
R E S E A R C H A R T I C L E

Autophagy and Cell Death of Purkinje Cells Overexpressing
Doppel in Ngsk Prnp-deficient Mice
Stéphane Heitz1; Nancy J. Grant1; Raphael Leschiera1; Anne-Marie Haeberlé1; Valérie Demais2;
Guy Bombarde1; Yannick Bailly1,2

1 Institut des Neurosciences Cellulaires et Intégratives, Département Neurotransmission et Sécrétion Neuroendocrine, UMR7168-LC2 CNRS and
Université Louis Pasteur, Strasbourg, France.
2 Plateforme d’Imagerie in vitro, IFR 37 de Neurosciences, Strasbourg, France.

Abstract
In Ngsk prion protein (PrP)-deficient mice (NP0/0), ectopic expression of PrP-like protein
Doppel (Dpl) in central neurons induces significant Purkinje cell (PC) death resulting in
late-onset ataxia. NP0/0 PC death is partly prevented by either knocking-out the apoptotic
factor BAX or overexpressing the anti-apoptotic factor BCL-2 suggesting that apoptosis
is involved in Dpl-induced death. In this study, Western blotting and immunohistofluores-
cence show that both before and during significant PC loss, the scrapie-responsive gene 1
(Scrg1)—potentially associated with autophagy—and the autophagic markers LC3B and
p62 increased in the NP0/0 PCs whereas RT-PCR shows stable mRNA expression, suggesting
that the degradation of autophagic products is impaired in NP0/0 PCs. At the ultrastructural
level, autophagic-like profiles accumulated in somatodendritic and axonal compartments
of NP0/0, but not wild-type PCs. The most robust autophagy was observed in NP0/0 PC axon
compartments in the deep cerebellar nuclei suggesting that it is initiated in these axons. Our
previous and present data indicate that Dpl triggers autophagy and apoptosis in NP0/0 PCs.
As observed in amyloid neurodegenerative diseases, upregulation of autophagic markers
as well as extensive accumulation of autophagosomes in NP0/0 PCs are likely to reflect a
progressive dysfunction of autophagy that could trigger apoptotic cascades.
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INTRODUCTION
Doppel (Dpl) was the first identified homologue of the cellular
prion protein (PrPc) that is implicated in the pathogenesis of trans-
missible spongiform encephalopathies (48). Large deletions in the
PrPc gene Prnp, for example in the Ngsk Prnp0/0 (NP0/0) mouse line,
result in the ectopic expression of Dpl in brain neurons (51) that
induces significant levels of cerebellar Purkinje cell (PC) death
(53) as early as 6 months after birth (26). PrP-deficient cells have
been shown to undergo Dpl-induced apoptosis in a dose-
dependent, cell-autonomous manner (40, 51, 54). Expression of the
N-terminal truncated form of PrP (DPrP) in Prnp-ablated mouse
lines (21) has neurodegenerative effects in PCs, similar to those
observed when Dpl is overexpressed (1, 64). Moreover, the neuro-
toxic effects of Dpl and DPrP are both antagonized by PrPc (1, 11,
21, 64), suggesting that Dpl and DPrP may cause cell death by
similar mechanisms, perhaps by interfering with a cellular signal-
ling pathway essential for cell survival and normally controlled by
a full-length PrPc (1, 56, 61). To date, only a few studies have
investigated the mechanism by which Dpl kills neurons. Oxidative
stress linked with glial activation may play a role in the death of
neurons because NOS activity is induced by Dpl both in vitro and in
vivo (2, 11, 62).

In a recent study that investigated the involvement of the mito-
chondrial proapoptotic factor BAX in the Dpl-induced apoptosis of
PCs, we have shown that deletion of Bax expression rescues many
PCs from Dpl-induced cell death in NP0/0:Bax-/- double knockout
mutant mice (26). As PrPc has the ability to counteract Dpl neuro-
toxicity and has BCL-2-like properties that promote neuronal sur-
vival, we also examined the capacity of the antiapoptotic factor
BCL-2 to prevent Dpl neurotoxicity in vivo. Hu-bcl-2 overexpres-
sion in NP0/0-Hu-bcl-2 double mutants was found to rescue PCs in
similar proportions to that observed when Bax was deleted in
NP0/0:Bax-/- double knockout mutants (27). The capacity of BCL-2
to compensate PrPc deficiency and rescue PCs from Dpl-induced
death suggests that this BCL-2-like property of PrPc impairs Dpl-
like neurotoxic pathways in wild-type (WT) neurons. These studies
indicate that the proapoptotic factor BAX contributes to the neuro-
toxic mechanisms triggered by Dpl in the NP0/0 PCs and that the
antiapoptotic factor BCL-2 can counteract this neurotoxic mecha-
nism. However, NP0/0 PC numbers are not fully restored to WT
levels, suggesting that the ectopic expression of Dpl induces both
BAX-dependent and BAX-independent cell death pathways.

A Dpl-activated, BAX-independent cell death mechanism may
involve neuronal autophagy as NP0/0 PCs have been recently shown
to express Scrg1, a novel protein having a potential link with
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autophagy (18). Indeed, neuronal Scrg1 mRNA and protein levels
are increased in prion-diseased brains (12, 13, 17). At the ultra-
structural level, Scrg1 is associated with dictyosomes of the Golgi
apparatus and autophagic vacuoles in degenerating neurons
of scrapie-infected Scrg1-overexpressing transgenic and WT
mice (18). Indeed, autophagy was first reported in experimentally
induced scrapie a long time ago (6), and recently has been impli-
cated in an alternative cell death program in prion diseases (35).

For this reason, we investigated the expression of Scrg1 and two
characteristic markers of autophagy, LC3B and p62, (5, 4, 37, 63)
prior to a significant PC loss in the 3- to 4-month old NP0/0 cerebel-
lum and when PC degeneration peaks in the 6- to 8-month-old
NP0/0 cerebellum (26). We also looked for ultrastructural signs
of autophagy in the dendrites, axons and somata of PCs in the
cerebellar cortex and deep cerebellar nuclei (DCN) of NP0/0 mice.

MATERIALS AND METHODS

Animals and genotyping

As previously reported, NP0/0 mice were generated by deleting the
entire open reading frame (ORF) of the Prnp gene, located in exon
3, as well as 5′ and 3′ non-coding flanking regions (52). The deleted
sequences were replaced by a Neo cassette. The Prnp ORF was
identified using the following primers: forward 5′CCGCTACC
CTAACCAAGTGT3′ and reverse 5′CCTAGACCACGAGAATG
CGA3′, both located within the Prnp ORF. The following primers
were used to identify the NP0/0 mutants: forward 5′TGCCGCACT
TCTTTGTGAAT3′ and reverse 5′CGGTGGATGTGGAATGT
GT3′ (within the Neo domain).

For this study, founding mice (NP0/0 gift from S. Katamine) were
first backcrossed with C57BL/6 mice for at least 10 generations.
These mice were then intercrossed, and NP0/0 and WT pups were
selected and bred at the animal facility of the Neurosciences IFR37
in Strasbourg, according to the National Institutes of Health
(NIH) guidelines (NIH Publication 80–23, revised 1996) and the
European Communities Council Directive of November 24, 1986
(86/609/EEC).

Western blot analysis of LC3B, p62 and Lamp1

Three- to four- and 6- to 8-month-old WT (n = 3/age) and NP0/0

(n = 3/age) littermates were anesthetized with a mixture of
ketamine 5% and xylazine 2% (0.1 mL of the mix per 30 g by
intraperitoneally) and then killed by decapitation. Cerebella were
dissected and first homogenized in cold extraction TX-DOC buffer
[50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM ethylenediamine-
tetraacetic acid (EDTA), 0.5% sodium deoxycholate, 0.5% Triton
X-100, 1/500 Sigma protease inhibitor cocktail). After centrifuga-
tion, the cleared extracts were taken up in Laemmli sample buffer
[10 mM Tris pH 7.0, 1 mM EDTA, 3% sodium dodecyl sulfate
(SDS), 10% glycerol, 20 mM dithiotreithol, 10% bromophenol
blue] before heat denaturation. The remaining protein pellets were
washed with phosphate-buffered saline (PBS) before extraction
with 2% SDS-containing sample buffer (insoluble fraction). An
equivalent of 100 mg of brain tissue per well was run on 4%–20%
(LC3B and p62) and 4%–12% (p62 and Lamp1) Nupage gels
(Invitrogen, Carlsbad, CA, USA). Proteins were transferred
onto nitrocellulose membrane following the manufacturer’s

recommendations and routinely monitored with Ponceau S stain-
ing. Blots were pre-incubated for 1 h in a blocking solution [5%
milk powder (Sigma, St. Louis, MO, USA), 0.1% Tween-20 in
0.1 M PBS pH 7.3]. Antibodies were diluted in blocking solution
and blots were incubated overnight with anti-actin mouse mono-
clonal antibody (1/10 000; Sigma-Aldrich), anti-Lamp1 rabbit
polyclonal antibody (1/1000; Abcam Ltd., Cambridge, UK), anti-
LC3B mouse monoclonal antibody (1/200; Nanotools, Munich,
Germany) and anti-p62 mouse monoclonal antibody (1/1000; BD
Transduction Labs, San Jose, CA, USA). The anti-LC3B antibody
was directed against the N-terminal end of the LC3B molecule and
reacts with both LC3B-I and LC3B-II proteins. The anti-p62 anti-
body was directed against amino acids 257–437 sequence of the
human p62 molecule. The anti-Lamp1 antibodies were directed
against a synthetic peptide within residues 350 to the C-terminus of
human Lamp1 (100% identity with mouse Lamp1). Immunoreac-
tivity was revealed using the SuperSignal West Dura Extended
Duration Substrate reagent kit (Pierce, Rockford, IL, USA) and
images were obtained with a Chemi-Smart 5000 camera using the
Chemi-capt software (Vilber-Lourmat, Cedex 1, France). Quantifi-
cation of protein bands was done using the Bio1D software (Vilber-
Lourmat). Values have been corrected for variation in actin values
and are expressed as a percentage of the values obtained for control
animals.

RT-PCR analysis of LC3B and p62

Total RNA was extracted from isolated cerebellum from 3- to
6-month-old control WT mice and age-matched NP0/0 mice with
the GenElute Kit (Sigma-Aldrich), and mRNA was transcribed
into cDNA using oligo(dT) and Superscript RNase H- Moloney
murine leukemia virus reverse transcriptase (Invitrogen). PCR
amplification was performed using specific primers for
p62: forward—5′GATGTGGAACATGGAGGGAAGAG3′ and
reverse—5′AGTCATCGTCTCCTCCTGAGCA3′; PCR product
246 bp (GI: 118130186), for LC3: forward—5′ATGCCGTC
CGAGAAGACCTTC3′ and reverse—5′TTACACAGCCATTG
CTGTC3′; PCR product 377 bp (GI: 141601716) and for actin:
forward—5′GTGGGCCGCTCTAGGCACCAA3′ and reverse—
5′CTCTTTGATGTCACGCACGATTTC3′; PCR product 540 bp
(GI: 141601716). PCR cycles consisting of 94°C for 45 s, 55°C,
(except for actin 60°C) for 30 s and 70°C for 30 s were varied
between 18 and 27 cycles for b-actin and 21 and 33 cycles for p62
and LC3. Aliquots of PCR products were then migrated on 2%
agarose gels and stained with ethidium bromide. The relative
expression of the autophagic markers produced in the exponential
phase of the PCR amplifications was calculated by a semi-
quantitative analysis using the Image J program (National Center
for Biotechnology Information, Bethesda, MD, USA). Similar
measurements on the endogenous reference gene b-actin served as
a control for the quantity of RNA input.

Immunohistofluorescence

WT (n = 2) and NP0/0 (n = 3) mice aged 6–8 months were anesthe-
tized as described earlier and transcardiacally perfused with 4%
paraformaldehyde (PAF) in 0.1 M phosphate buffer (PB), pH 7.3.
The cerebellum was dissected and immersed in the same fixative at
4°C. After immersion in isobutanol for 4 days, the cerebella were
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embedded in paraffin and sagittal sections (10-mm thick) were cut
with a microtome (Leica, Heerbrugg, St. Gallen, Switzerland). The
sections were de-paraffinized in toluene and rehydrated in ethanol.
After rinsing in PBS, the sections were pre-incubated for 45
minutes in a blocking solution [3% normal goat serum (NGS) in
0.5% Triton X-100 PBS (PBST)]. The sections were incubated
overnight at 4°C in PBST containing 0.3% NGS and mouse mono-
clonal antibodies against LC3B (Nanotools) diluted 1/10 and rabbit
polyclonal antibodies against 28 kDa calcium-binding protein
(CaBP; gift from Dr Thomasset) diluted 1/1000, or rabbit poly-
clonal antibodies against Lamp1 (Abcam) diluted 1/100 for double
immunohistofluorescence, or with mouse monoclonal antibodies
against p62 (BD Transduction Labs) diluted 1/100. The sections
were then rinsed in PBS and incubated with Alexa 488-coupled
goat anti-mouse and Alexa 546-coupled goat anti-rabbit immuno-
globulins (Molecular Probes, Eugene, OR, USA) diluted 1/1000 in
PBS containing 0.3% NGS. After rinsing in PBS, the sections were
mounted in Mowiol and examined by epifluorescence (Axioskop-
II, Zeiss, Jena, Germany).

Scrg1 immunocytochemistry

Tissue preparation and sampling

WT (8 months, n = 2) and NP0/0 (3, 6, 8 months, n = 2/age) mice
were anesthetized as described earlier and transcardiacally per-
fused with PAF 1% in PB. The cerebellum was dissected and
immersed in the same fixative at 4°C for 4 h.

Immunohistofluorescence

The cerebellum was cryoprotected in sucrose 0.44 M in PB over-
night at 4°C before freezing in liquid nitrogen. Sagittal sections
(10-mm thick) were cut with a cryostat (Leica), rinsed in PBS and
pre-incubated for 45 minutes in a blocking solution (3% NGS
in PBST). After overnight incubation at 4°C in PBST containing
0.3% NGS and rabbit polyclonal antibody against Scrg1 diluted
1/60 (gift from M. Dron) (28), the sections were rinsed in PBS and
incubated with goat anti-rabbit immunoglobulins coupled to Alexa
488 (Molecular Probes) diluted 1/500 in PBS containing 0.3%
NGS. The sections were then rinsed in PBS and processed for
fluorescence microscopy as described earlier.

Control sections processed either without the anti-LC3 and anti-
Scrg-1 primary antibodies or the fluorescent secondary antibodies
were devoid of any specific fluorescent signal.

Quantitative analysis of Scrg1-immunofluorescent PCs

in the NP0/0 cerebellum

Scrg1 immunofluorescent PCs were counted in seven sagittal
sections separated from each other by 400 mm (total sampling
distance = 2470 mm) in the cerebellar vermis of the 8-month-old
WT (n = 2) and NP0/0 mice (n = 3). Data are given as mean �
standard deviation.

Pre-embedding immunogold for electron microscopy

Transversal vibratome sections (60-mm thick) of 1% PAF-fixed
cerebellum were cut and processed, as previously described (16).

Briefly, sections were pre-incubated in a blocking solution [0.5%
bovine serum albumin (BSA) 0.1% cold water, fish skin gelatine
and 0.5% NGS in PB) before being rinsed in PBS containing
0.15% acetylated BSA (BSAc; Aurion, Wageningen, the Nether-
lands) and incubated overnight at 4°C with anti-Scrg1 antibodies
(1/50 in PBS-BSAc). After washing in PBS-BSAc, the sections
were incubated in Ultra small nanogold F(ab′) fragments of goat
anti-rabbit immunoglobulin G (IgG) (H and L chains; Aurion)
diluted 1/100 in PBS-BSAc. After several rinses in PBS-BSAc and
in PB, sections were postfixed in glutaraldehyde 2% in PB before
washing in PB and distilled water. Gold particles were then silver
enhanced using the R-Gent SE-EM kit (Aurion) before being
washed in distilled water and PB. Finally, the sections were post-
fixed in 0.5% OsO4 in PB before classical processing for Araldite
embedding (Sigma, St. Louis, MO, USA) and ultramicrotomy. The
ultrathin sections were counterstained with uranyl acetate and
observed with a Hitachi 7500 transmission electron microscope
(Hitachi High Technologies Corporation, Tokyo, Japan) equipped
with an AMT Hamamatsu digital camera (Hamamatsu Photonics,
Hamamatsu City, Japan). In control sections processed without
anti-Scrg-1 primary antibodies or gold-labeled secondary antibod-
ies, no gold particles were observed.

Post-embedding immunogold for detection of
gamma-aminobutyric acid (GABA)

DCN were sampled from transverse cerebellar vibratome sections
of 10-month-old NP0/0 mice (n = 2) perfused with a mixture of
2% PAF and 2% glutaraldehyde in 0.1 M PB. After embedding
in Araldite, ultrathin sections were submitted to a standard post-
embedding immunogold protocol for the detection of GABA (15).
The sections were immersed in 1% sodium borohydride, and after
rinsing in distilled water and Tris-buffered saline (TBS) they were
incubated with 10% NGS in TBS and then with the GABA-specific
primary antiserum (0.5 mg/mL; overnight at 4°C) in TBS contain-
ing 1% NGS. The sections were rinsed in TBS and incubated in
goat anti-rabbit IgG coupled to 15 nm gold particles (Aurion),
diluted 1/200 in TBS containing 1% NGS. After rinsing in TBS
and distilled water, sections were counterstained with 1% uranyl
acetate. Substitution of the primary antiserum with pre-immune
serum or TBS abolished labeling, as did omission of the gold-
conjugated secondary antibodies. Axonal varicosities establishing
asymmetric synapses were always devoid of labeling. Non-specific
or background labeling was very low in these preparations.

Semi-quantitative ultrastructural analysis
of PC autophagy

Tissue preparation and sampling

Cerebellar cortex and DCN were sampled from transverse
vibratome sections of 3 and 6 month old NP0/0 and WT mice (n = 2/
genotype and age) perfused with a mixture of 2% PAF and 2%
glutaraldehyde in 0.1 M PB. Regions of the cerebellar cortex were
randomly sampled in the cerebellar lobules either in the vermis or
in the right or left hemispheres in one section of the anterior cer-
ebellum (1 block) and in one section of the posterior cerebellum (1
block). Regions in the fastigial, interposed and dentate nuclei was
randomly sampled in sections from the anterior, median and
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posterior levels (1 block/level) of each right or left nucleus. After
embedding in Araldite, ultrathin sections were obtained from each
block. In the cerebellar cortex, 100 PCs in the anterior cerebellum
and 100 PCs in the posterior cerebellum were examined. In the
DCN, 7000 mm2 were examined in the synaptic neuropile between
the deep cerebellar neurons and an equivalent area in the synaptic
neuropile close to the DCN. This was done at the anterior, median
and posterior levels of the three DCN. The deep cerebellar neurons
were identified by their large size (mean maximum diameter:
23.07 � 0.36 mm) and by absence of GABA immunogold labeling.
Autophagy was considered to be activated in the neuronal profiles
which displayed recognizable structural features of the macro-
autophagic process. These included isolation membranes or
phagophores surrounding neuroplasm with or without organelles
and autophagic vacuoles such as complete double-membraned
autophagosomes and autolysosomes or autophagolysosomes (47).

Semi quantitative analysis of autophagic profiles

in the NP0/0 cerebella

In the cerebellar cortex, activation of autophagy was estimated
by the number of PC soma exhibiting abnormal numbers of auto-
phagic features (at least three autophagic vacuoles per soma) as a
percentage of the total number of PCs examined in each animal. In
the DCN, activation of autophagy was estimated by the number of
PC presynaptic and preterminal axonal profiles exhibiting abnor-
mal numbers of autophagic features (at least two autophagic vacu-
oles per profile) as a percentage of the total number of PC axonal
profiles examined in each nucleus.

RESULTS

Scrg1, LC3B, p62 and Lamp1 are upregulated
in NP0/0 PCs

As expression of Scrg1 has been previously reported to be a poten-
tial marker of autophagy and to increase in central neurons of
scrapie-infected mice and in PCs of 12-month-old NP0/0 mice (18),
we first investigated the immunohistochemical distribution of
Scrg1 in the cerebellar cortex of young, 6- to 8-month-old NP0/0

mice. In these mutants, intense Scrg1 immunofluorescence accu-
mulated in large dots in the apical pole of the soma of a few PCs,

reminiscent of Golgi apparatus staining (Figure 1A). No or very
weak labeling was seen in the PC dendrites. Scrg1 labeling
was observed in less than 10 PCs per sagittal cerebellar section and
was absent in PCs from WT age-matched littermates (Figure 1B
and C).

To further substantiate the occurrence of autophagy in the NP0/0

PCs, the cerebellar expression of LC3B, a newly discovered
autophagy-related variant of LC3, the classical marker of autoph-
agy (63), and in parallel, the expression of p62—a functional
autophagic ligand of LC3 (5, 45)—were analyzed (Figure 2). First,
RT-PCR analysis of mRNA levels did not reveal any differences in
the expression of either LC3B or p62 in the cerebellum of 3- and
6-month-old NP0/0 mice compared with WT mice (Figure 2A).
Next, changes in the LC3 and p62 protein levels were analyzed by
Western blot. The results indicated an increase in the levels of both
the autophagy-specific LC3B-II fragment (4.6-fold) and its ligand
p62 (threefold) in the Triton X-soluble fraction (Figure 2B) but not
in the insoluble fraction (data not shown) of the cerebellar extracts
from the 3- to 4- and 6- to 8-month-old NP0/0 mice compared with
the age-matched WT littermates. This increased expression
of LC3B-II in the cerebellar cortex of the NP0/0 mutants was
confirmed in histological sections (Figures 3 and 4). LC3B
(Figure 3D–I) and p62 (Figure 4B) staining was observed in the
soma of NP0/0 PCs, but was barely detected in WT PCs
(Figures 3A–C and 4A). In addition, CaBP-positive axon terminals
of PCs displayed LC3B (Figure 3M–O) and p62 (Figure 4D)
immunohistofluorescence in the DCN of the NP0/0 mice whereas
LC3B (Figure 3J–L) and p62 (Figure 4C) could not be immunode-
tected in WT DCN. In agreement, the level of expression of the
lysosomal marker Lamp1 was increased (4.1-fold) in the cerebellar
extract of all NP0/0 mice (Figure 2B), implicating an upregulation
of lysosome recruitment. This was confirmed using Lamp1 and
LC3B double immunohistofluorescence that showed colocali-
zation of LC3B- and Lamp1-positive granules in the NP0/0 PCs
somata in the the cerebellar cortex (Figure 5C) and in the NP0/0 PC
axonal profiles in the DCN (Figure 5L).

Scrg1 immunogold labels autophagic NP0/0 PC
somata but not axon terminals

Ultrastructural immunogold labeling of PCs from the 6- to 8-month
old NP0/0 mice revealed the association of Scrg1 with vesicles

Figure 1. Immunohistofluorescence of Scrg1 in the 8 month-old cer-
ebellar cortex of NP0/0 and wild-type mice. A few PCs (arrowheads)
display Scrg1 fluorescence in the cerebellar cortex of a NP0/0 mouse (A).
PCs remain devoid of Scrg1 fluorescence in the cerebellar cortex of the
wild-type mouse (B). A and B, bar = 50 mm. Quantitative analysis of

Scrg1-immunofluorescent PCs. The number of Scrg1-immunoreactive
PCs per 7 sagittal cerebellar sections sampled in each of 3 wild-type
(WT) and 3 NP0/0 mice is plotted on a y axis (C). ML, molecular layer; IGL,
internal granular layer.
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and saccules of dictyosomes in the somatic Golgi apparatus.
The labeled dictyosomes sometimes had a normal ultrastructural
appearance (Figure 6A), but in most cases, double-membrane sac-
cules and intertwined membrane shapes were evident (Figure 6B–
F). Unlabeled autophagic vacuoles, membrane whorls and concen-
tric arrays of membranes (phagophores) also seemed to be derived
from other organelles, such as multivesicular bodies, ergastoplas-
mic saccules (Figure 7G) and mitochondria (Figure 6H). Profiles
of neurodegeneration were rarely observed in the molecular layer,
although autophagosomes and autophagolysosomes were found in
some PC dendrites (Figure 6I). At the nuclear level, no ultrastruc-
tural features of apoptotic cell death, such as chromatin condensa-
tion and nuclear fragmentation, were observed. Presumptive PC
myelinated axons exhibiting GABA immunogold labeling and
dystrophic shapes contained phagophores, autophagosomes and
autophagolysosomes in the deep molecular layer (Figure 6J), as
well as in the granule cell layer and the cerebellar white matter
(Figure 7C–E). None of these dendritic and axonal autophagic pro-
files displayed Scrg1 immunogold. Although most PCs containing
autophagic profiles did not display any other ultrastructural signs
of neurodegeneration, some soma clearly displayed features
of advanced neurodegeneration, including shrunken soma and
a condensed neuroplasm filled with unlabeled phagophores,
autophagosomes and autophagolysosomes (Figure 7A–B).

In all of the DCN, PC axon terminals make inhibitory synapses
on the dendrites and soma of the deep cerebellar neurons. Many of
these PC presynaptic varicosities displayed GABA immunogold
labeling (Figure 8C) and contained autophagic vacuoles at all ages
studied (3–8 months, Figure 8A–E), but other terminals displayed
normal ultrastructural characteristics (Figure 8D and F), similar to
those of PC terminals in the DCN of WT animals (Figure 8G).
Scrg1 immunogold did not label autophagic vacuoles in NP0/0 PC
axon terminals.

Presynaptic autophagy in NP0/0 PCs

Semi-quantitative estimation of the percentage of autophagic
PCs somata and axon terminals clearly indicated that autophagy

was more prevalent in axons and terminal varicosities (14%,
Figure 9A) than in soma and dendrites (2%, Figure 9A) of the NP0/0

PCs at both ages studied (3 and 6 months). No autophagic PC soma
and axons were observed in the WT cerebella. These results indi-
cate that autophagy is already activated in 3-month-old NP0/0 PCs
prior to significant PC loss (Figure 9B) (26). Furthermore, the
semi-quantitative data suggest that autophagy is largely restricted
to the axonal compartment of the 3- to 6-month-old NP0/0 PCs,
whereas the somatodendritic compartment displays a quasinormal
ultrastructure with only discrete alterations including Golgi-
derived autophagic-like shapes.

DISCUSSION
The mechanisms by which the prion protein-like Dpl provokes
premature PC death in the PrP-deficient NP0/0 mice are still poorly
understood. Neither Prnd knockout mice nor Prnp and Prnd
double knockout mice exhibit overt neurological phenotypes indi-
cating that PCs survive in these mutants and that Dpl is responsible
for PC death in NP0/0 mice (23, 44). Here, we investigated whether
neuronal autophagy is activated during Dpl-induced PC death in
NP0/0 mice.

Using immunochemistry at the biochemical, histological and
ultrastructural levels to evaluate this possibility, we demonstrate
that NP0/0 PCs undergo autophagy as indicated by the upregulation
of Scrg1, a presumed autophagy-associated protein, and two
mediators of autophagic degradation LC3B-II and p62, as well
as the presence of ultrastructural autophagic profiles in all PC
compartments.

Upregulation of Scrg1 and p62/LC3 reflects
different phases of autophagy in degenerating
NP0/0 PCs

The microtubule-associated light chain 3 (LC3) is an essential
component of autophagy (29) that acts as an adaptor protein
between microtubules and autophagosomes through its N-terminal

Figure 2. RT-PCR analysis of mRNA expression of p62 and LC3 in the
NP0/0 cerebellum. mRNA levels of LC3B and p62 in both 3 month-old
(lane 3) and 6 month-old mice (lane 4) are equivalent to the wild-type
(WT) (lane 2). The expression of b-actin was analyzed as an internal
control. Negative control samples which were not reverse transcribed
(RT-) are shown (lane 1) (A). Western blot analysis of the LC3B, p62 and

Lamp1 proteins in the NP0/0 cerebellum. The 16-kDa LC3B-II protein,
the 62 kDa p62 protein and the 110 kDa Lamp1 protein are increased in
both 3–4 month-old (lane 2) and 6–8 month-old (lane 3) extracts of
cerebellum from NP0/0 mice compared with adult wild-type (lane 1) (B).
As a control for equivalent protein loading, 42-kDa actin was revealed.
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domain (33). Three isoforms LC3, LC3A and LC3B, have been
shown to be associated with autophagic membranes (63) and thus
can be used as autophagosomal markers. The punctuate LC3B
immunoreactivity observed in the soma of NP0/0—but not WT
PCs—is likely to indicate the formation of autophagic organelles
resulting from the activation of the autophagic machinery in
the mutant PCs. In agreement with immunohistochemical data,
the Western blot analysis clearly showed that the autophagic
membrane-bound marker LC3B-II was increased in the NP0/0 cer-
ebellum. Furthermore, the increased expression of p62 whose

interaction with LC3 is instrumental in mediating autophagic deg-
radation (5, 45) confirms that autophagy is abnormally activated in
the NP0/0 cerebellum (see further discussion). The very early
increase of these two markers at 3–4 months when PC loss is not
yet significant (26) suggests that autophagy precedes apoptosis.
In agreement, PCs with clear ultrastructural signs of advanced
autophagy can be found in the cerebellar cortex of the 3-month-old
NP0/0 mice. In the NP0/0 cerebellum, the increases of p62 and
LC3B-II protein levels observed with age are likely to reflect both
an increased number of autophagic PCs as indicated by increased

Figure 3. Immunohistofluorescence for LC3B
and calcium binding protein (CaBP) in the
cerebellum of the 6–8 month-old NP0/0 and
wild-type (WT) mice. In the cerebellar cortex,
double immunohistofluorescence for CaBP (A,
D, G, J, M, red) and LC3B (B, E, H, K, N, green)
shows that the NP0/0 PC somata contain a
punctuate LC3B staining (arrows in E, F, H, I).
Some NP0/0 PCs do not display LC3B
fluorescence (arrowheads) like wild-type PCs
(B, C). In a deep cerebellar nucleus, some
NP0/0 PC axon terminals close to deep
cerebellar neurons (asterisks) display red
CaBP (M, O) and green LC3B (N, O)
immunohistofluorescence. Some other
CaBP-positive PC terminals do not display
LC3B labeling in the merged image (O). All
CaBP-labelled PC axon terminals (J, L) are
LC3B-negative (K, L) in the wild-type.
Bar = 20 mm in A to O. ML, molecular layer;
IGL, internal granular layer.
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PC loss at this age (26), and a decreased cerebellar mass as previ-
ously shown by the reduced size of the NP0/0 cerebellum (26). In
many NP0/0 PCs, this increase may correspond to the enhanced
cleavage of LC3B-I to form LC3B-II. This would take place only in
those PCs that have entered a stage of advanced neurodegeneration
as indicated at the ultrastructural level by robust formation and
accumulation of autophagic structures in a fraction of PC popula-
tion at this time. However, LC3 has been shown to be incorporated
into intracellular inclusion bodies induced in a number of patho-
logical conditions, indicating that LC3-labeled dots do not neces-
sarily represent autophagic structures (34). In the NP0/0 PCs, this
possibility is unlikely because inclusion bodies were not particu-
larly abundant at the ultrastructural level in these neurons and the
quantity of p62 protein in the soluble NP0/0 cerebellar fraction
increases in parallel. The high levels of p62 and LC3B-II in NP0/0

cerebellum may not only reflect an augmentation in the density of
autophagic PCs, but may also be because of an impairment in the
autophagic flux (10) (see following discussion). In agreement with
this latter possibility, the absence of any detectable changes in the
mRNA levels of LC3B and p62 in the NP0/0 cerebellum compared
with WT cerebellum strongly argues for a deficient autophagic
degradation.

Scrg1, a gene primarily expressed in brain neurons, has been
recently shown to be upregulated in several conditions of brain
injury, following prion infection of human and animal brains,

as well as in the cerebellum of the NP0/0 mutant mouse (18).
In scrapie-infected central neurons of both WT and Scrg1-
overexpressing transgenic mice, Scrg1 was associated with dictyo-
somes of the Golgi apparatus and autophagic vacuoles (12, 14) that
are hallmarks of prion-induced degeneration (6, 28, 36). In the
cerebellum of the 8- to 12-month-old NP0/0 mice (18), upregulation
of Scrg1 protein was immunodetected in fewer PCs than p62/
LC3B-II, but not in any PCs of the WT cerebellum. Scrg1-labeling
and p62/LC3B-II production was detected only in a few NP0/0 PCs
at any given time, indicating that the proteins may be involved in
restricted phases of Dpl-induced stress. These two events may rep-
resent distinct steps in the neurodegenerative process because the
ultrastructural data indicate that immunogold labeling for Scrg1
was mostly associated with Golgi complexes in NP0/0 PC somata
that display aberrant structures suggesting inaugural signs of
autophagy. Interestingly, the Golgi apparatus of both NP0/0 and
prion-infected PCs displayed similar ultrastructural alterations
suggesting that Scrg1 labels Golgi apparatus of PCs that are likely
to later undergo autophagy. In NP0/0 PCs, upregulation of Scrg1
at the dictyosomes may be an early sign of Golgian autophagy
that precedes p62/LC3B-II production as very little, if any, Scrg1
labeling of phagophores (25, 37, 41), autophagosomes and auto-
phagolysosomes was observed in these neurons. Nevertheless,
the chronology of the two events could not be more accurately
determined because simultaneous immunohistochemical staining
of Scrg1 and LC3B markers is not possible because of the incom-
patibility of the fixation protocols required to reveal Scrg1 (light
1% PAF tissue fixation) and LC3B (strong 4% PAF tissue fixation).

The specific Golgian localization confirms the spatial restriction
of Scrg1 in the degenerative process of NP0/0 PCs and is distinct
from the more generalized association of LC3 with autophagoso-
mal membranes (29). Thus, upregulation of Scrg1 and LC3 are not
only chronologically, but also spatially distinct events. To date, the
relationship of Scrg1 with autophagy remains circumstantial and
the functional significance to the autophagic process is unknown.
Although a potential role in the autophagic machinery was not
confirmed by Scrg1 overexpression in transgenic mice, further
investigations in knockout mice are merited.

Autophagic stress is a hallmark of
NP0/0 PC death

In addition to its known induction during starvation, differentia-
tion and normal growth control (9, 30, 59), autophagy has been
demonstrated in various neurodegenerative disorders including
Alzheimer’s disease and prion disease (31, 35, 37, 42). Here,
autophagic vacuoles were revealed by electron microscopy in both
somatodendritic and axonal compartments of GABA immunogold-
labeled NP0/0 PCs suggesting that autophagy is concomitant to
Dpl-induced cell death mechanisms. Nevertheless, the increased
concentration of autophagic vacuoles is not necessarily correlated
with increased autophagic activity. Instead the striking accumula-
tion of autophagic profiles in degenerating neurons often reflects
an imbalance between the rates of autophagic sequestration and
completion of the lysosomal degradation process (20, 31).
Increased or continued requirements for autophagy coupled with
an impairment of the late phases of autophagic flux may lead to
autophagic stress (10). This is likely to occur in known neurode-
generative conditions such as Alzheimer’s disease (66) and in the

Figure 4. Immunohistofluorescence for p62 in the cerebellum of 6–8
month-old NP0/0 and wild-type (WT) mice. A, B. In the cerebellar cortex,
p62 appears as cytoplasmic dots in the soma of NP0/0 PCs (arrows)
displays. Some NP0/0 PCs as well as wild-type PCs (A) do not display p62
fluorescence (arrowheads). C, D. P62 immunofluorescence of presump-
tive PC axon terminals is observed in the deep cerebellar nucleus of
NP0/0 mouse (arrows, D) but not wild-type mouse (C). Asterisks indicate
deep cerebellar neurons soma. Bar = 20 mm in A to D. ML, molecular
layer; IGL, internal granular layer
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NP0/0 cerebellum where the accumulation of cytoplasmic autoph-
agic profiles in PCs, and increased p62 protein levels without
apparent changes in mRNA expression are likely to reflect a deficit
in autophagic flux (67). Robust autophagy may be detrimental,
particularly when successful recycling of cellular components is
impaired leading to the accumulation of cytoplasmic autophagic
vacuoles and contributing to neuronal death (10). The electron
dense content of many autophagic vacuoles and phagophores
found in the NP0/0 PCs are features of autolysosomal stages that

suggest that autophagolysosome formation occurs in NP0/0 PCs
(16). Indeed, an increased lysosomal recruitment is signalled by the
upregulation of Lamp1 in NP0/0 PCs. Furthermore, double immu-
nohistofluorescence for LC3B and Lamp1 shows a co-localization
of both molecules in the same granules within NP0/0 PCs, suggest-
ing that formation of autophagolysosomes does occur. Thus, the
upregulation of autophagic and lysosomal markers as well as the
extensive accumulation of autophagosomes and autophagolysos-
omes in the NP0/0 PCs probably reflect a subsequent blockade of

Figure 5. Immunohistofluorescence for
Lamp1 and LC3B in the cerebellum of 6
month-old NP0/0 and wild-type (WT) mice.
Double immunohistofluorescence for LC3B (A,
D, G, J, green) and Lamp1 (B, E, H, K, green)
shows colocalization of Lamp1 and LC3B
staining in a NP0/0 PC soma (arrowhead in C).
Some NP0/0 PCs do not display LC3B
fluorescence (arrows in A, C) like wild-type
PCs (D, F). In a deep cerebellar nucleus, some
NP0/0 PC axon terminals close to deep
cerebellar neurons (asterisks) display red
Lamp1 (arrowheads in H, I) and green LC3B
(arrowheads in G, I) immunohistofluorescence.
All PC axon terminals in wild-type mice are
LC3B- (J, L) and Lamp1-negative (K, L).
Bar = 20 mm in A to L. ML, molecular layer;
IGL, internal granular layer.

�
Figure 6. Autophagy in the somato-dendritic and axonal compartments
of Scrg1-immunogold labelled Purkinje cells of the NP0/0 mouse. A–H.
Purkinje cell soma. Immunogold particles (arrows) label saccules and
vesicles of an apparently intact dictyosome of the Golgi apparatus (A).
B–F. Golgi apparatus dictyosomes with Scrg1-immunogold labelling
(arrows) and autophagic-like double membrane vacuoles and membrane
whorls (asterisks). White asterisks in B, lysosomes. ER in D, rough
endoplasmic reticulum. Star in F, multivesicular body. A multivesicular
body (white star) is engaged in autophagic-like membrane wrapping with a

rough ER saccule (G). Mitochondria (M) around autophagic-like mem-
brane whorls (asterisk) (H). None of the organelles in G and H are labelled
with Scrg1 immunogold. I, J. Molecular layer. Fusion of an autophago-
some (white star) with lysosomes (white asterisks) in a Scrg1-negative
Purkinje cell primary dendrite (PCD) (I). Autophagosomes (white stars)
and autophagolysosomes (white asterisks) and in a Scrg1-negative myeli-
nated presumptive Purkinje cell recurrent axon collateral (AX) (J). Note the
fusion of a lysosome with a double membrane autophagosome (black
asterisk). PF, parallel fibres. Bars: 500 nm in A–F, I, J; 100 nm in G, H.
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autophagic proteolysis. As observed in amyloid neurodegenerative
diseases and in other neurological disorders such as ceroid
lipofuscinosis (7), leakage of hydrolases induced by membrane
destabilization of autophagolysosomes and lysosomes could
trigger apoptotic cascades in the NP0/0 PCs. Along this line, a
genetic deficiency of the glycogen-degrading lysosomal enzyme
acid-alpha glucosidase in Pompe-diseased mice induces severe
skeletal and cardiac myopathy involving a massive autophagic
buildup in myofibers (22, 49). In this case, autophagy is induced,
but the muscle pathology manifests as a functional autophagic
deficit because of impaired autophagosomal–lysosomal fusion that
leads to an accumulation of autophagic substrates (50).

In the cerebellum of the NP0/0 mutants, there are both intact PCs,
as well as PCs exhibiting different degrees of macroautophagy.
This ranges from PCs with Scrg1-labeled Golgi dictyosomes and

moderate amounts of all types of unlabeled autophagic profiles to
PCs filled with phagophores, autophagosomes and autophagoly-
sosomes, probably in a late step of cell death. This differential
autophagic status of PCs suggests that PC death is asynchronous in
NP0/0 cerebellum. Also, autophagic NP0/0 PCs displayed differential
intracellular distribution of autophagic profiles that were semi-
quantitatively estimated to be more frequent in the axonal
compartment (ie, PC axons and terminals in the deep cerebellar
white matter and nuclei) than in the somatodendritic compartment.
In NP0/0 PC, the higher frequency of autophagic presynaptic termi-
nals forming synapses on the deep cerebellar neurons compared
with relatively few autophagic PCs found in the cerebellar cortex
suggests that at least some of the axon terminals displaying autoph-
agic profiles have an intact somatodendritic compartment.This may
indicate that in NP0/0 PCs, axonal autophagy precedes somatoden-

Figure 7. Autophagy in the soma and axons of
NP0/0 Purkinje cells. Immunogold electron
microscopy did not reveal Scrg1 in any of the areas
shown. A degenerating autophagic Purkinje
cell (PC) filled with autophagosomes,
autophagolysosomes (white asterisks) and
lysosomes (white stars) and has a shrunken shape
(A). High magnification of neuroplasmic content of
an autophagic Purkinje cell soma (B). M,
mitochondria; white asterisks, autophagic
vacuoles; asterisk, phagophore. C–D.
Degenerating myelinated Purkinje cell axons in the
white mater surrounding the fastigial deep
cerebellar nucleus. A phagophore made of
concentric wrapping of membrane around a core
of axoplasm (white asterisk) fills a myelinated axon
profile (C). Collapsed autophagic-like vacuoles
(arrowheads) in a myelinated axon (asterisk) (D).
Black asterisks show intact myelinated axons in C

and D. A dystrophic axon (star) with features of
acute autophagy: thinned myelin sheath, swollen
shape and numerous autophagic vacuoles at
different stages of maturation and electron-dense
lysosomes (see higher magnification in inset).
Compare with surrounding intact myelinated
axons (E). Numerous reticular phagophores (white
arrowhead) encircling axoplasmic material,
autophagosomes (black arrowheads) and
autophagolysosomes (white stars) reflect
advanced stages of axonal autophagy (F). Bars:
500 nm in A–D, inset E and F; 2 mm in E.
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dritic autophagy. Indeed, axonal autophagy has been previously
reported in other cases of degenerating central neurons (31, 68),
including the PCs of the Lurcher mutant mouse where autophago-
somes form in axons before being transported to the soma (60, 67).
As Scrg1 labeling was restricted to somatic dictyosomes in NP0/0

PCs, the chronology of axonal autophagy and somatic Scrg1
upregulation could not be determined (see earlier discussion). With
our current state of knowledge, we cannot tell if autophagy in the
axon terminals of the NP0/0 PCs is an initial step of a Dpl-induced
autophagic cell death mechanism or a protective reaction of
neurons to maintain axonal homeostasis (32) in response to Dpl-
induced stress. Nevertheless, the early autophagic destruction of
axons observed in the white matter and DCN of the 3-month-old
NP0/0 mice, well before significant PC loss, argues for a contribution
of an autophagy-dependent mechanism (see earlier discussion)

for Dpl-induced PC death rather than for autophagy as an epiphe-
nomenon. To date, the precise subcellular localization of Dpl is
unknown, although its close structural homology with PrPc (38, 58)
suggests that both proteins should have a similar subcellular expres-
sion pattern at the plasma membrane of axons and terminals (3). At
these sites, Dpl may induce rapid physiological alterations within
axons that locally trigger the autophagic machinery.

Dpl-induced PC death: apoptosis and/or
autophagy?

To date, little is known about how Dpl kills neurons. Our recent
data show that Bax knockout or overexpression of Bcl-2 partly
rescues PCs from Dpl-induced cell death in NP0/0:Bax-/- (26) and
NP0/0-Hu-bcl-2 (27) double mutant mice. This partial recovery

Figure 8. Purkinje cell axon terminals in the
fastigial deep cerebellar nucleus of NP0/0 (A–F) and
wild-type (G) mice. A–F. NP0/0 mouse. Immunogold
electron microscopy does not reveal Scrg1 in any
of these areas. A–B. Early stages of autophagy in
presynaptic PC terminals making symmetric
axo-somatic (A) and axo-dendritic (B) synapses
(white arrowheads) on fastigial neurons (DCN).
Black arrowheads point to autophagic
double-membrane and small vacuoles within the
PC terminals. Asterisk indicates a postsynaptic
fastigial dendritic spine. Immunogold labelling for
GABA. In a GABA-immunolabelled preterminal PC
axon terminal close to a DCN, cytoplasmic material
is isolated by an endoplasmic saccule (arrowhead)
in an autophagic-like manner featuring an early
stage of autophagy. See the surrounding double
membrane autophagic-like vacuole (arrowhead).
Asterisks show intact myelinated axons (C). An
autophagic PC axon terminal containing
autophagosomes (arrowheads) and many
autophagolysosomes (white stars). This PC
terminal makes an symmetric synapse (white
arrowhead) on a postsynaptic fastigial dendrite
(DCN) similar to that made by an intact PC terminal
(white PC) on the opposite side of the dendrite (D).
Huge autophagosome featured by multiple
membrane wrapping around cytoplasmic material
(white star) in a PC terminal making a symmetric
synapse (white arrowhead) on a fastigial dendrite
(DCN) (E). Two intact presynaptic PC axon
terminals make symmetric synapses (white
arrowheads) on a fastigial dendrite (DCN) (F). Six
intact presynaptic PC axon terminals make
symmetric synapses (white arrowheads) on a large
fastigial dendrite (DCN) (G). Bars: 500 nm.
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suggests that Bcl-2 family-dependent apoptotic pathways are not
the only death mechanism implicated in the Dpl neurotoxicity.
According to the present results, another possibility may be related
to non-apoptotic autophagic cell death. Indeed, Dpl has been

shown to induce the production of reactive oxygen species (11, 62),
which are able to activate both apoptosis (43) and autophagy (55).
However, the respective contribution of apoptosis and autophagy
to Dpl-induced cell death remains unclear. There are several
explanations for the occurrence of both autophagy and Bax-
dependent apoptosis of PCs in the cerebellum of the NP0/0 mouse.
First, intrinsic differences between PCs could make them suscep-
tible to different cell death pathways in response to Dpl-induced
stress. Supporting this hypothesis, PCs exhibit different resistance
levels to Dpl toxicity related to both their anterior versus posterior
position and their aldolase C expression in the NP0/0 cerebellum
(27). This may determine a differential specificity of Dpl-triggered
cell death program among PCs. Second, a defective autophagic flux
in NP0/0 PCs may ultimately trigger apoptotic cell death. Indeed,
recent findings obtained both in non-neuronal cells (19, 24, 39, 57,
65) and neurons (8), argue against a clear-cut distinction between
autophagy and apoptotic cell death. Recognition of the extensive
cross-talk between different cell death pathways is beginning to
provide insight into the complex patterns of neuronal cell death
seen in nervous system diseases (41). Recent data highlight the
ability of BCL-2 to not only function as an anti-apoptotic factor,
but also as an anti-autophagic factor via its inhibitory interaction
with Beclin1 (46). This could contribute to NP0/0 PC survival
in the NP0/0-Hu-bcl-2 double mutants (27). In these mutants, the
NP0/0 PCs that die in spite of Bcl-2 overexpression are likely to
undergo Bcl-2-independent cell death processes that need further
investigations.

To conclude, our results reveal that the autophagic machinery is
activated early in the process leading to Dpl-induced neuronal
death in NP0/0 PCs. This shows that autophagy is related to Dpl-
induced PC neurodegeneration. In this way, NP0/0 PCs display
many signs of impaired autophagic flux that could convert an initial
autophagic defense reaction to Dpl neurotoxicity into a neuro-
degenerative mechanism. Our present data support emerging
concepts in the field of neuronal death such as axonal initiation
of neuronal autophagy and cross-talk between autophagic and
apoptotic pathways. Designing specific drugs to modulate autoph-
agy are challenging but promising avenues for future therapy of
neurodegenerative diseases.
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