upper row; 1
�m in middle and bottom rows. C: A low
magnification confocal image of a MPSIIIB neu-
ron costained with LAMP1 and COPII antibodies
is shown on the left. A high-magnification de-
convoluted image of the boxed area is shown
in the middle. Contiguous staining for LAMP1
and COPII is visible in vesicle limiting mem-
branes. Three-dimensional views of the vesicle
in the upper right corner are shown in the right
panels, without (top) or with (bottom) isosur-
face treatment. Scale bars, 10 �m in left image;
1 �m in middle image.

2994 Vitry et al
AJP December 2010, Vol. 177, No. 6



MPSIIIB mouse rostral cortex, in contrast with previous ob-
servations in the soma of medial entorhinal or somatosen-
sory cortical neurons.22 Increased LAMP1 signal in cultured
MPSIIIB neurons was not associated with increased ScMAS
and ubiquitin staining. Consistent with the notion that second-
ary stored products are distributed in separate structures,46

GM3 staining was frequently not associated with LAMP1, es-
pecially in MPSIIIB neurites. We concluded that primary and/or
secondary storage products mostly accumulate in structures
distinct from LAMP1-positive storage vesicles.

Fusion of lysosomes with late endosomes or amphi-
somes is the terminal step of endocytosis and macroauto-
phagy, respectively. Previous studies in Nieman-Pick C
disease47 and in the C. elegans model of mucolipidosis IV,48

two LSDs in which vesicular trafficking is affected in post-
Golgi compartments, showed that material internalized by

fluid phase endocytosis was addressed to storage lesions.
In contrast, our results indicate that storage vesicles were
not accessible to internalized cargo in MPSIIIB neurons.
Dynamic exploration of macroautophagy did not reveal ac-
tivation, or blockage in MPSIIIB neurons. Results from these
dynamic assays combined to the absence of detection of
markers of early endosomes, late endosome, or autopha-
gosomes indicate that storage vesicles in MPSIIIB neurons
are not connected to these pathways.

Storage Vesicles Are Related to Pre-Golgi or
Golgi Compartments

Vesicles transporting LAMP1 and bearing the COPII
coatomer and/or the tethering protein GM130 are pro-

Figure 7. MPSIIIB neurons are partially resis-
tant to brefeldin A. Wild-type or MPSIIIB cortical
neuron cultures were treated with brefeldin A
(BFA, 1.25 �g/ml) at day 7, fixed, and immuno-
labeled for giantin (white in A), GM130 (green in
B and C), or LAMP1 (purple in C). A: Dense
perinuclear giantin staining of Golgi complex
(left column) gives rise to diffuse signal spread
over neuronal bodies and processes after 25
minutes of BFA treatment (middle column).
Slower kinetics of disappearance of perinuclear
giantin staining in MPSIIIB neurons, when com-
pared with wild type, is shown in the right dia-
gram (means � SEM from signals quantified in at
least 300 neurons per condition in three inde-
pendent cultures, P � 0.1, t-test). Scale bars, 10
�m. B: In control conditions, MPSIIIB neurons
show increased GM130 signal in proximal neu-
rites (upper row, arrowheads, upper dia-
gram on the right). After 25 minutes in the
presence of BFA, GM130 staining was dispersed
over the cell, but still more intense in MPSIIIB
soma than in wild type (middle row, diagrams
on the right). Reconstitution of Golgi structures
was visible 4 hours after washout (lower row).
GM130 signal in neurites was 5.2-fold more intense
in MPSIIIB than in wild type (upper diagram on
the right). Values are means � SEM from signals
quantified in at least 90 neurons per condition in
two independent cultures. *P � 0.0001 (t-test).
Scale bars, 10 �m. C: BFA did not affect LAMP1
staining pattern (left column), whereas perinu-
clear GM130 staining became dispersed (middle
column). Vesicles doubly positive for LAMP1 and
GM130 (right column), which are well visible in
neurites, were not affected by BFA treatment (ar-
rows). Scale bars, 10 �m.
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duced at ER exit sites in normal neurons and further
delivered to Golgi complex. We actually detected doubly
positive LAMP1/GM130, or LAMP1/COPII vesicles in wild-
type neurons. However, doubly stained vesicles were nine-
fold more abundant in MPSIIIB than in wild-type neurons,
and triply stained vesicles were exclusively detected in
MPSIIIB neurons. Examination of LAMP1-positive vesicle
exit from ER using ts045VSV-G indicated that they were not
produced more actively in MPSIIIB neurons.

Several results demonstrate that at least a fraction of
LAMP1-GM130 doubly positive vesicles was unique
to MPSIIIB neurons, and related to storage vesicles.
i) GM130 signal was increased in MPSIIIB neurons, and
part of the additional signal corresponded to tubulo-ve-
sicular structures, sometime expanding in neurites to
form enlarged vesicles. These vesicles were positive for
LAMP1, resistant to BFA treatment and cleared after ge-
netic correction. ii) Proteins participating in the formation
of GM130 complexes, like p115, syntaxin 5, or GRASP65,
were not associated with LAMP1 more frequently in
MPSIIIB than in wild-type neurons, indicating that they
were not assembled with GM130 molecules present on
LAMP1vesicles. iii) Electron microscopy revealed alter-
ations of Golgi architecture. These alterations were remi-
niscent, albeit not identical, to the phenotype induced by
the silencing GM130.49 They were very similar to the
alterations induced by the silencing of cargo receptors,
which also induces partial resistance of cis-Golgi to
BFA.50 Consistent with physical connections with Golgi
cisterna, the glycoprotein IDUA contained in storage ves-
icles was resistant to endoglycanase H digestion. Normal
kinetics of ts045VSV-G trafficking, and almost normal
response to BFA of LAMP1-negative Golgi complex
structures suggested that traffic in pre-Golgi compart-

ments and Arf1-mediated control were essentially pre-
served.39,40 Taken together, these results favor the hy-
potheses that storage vesicles in MPSIIIB neurons were
related to defects affecting Golgi complex.

Golgi Complex Disorganization May Result from
Disabled GM130 Tethering Complexes

GM130 is part of a tethering complex that functions in
membrane transport and in cis-terna stacking at the Golgi
complex level.51,52 It mediates homotypic tethering and
coalescence of tubulovesicular carriers of the intermedi-
ate compartment, facilitating their incorporation into
stacks,53 and of cis-Golgi cisterna, ensuring proper ar-
chitectural organization of Golgi ribbon.49 Because Golgi
complex organization was altered in MPSIIIB neurons, we
assume that GM130 control was at least in part defective.
Defects may result from the generation of structures that
contain GM130 but lack the other components of the
tethering complex, which are necessary for function, like
GRAPS65, p115 or syntaxin 5. The COPII protein sec23
can be associated with this complex through its interac-
tion with the cargo transporter p24.54 The presence of
other proteins known to directly interact with GM130, like
Rab1,55 YSK1,56 or ZFPL1,57 was not examined. While
total GM130 amounts were not increased in MPSIIIB neu-
rons, as shown by Western blot, lack of proper interaction
with molecular partners may affect GM130 complex-me-
diated vesicle tethering and fusion, leading to the gener-
ation a dead end compartment unable to interact and/or
fuse with adjacent compartments, and which progres-
sively accumulates. Material contained in these vesicles
certainly participates in storage. We ignore at this stage

Figure 8. Disorganisation of Golgi architecture in MPSIIIB neurons. Rostral cortex sections (A–D and H), or day 7 cortical neuron cultures (E–G) were processed
for ultrastructural morphology (A–G), or immunogold labeling for LAMP1 on cryosections (H). Pictures show typical Golgi complex in wild-type (A and E) and
MPSIIIB neuronal soma (B, C, D, F, and G). Cisterna distensions adjacent to storage vesicles are well visible in MPSIIIB neurons. A distended Cisterna decorated
with LAMP1 antibodies emerging from a Golgi tubular structure, which is also decorated with anti-LAMP1 antibodies, is shown in H. ER, endoplasmic reticulum;
GC, Golgi complex; Ly, lysosome; m, mitochondria; n, nucleus; StV, storage vesicle. Scale bars, 0.5 �m.
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how the abnormal production of HS oligosaccharides,
which is the initial pathogenic event in MPSIIIB, could in-
duce the formation of defective tethering-fusion complexes.
One hypothesis is that high sugar concentration in
vesicular lumen alters interactions of glycoprotein car-
gos with their transport receptors. Defective interaction
may affect proper assembly of coat proteins and/or
tethering-fusion complexes.37

Disorganisation of Golgi Compartments May
Account for Neuropathology Development

Our observations documented the impact of storage vesi-
cles on trafficking along neurites. The formation of vesicle
clusters likely participates in neurite dystrophy and
spheroid body formation, a pathology previously de-
scribed in LSDs and in other neurodegenerative disor-
ders.45,58 Alteration of axono-dendritic transport has de-
leterious consequences on neuron function and survival.

Modification of glycosphingolipid metabolism is likely
related to neuropathology in LSDs.59 Mechanisms re-
sponsible for the secondary accumulation of GM2 and
GM3 gangliosides are not understood in MPSIIIB. Be-
cause glycosphingolipid synthesis depends on proper
trafficking through Golgi stacks,60 our observation of
Golgi complex disorganization in MPSIIIB could be rele-
vant to this phenomenon.

In addition to its role on Golgi ribbon formation, GM130
plays cardinal roles in cell division, migration, and polar-
ization that are possibly altered in MPSIIIB cells. It regu-
lates mitotic spindle formation61 and centrosome mor-
phology and function.62 Through the recruitment of the
�-tubulin-interacting protein AKAP450 on the Golgi mem-
branes, it controls microtubule nucleation at the Golgi
complex,63 and determines cell migration and cargo
transport to the periphery.56 Exploration of these func-
tions in MPSIIIB and other LSDs might shed light on the
cascades of events leading to neurodegeneration.
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