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Abstract – Due to recent renewal of interest and concerns in prion diseases, a number of cell systems
permissive to prion multiplication have been generated in the last years. These include established cell
lines, neuronal stem cells and primary neuronal cultures. While most of these models are permissive to
experimental, mouse-adapted strains of prions, the propagation of natural field isolates from sheep scrapie
and chronic wasting disease has been recently achieved. These models have improved our knowledge on the
molecular and cellular events controlling the conversion of the PrPC protein into abnormal isoforms and on
the cell-to-cell spreading of prions. Infected cultured cells will also facilitate investigations on the molecular
basis of strain identity and on the mechanisms that lead to neurodegeneration. The ongoing development of
new cell models with improved characteristics will certainly be useful for a number of unanswered critical
issues in the prion field.
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1. INTRODUCTION

was no longer necessary to stably maintain
high levels of infection. GT1 cells are hypothalamic cells also widely used to multiply
mouse prions [5, 95, 124]. Some GT1 subclones may undergo apoptosis following infection [124], a finding not consistently reported.
PC12 rat pheochromocytoma cells can be differentiated into neuron-like cells which can
then be infected with mouse prions [118].
SMB cells were originally isolated from Chandler strain-infected mouse brain culture [31].
However, Chandler-infected SMB cells can be
cured with pentosan sulphate and infected de
novo with other mouse-adapted prion strains
[13, 65]. SN56 is a mouse cholinergic septal neuronal cell line which is permissive to
the multiplication of several mouse-adapted
prion strains [7]. Neuronal stem cells isolated
from conventional or transgenic mice were
recently shown to propagate mouse-adapted
prions [53,90]. Recently, hippocampal-derived
HpL3-4 cells obtained from a PrPC knock-out
mouse and transfected with mouse PrPC were
shown to be permissive to the 22L strain of
the mouse prion [80]. Finally, cells from the
peripheral nervous system, such as MSC80
Schwann-like cells, replicate low levels of the
RML strain [47].

The first successful attempt to establish
scrapie-infected cultures was obtained as early
as 1970 when low levels of prion multiplication was reported in a mouse brain-derived
cell line called SMB [31]. Since then, and
despite diﬀerent repeated attempts to maintain scrapie-infected cultures [114], stable and
consistent propagation of prions was achieved
in a very limited number of cell cultures. As
a result, very few permissive cell lines were
available in the early 2000s and all of them
were permissive only to rodent-adapted prion
strains [132]. The first exception occurred in
2001 when it was shown that expression of
ovine PrPC in rabbit epithelial RK13 cells rendered them permissive to the multiplication of
a sheep scrapie agent [146]. This was the first
example of successful transmission of a natural transmissible spongiform encephalopathy
(TSE) agent (i.e. not previously adapted to rodents) to cultured cells, and this also provided
evidence that PrPres can be readily detected in
infected cells from the non-neuronal lineage.
Since then, prion multiplication was demonstrated in several other non-neuronal cell systems, including fibroblasts [116, 147], muscle
cells [39], microglial cells [61], and another
natural isolate (from chronic wasting disease)
was successfully transmitted to a mule deer
cell line [116].
2. CULTURED CELLS PERMISSIVE
TO PRION MULTIPLICATION

Cell models can be classified depending on
the prion species propagated (Tab. I).
2.1. Cell models permissive to experimental,
rodent-adapted scrapie strains

Mouse neuroblastoma cell lines have been
the most extensively characterised model for
propagation of mouse-adapted strains of prions. They include N2a [19,115], C-1300 [115]
and NIE-115 [86] lines, all of them deriving from the same cell line [114]. Subclones
of the N2a cell line with higher permissiveness were subsequently identified [16, 41, 95]
in which subcloning of the infected cultures
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Recent studies confirmed the original finding [146] that non-neuronal cell lines can
eﬃciently propagate prions. Common fibroblast cell lines [147] and a microglial cell
line (MG20) established from transgenic mice
overexpressing PrP are susceptible to various
murine prion strains [61]. Notably, the mouseadapted bovine spongiform encephalopathy
(BSE) agent was successfully propagated in
MG20 cells. Infection of a skeletal myoblast
cell line (C2C12) has been described recently [39], and could be used to investigate
prion infection of muscles observed in sheep
and cervids. While all the aforementioned
cell models are permissive to mouse-adapted
prion strains, a cell line (HaB) stably infected
with hamster prions has been described in the
past [136].
Generally, more than one strain can be
propagated in a single cell line (Tab. I).
N2a and GT1 cells are susceptible to Chandler, Fukuoka-1, RML, 22L, and 139-A

Mouse
Mouse
Mouse
Rabbit
Rabbit
Hamster
Rabbit
tgov Mice

Pheochromocytoma
Brain cells
Septal neuronal cells
Neuronal stem cells

Schwann like cells
Hippocampal cells

Fibroblasts
Microglial
Myoblasts
Epithelial RK13
Epithelial RK13
Brain cells

Epithelial RK13
Schwann-like from
Dorsal Root Ganglia
Neuronal primary
cultures (cerebellum)
Fibroblast-like

PC12
SMB
SN56
NSC

MSC80
HpL3-4

L929, NIH/3T3
MG20
C2C12
moRK13
voRK13
HaB
Natural TSE isolates
ovRK13 (Rov)
MovS

MDB

CGNov

Mouse
Mouse

Neuroblastoma
Hypothalamic cells

N2a#58
GT1

Deer

tgov Mice

Mouse
Mouse

Chronic wasting disease [116]

Natural sheep scrapie [34]

Natural sheep scrapie [146]
Natural sheep scrapie [3]

22L, ME7, RML [147]
Chandler, ME7, mouse BSE [61]
22L [39]
Fukuoka-1, 22L, Chandler [33], M100 [143]
Vole-adapted BSE [33]
Hamster prions [136]

Chandler [47]
22L [80]

Chandler [19]
Chandler [86]
Chandler [115], Fukuoka-1 [19],
RML [16, 41]
Chandler, 139A, 22L [95]
SY-CJD, FU-CJD [5], Chandler [95, 96],
RML [124], 22L [89, 95, 96], Fukuoka-1 [4]
139A [118]
139A, 22F [13], 79A [65], Chandler [31]
Chandler, ME7, 22L [7]
RML [53] 22L [90]

Mouse
Mouse
Mouse

Rat
Mouse
Mouse
Mouse

Strain of prion

Species

Cell designation
Tissue of origin or cell type
Rodent-adapted strains
C-1300
Neuroblastoma
NIE-115
Neuroblastoma
N2a
Neuroblastoma

Table I. Cultured cells permissive to rodent-adapted or natural TSE agents.

From ovine transgenic mice

RK13 cells expressing ovine PrPC
From ovine transgenic mice

RK13 cells expressing mouse PrPC
RK13 cells expressing vole PrPC

From PrP0/0 mouse transduced
for mouse PrPC

From transgenic
or conventional mice

Overexpression of PrPC

Comments
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murine prion strains. L929 mouse fibroblasts
propagate 22L, ME7, and RML while
MG20 microglial cultures can be infected
by ME7 and Chandler strains and by the
mouse-adapted BSE agent. RK13 cells expressing mouse PrPC are susceptible to several
murine prion strains as well [33]. However,
there is also evidence that prion multiplication show cell tropism ex vivo. This is best
illustrated for the ME7 strain which does not
replicate in N2a or GT1 cell lines [16, 67] but
does replicate in SN56 [7], L929 [147], and
MG20 [61] cell lines.

2.2. Cell models propagating
naturally-occurring prion isolates

The first natural TSE agent (i.e. non rodentadapted) to be successfully propagated in cultured cells was from sheep scrapie. The epithelial rabbit RK13 cell line, expressing no
detectable endogenous rabbit PrPC , was genetically engineered to stably express an ovine
PrPC variant (136 V154 R171 Q) associated with a
very high susceptibility to scrapie [59]. The
resulting cultures, known as Rov cells, can
be readily infected with and replicate to high
titres some sheep scrapie isolates [146]. Neuroglial cell lines with Schwann-like features
[3] and primary cultures of neurons and astrocytes [34], both of which were derived
from transgenic mice expressing the VRQ allele of ovine PrPC , were later shown to be
permissive to sheep scrapie as well. Finally,
prion propagation and PrPres accumulation
were also demonstrated in an astrocyte-like,
sheep-derived cell line [145] inoculated with
the same set of ovine prion agents ([75] and
our unpublished results). These cell models
have distinct and complementary features that
proved useful to study various aspects of sheep
scrapie infection. More recently, a chronic
wasting disease isolate was successfully transmitted to a mule deer-derived fibroblast cell
line [116]. Although multiplication of the human prion was reported on one occasion [73],
there is no available cell model permissive to
human Creutzfeldt-Jakob disease (CJD) or cattle BSE agents.
Page 4 of 18 (page number not for citation purpose)
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3. CELL BIOLOGY OF ABNORMAL PRP

Prion-infected cultures have been powerful
and useful experimental tools to study the cell
biology of abnormal PrP and to investigate the
molecular and cellular events controlling the
conversion of PrPC into PrPSc .
Cell surface PrPSc cannot be released into
the milieu by phosphatidylinositol-specific
phospholipase C (PIPLC) treatment of intact
infected cells [24, 77], in contrast to what
is readily observed for PrPC in uninfected
cells. Thus, and although PrPSc has a glycosylphosphatidylinositol (GPI) anchor [134],
the manner in which PrPSc associates with
membranes diﬀers from that of PrPC and has
yet to be determined. While PrPC is rapidly
synthesised and degraded [14, 23, 97, 100], the
abnormal form is much more stable. Earlier
pulse-chase experiments did not yield evidence that infected cells could eliminate PrPSc
[14, 25]. Experiments blocking prion multiplication with anti PrP antibodies later showed
that infected N2a cells do get rid of PrPSc
[41, 44, 102, 104]. Similar findings were obtained with sheep scrapie-infected Rov cells in
which the disappearance of pre-formed PrPSc
can be monitored after arrest of inducible
PrPC expression [12]. These findings indicate
that, although PrPSc is much more stable than
PrPC , the infected cells do have the capacity
to degrade PrPSc . Little is known on the cellular proteases involved in processing and/or
degradation of abnormal PrP. However, some
protease inhibitors can modulate the processing [152] or the degradation [79] of PrPSc
in infected cultures and the tyrosine kinase
inhibitor STI571 promotes lysosomal degradation of PrPSc [42]. A delicate balance between
synthesis and degradation of PrPSc could be
a determining factor for successful multiplication in cultured cells [150]. Some strains may
not accumulate in cultured cells if degraded
too rapidly by the cellular machinery while
others may more readily resist degradation and
replicate to detectable levels.
Cellular heparan sulphates are sulphated
linear polysaccharides typically linked to proteins to form heparan sulphate proteoglycans
(HSPG) located at the cell surface [141]. A
number of studies are consistent with the
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involvement of heparan sulphates in the biogenesis of prions. A variety of sulphated glycans, including pentosan polysulphate [13,28],
dextran sulphate 500 [8, 12, 28], heparin [49],
and various heparan mimicking molecules [1,
126] are potent inhibitors of PrPSc accumulation in several cell lines infected with murine
prions and in Rov cells infected with a sheep
scrapie agent [98], presumably by competitive inhibition of cellular heparan sulphates
for the binding to PrPC [49]. More direct evidence for a role of cellular heparan sulphates
in the formation of abnormal PrP was obtained
by showing that treatment of infected N2a
cells with heparinase III resulted in a marked
reduction of PrPres [11]. The underlying mechanisms have not been determined. Since heparan sulphates can bind numerous molecules,
including PrPC [29, 49, 149], one possibility
is that the heparan sulphate moieties of proteoglycans could help bring together partners
critically involved in the conversion process,
such as PrPC , PrPSc , and other possible cofactors. Inhibition of the expression (either by
antisense RNA and siRNA) or function (by
antibodies) of the 37 kDa/67 kDa laminin receptor (LRP/LR) prevents PrPres accumulation
in infected N2a and GT1 cells [78]. Again, the
mechanisms are unclear. As speculated above,
LRP/LR, PrPC , and PrPSc might form, along
with heparan sulphates a functional complex
required for conversion. Alternatively LRP/LR
inhibition could prevent prion multiplication
by perturbing the metabolism of PrPC , a possibility supported by the fact that LRP/LR is
involved in PrPC traﬃcking [50] and that inhibition of LRP/LR decreases cellular PrPC
levels [78].
Detergent resistant microdomains (DRM)
or rafts are specialised, cholesterol-rich membrane microdomains that resist solubilisation
in cold non-ionic detergent such as Triton
X-100 [131]. As in the brain, PrPC from cultured cells is incorporated into rafts [94, 135,
144, 148], as many GPI-anchored proteins. In
infected cells, normal and abnormal forms of
PrP are found in rafts [94, 144], raising the
possibility that these domains might be involved in the conversion process. Indeed it was
shown that perturbing the association of PrPC
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with rafts via cholesterol depletion reduces
conversion [138]. In addition, genetically engineered PrPC containing a trans-membrane
domain was no longer incorporated into rafts
and was poorly converted [63, 138]. Although
the mechanisms by which rafts might control the conversion process are not known,
several hypotheses have been proposed [20].
Rafts could bring together the diﬀerent molecular partners required for eﬃcient conversion.
Rafts could also be used as vehicles to convey
the required molecules to specific subcellular
sites in which conversion occurs.
The subcellular distribution of abnormal
PrP in infected cells is extremely diﬃcult to
assess, primarily due to the poor immunoreactivity of PrPSc . Immunodetection requires
treatments with strong denaturants, such as
guanidium, which have deleterious eﬀects on
cell morphology and also make colocalisation
with organelle markers diﬃcult to interpret.
Nevertheless, analysis of several types of infected cells, including N2a [124, 136], GT1
[124], and HaB [136] made it clear that PrPSc
resides intracellularly. While an accurate and
exhaustive picture of PrPSc -containing intracellular compartment is lacking, PrPSc accumulation has been observed repeatedly in late
endosomes and/or lysosomes [88, 106] where
trimming of PrPSc may occur [26]. PrPSc has
been seldom visualised in the Golgi apparatus
[136] and in the nucleus [84]. Labelling with
membrane-impermeant reagents has demonstrated that abnormal PrP is also present at the
cell surface of infected N2a cells [77, 144].
The presence of abnormal PrP at the plasma
membrane of infected cells was also observed
in at least another paradigm, MovS cells infected with a strain of sheep scrapie (our own
unpublished results). Exosomes are microvesicles from endosomal origin that are secreted
by a variety of cells [45], including neurons
[43]. It was recently demonstrated that exosomes released by MovS and Rov cells do contain abnormal PrP and prion infectivity when
the cells were infected with a sheep scrapie
agent [46]. A similar observation was subsequently reported for GT1 cells infected with a
mouse-adapted prion strain [143]. Exosomes
are formed in multivesicular bodies (MVB),
(page number not for citation purpose) Page 5 of 18

Vet. Res. (2008) 39:10

which could therefore represent an intracellular site for PrPSc accumulation. Since PrPC
permanently cycles between the plasma membrane and intracellular compartments [109],
it is important to stress that at least some of
the aforementioned sites may merely represent
sites where PrPSc accumulates rather than sites
where conversion actually occurs. However, as
detailed in section 4, the presence of PrPSc in
some specific subcellular compartments, such
as the cell surface or MVB, may crucially affect the cell-to-cell spreading of prion agents.
Bona fide PrPSc has been operationally
defined for years as resistant to proteinase
K (PK) treatment and as insoluble in nondenaturing detergents. Recent studies have
revealed a more complex picture. A PKsensitive PrPSc fraction was first described
by Safar et al. [122] and later isolated and
characterised from infected brain tissues [101,
142]. However, the biological significance of
PK-sensitive forms of PrPSc regarding prion
infectivity and/or neurotoxicity needs to be
clarified. The identification of such forms in
infected N2a cells [142] indicates that cellbased models may be useful to investigate the
cell biology of PK-sensitive PrPSc .
4. DE NOVO INFECTION AND CELLTO-CELL DISSEMINATION OF PRIONS

Surprisingly, little is known about the initial interactions of exogenous prions during de
novo infection of a recipient cell. Likewise, the
subcellular sites where conversion of PrPC into
PrPSc occurs remain to be identified. Moreover, whether conversion can proceed at the
cell surface or whether internalisation of abnormal PrP is required for cell infection is an
open question.
The easier and most classical way to transmit prions is to incubate prion preparations
(e.g. infectious brain homogenate) with cultured target cells. However, several independent studies have recently shown that prion
transmission is much more eﬃcient when live
infected biological material is used as the
source of infectivity [39,65,99]. Further investigation into the underlying active biological
processes will be necessary to optimise prion
transmission to cultured cells.
Page 6 of 18 (page number not for citation purpose)
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Several studies have recently investigated
the interaction of PrPSc with cultured recipient cells. Permissive (N2a, GT1, SN56, Rov)
and non-permissive (CHO, CaCo2) cells were
incubated in the presence of PrPSc from various strains or isolates, including RML and
C506M3 murine prions, cattle BSE, and sheep
or hamster prions. The abnormal PrP added
to the cells was prepared in diﬀerent ways.
Some investigators used rods, the purest prion
preparation known to date. Other studies used
infected brain tissues homogenised in physiological buﬀers, arguing that PK-digested,
highly aggregated forms have poor biological
relevance. Despite varying experimental conditions which may hinder comparisons among
them, all of these studies have shown that
PrPSc is internalised by a process that does
not require the presence of PrPC at the cell
surface [55, 81, 98]. The identification of putative cellular receptors for PrPSc led to a
diﬀerent outcome. Morel et al. reported that
CaCo-2TC7 cells internalise PrPSc from BSEinfected cattle brain homogenate but not that
from mouse-adapted C506M3 strain and suggested that LRP/LR was involved [92]. The
uptake of purified PrPres from the C506M3
strain in BHK21 cells was later shown to be
in part LRP/LR-dependent [51]. Other studies
provided evidence that cellular heparan sulphates are receptors for PrPSc . The enzymatic
removal of cell surface heparan sulphates [58],
the inhibition of their sulphation by chlorate
[58] or competition with heparan mimetics
[58, 126] all prevented the binding and the uptake of detergent-extracted, aggregated forms
of abnormal PrP in N2a, GT1, and CHO cells.
A similar observation was reported for PrPSc
from brain homogenate in CHO cells [55].
Finally, Paquet et al. demonstrated an eﬃcient entry of abnormal PrP in permissive Rov
cells by mechanisms that apparently did not
rely on cellular heparan sulphates [98]. Collectively, these studies suggest that abnormal
PrP can enter the cells by diﬀerent routes.
One possibility is that internalisation routes
may depend on the cell type. Alternatively, the
utilisation of heparan sulphates versus other
macromolecules as cellular receptors might
depend on the biochemical state of abnormal
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PrP. Using fluorescently-labelled aggregated
PrPres , the internalised PrPres was tracked intracellularly by cell imaging. Aggregates taken
up by SN56 cells or neurons in primary cultures are dispersed in a large set of intracellular
vesicles, including late endosomes and lysosomes, and transported along neurites [81].
However, the aforementioned studies did not
address where in the cells is conversion initiated. Early pulse-chase experiments with infected N2a and HaB cells have revealed that
conversion of PrPC to the protease-resistant
state is a late post-translational event that
takes place after PrPC has been delivered to
the plasma membrane [15, 25]. More recently,
it was shown that transmission of infection
requires the presence of cellular heparan sulphates and the presence of PrPC during exposure to the inoculum [58, 98]. While this
suggests that molecular complexes between
PrPSc , PrPC , and cellular heparan sulphates are
required at the plasma membrane, it remains
unclear whether conversion can proceed further at the cell surface or if the putative complexes are driven to intracellular compartments
for initiation of conversion. Further studies
will be necessary to fully characterise the different internalisation routes of PrPSc and to
clarify their biological significance regarding
the initiation of cell infection. Identification
of the prion multiplication sites is obviously
important to define eﬃcient strategies for therapeutic intervention.
Several observations suggest that prions
can disseminate in vivo through diﬀerent
modes. Consistent with step-by-step infection
of closely apposed cells, prions can multiply
and spread along particular neuroanatomical
pathways to reach the brain ([9] and references therein). Extracellular forms of PrPSc
can also be detected in infected tissues [62],
the diﬀusion of which could transmit infection to more distant cells [17]. Cell surface
abnormal PrP could potentially infect contacting cells as suggested by infection of recipient cells by paraformaldehyde-fixed infected
SMB cells [65]. On the contrary, the presence of infectivity in the cell culture media
of numerous prion-infected cell lines, including N2a, GT1, HpL3-4, SN56, MovS, and Rov
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[7, 34, 46, 80, 124] raised the possibility that
infection can be transmitted, at least among
cultured cells, through the release of cell-free
forms of prions. The physical nature of released prion infectivity has remained uncertain
for years. Février et al. first reported that abnormal PrP and infectivity actively released
from sheep scrapie-infected MovS and Rov
cells was associated with small vesicles (50–
100 nm) called exosomes [46], raising the possibility that infected exosomes could serve as
a vehicle for prion dissemination [108]. Similar findings were later obtained for GT1 cells
infected with a mouse-adapted prion strain,
indicating that potential spread of infection
through cell-free mechanisms is probably not
restricted to a particular type of cell or strain
[143]. A further support for cell-free transmission of prions was gained by Leblanc et al.
who showed that retrovirus infection enhances
prion infectivity release [76]. To investigate
the biological significance of cell-associated
and cell-free infectivity regarding the spread
of prions, co-cultures of infected donor cells
and uninfected recipient cells were analysed.
The spatial distribution of the newly infected
cells revealed preferential infection of nearby
cells, although infection of distant cells also
occurred [99]. While the underlying mechanisms remain to be characterised, it seems that
prion spreading among cultured cells can occur through diﬀerent modes. Further studies
will be necessary to test the interesting possibility that mechanisms of cell-to-cell prion
spreading may vary depending on the cell type
[39, 99] and/or the prion strain.
5. BIOLOGICAL PROPERTIES OF
CELL-PASSAGED PRION STRAINS

The mechanisms that lead to the reproducible production of stable, yet distinct,
strains in a given host are not understood. Distribution of PrPres deposition in the infected
brain, as assessed by PETblot or histoblot can
vary in a strain-dependent manner [127, 137],
raising the possibility that distinct strains multiply in distinct brain cell types [36]. Since the
central nervous system is extremely complex,
the basis of prion identity and diversity should
be advantageously investigated in single cell
(page number not for citation purpose) Page 7 of 18
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lines faithfully propagating several strains of
prions.
Several studies have examined the biological characteristics of strains propagated in
cultured cells. Incubation times, brain vacuolisation, and clinical signs of several murine
strains (22F, Chandler, Fukuoka, and SY) remain unchanged following multiplication in
N2a, GT1 or SMB cell lines [4, 5, 13]. Biological characterisation of sheep, mouse, and
vole strains of prions propagated in RK13 cells
expressing the ovine, murine or vole PrPC ,
respectively, suggests that these strains are
not modified through multiplication in nonneuronal cells as well [33]. In the absence of
nucleic acids, strain biological properties are
proposed to be encoded by the abnormal PrP
[150]. The PrPres banding patterns of strains
generated in cultured cells are often, but not
always [34], diﬀerent from those generated in
the brain [3, 4, 26, 90, 95, 146] but return to
the original brain pattern upon animal inoculation [3, 4]. This confirmed that the cellular
context in which multiplication occurs has a
determinant eﬀect on the glycoforms and on
the size of the abnormal PrP species and that
modifications of the PrPres molecular profile
are not necessarily associated with changes
in their biological properties [133]. This was
taken by some investigators as an indication
that abnormal PrP does not encode the strain
characteristics [5]. Interestingly and importantly, although brain- and cell-derived PrPres
are diﬀerent, strain-specific banding pattern
diﬀerences observed for brain PrPres were also
detected after serial propagation in cultured
cells [4, 13, 33, 61]. All these findings demonstrate that diﬀerent prion strains can propagate
in a single cell type, indicating that multiplication in diﬀerent brain cells is not necessary for
prion diversity. The available data suggest that
the biological properties of the strains are not
modified after propagation in cultured cells.
Importantly, strain-specific features of abnormal PrP are maintained upon multiplication
in cultured cells, indicating that these models
represent interesting cell biological systems to
study how distinct abnormal PrP from various
prion strains are generated in a single cell type.
There are suggestions that the subcellular disPage 8 of 18 (page number not for citation purpose)
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tribution of PrPSc may vary depending on the
cell type in which a given strain is replicated
[106]. Conversely, it would be interesting to
study PrPSc intracellular traﬃcking in a single
cell line infected with several distinct strains.
6. PRPC POLYMORPHISMS, AMINO
ACID SUBSTITUTION, AND PRION
PROPAGATION

Some PrPC amino acid substitutions have
a crucial eﬀect on prion disease. So far, only
humans homozygous for methionine at position 129 of PrPC expressed clinical disease following infection with the BSE agent
[32]. In sheep also, there is a strong influence of PrPC polymorphism on individual susceptibility to sheep scrapie. Animals bearing
the VRQ PrPC variant are extremely susceptible while sheep homozygous for the ARR PrPC
are resistant to classical scrapie strains [59].
However, it is important to stress that PrPC dependent susceptibility is not absolute and
can vary depending on the strain of the agent.
The newly described atypical sheep scrapie
cases (Nor98, [10]) can infect sheep homozygous for ARR PrPC [18] and epidemiological
data indicate that the more susceptible PrPC
allele for atypical strains is not VRQ [123] but
F141LARQ
PrPC [93]. This emphasizes that PrPC dependant genetic control of prion disease is
a complex phenomenon that depends on both
PrPC and the strain of the agent. Sabuncu et
al. generated Rov cells in which VRQ PrPC or
ARR
PrPC can be alternatively expressed. They
noticed that the two PrPC variants showed distinct cell biological properties [121] and that
the cells expressing the ARR PrPC were at least
10 000-fold less permissive to sheep prion
multiplication than VRQ Rov cells [120]. Recently, Maas et al. described stable expression
of mouse PrPC in a hippocampal-derived cell
line established from a PrPC knock-out mouse
and showed that substitutions of amino acid on
the outer surface of helix 2 and 3 dramatically
impaired cell infection by a strain (22L) of
mouse prion [80]. It is not yet known whether
HpL3-4 cells genetically engineered to express
PrPC from other species will propagate other
prion species as well. However, these studies
demonstrate that reverse genetic approaches
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on cell models can be fruitful to assess the impact of PrPC amino acid substitution on prion
multiplication.
Conversion of substituted PrPC has also
been investigated by transiently transfecting
epitopically-tagged PrPC in infected N2a cells
[110, 128]. While heterologous PrPC diﬀering from endogenous PrPC by as little as one
amino acid may no longer be converted [111],
such studies also showed that the homology
between PrPC and PrPSc is not always required
for eﬃcient conversion and indicate that the effects of amino acid substitution can strongly
vary depending on the strain propagated by
the infected N2a cells [6]. Importantly, these
studies also showed that introduction of a heterologous PrPC can dramatically inhibit the
conversion of the endogenous PrPC . This led
to the notion of a dominant negative eﬀect,
a process by which expression of a heterologous PrPC can block in trans the conversion
of the wild type PrPC in infected cultures
[35,56,64,110] or in mice [103]. Although the
mechanisms by which the interaction between
heterologous PrPC and PrPSc can impair prion
infection are not fully understood [57,117], experiments conducted with infected N2a cells
have shown that lentiviral transduction of heterologous PrPC can inhibit PrPSc formation
[35]. Such cell-based models might help to
develop gene therapy approaches to prion disease.
7. MECHANISMS OF
NEURODEGENERATION

Prion multiplication in cultured cells can
result in specific alterations in cellular
metabolism, some of which can aﬀect cell
survival. For instance, infection with several
murine prion strains impairs the cell response
of GT1 and N2a cells to oxidative stress [89],
presumably through a decrease in superoxide dismutase activity. RML infection was
also shown to sensitise N2a and GT1 cells
to pro-apoptotic stimuli such as endoplasmic
reticulum stress or to mild proteasome inhibition [54, 71]. However, it is important to point
out that prion-infected cell lines accumulating
infectious titres similar to those in brain tissue do not show any obvious cytopathic eﬀect,
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with the possible exception of RML-infected
GT1 cells that inconsistently undergo apoptosis. Thus, to date, prion-infected cell lines
have been of limited value for exploring the
mechanisms leading to neuronal cell death. A
significant breakthrough was recently obtained
with infection of primary cultures of neurons and astrocytes by a sheep scrapie agent.
Importantly, while both cell types were infected, neurons gradually underwent apoptosis
[34] involving JNK-c-Jun signalling [21]. This
strongly suggests that such primary cultures
are pertinent models to explore the mechanisms responsible for prion-induced neurodegeneration. In addition, they should be of great
value to investigate the relative contribution of
astrocytes and microglial cells to infected neuron injury [85].
8. INFECTED CULTURES FOR THE
IDENTIFICATION OF ANTI-PRION
MOLECULES

More than 25 years ago, amphotericin B
was shown to delay pathogenesis in scrapieinfected rodents and CJD-infected monkeys
[2]. Polyanion pentosan polysulphate (PPS)
was also identified as a retardant of disease
onset in mice and hamsters [40, 72]. The fact
that these molecules were subsequently shown
to inhibit prion multiplication in infected cultures [28, 83] demonstrated that molecules
with therapeutic potential can be identified
ex vivo and prompted the hope that ex vivo
screening could be of potential value. Since
the early 1990s a large number of molecules
have been found to inhibit PrPSc accumulation in prion-infected cultures, mainly in N2a
cells (see for example [68]). However, it turned
out that most of them showed none or very
limited eﬀects when subsequently tested in infected animals (for a review, see [139]). In
fact, the results obtained with infected cells
cannot be extrapolated to the in vivo situation. These disappointing, but not totally unexpected, findings underscore the need to test in
vivo compounds identified ex vivo. Finally, it
is worth noting that some compounds inhibiting prion PrPSc accumulation in infected cells
are active in other models of amyloid diseases
[125] or against yeast prions [140], suggesting
(page number not for citation purpose) Page 9 of 18
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common biochemical pathways and possible
common therapeutic targets. Yet, as detailed
below, some molecules originally identified
for their inhibitory eﬀect in cell culture do also
delay disease onset in animals. The fact that in
most cases the eﬀects are quite limited does
not necessarily mean that infected cell models
are not adequate to screen for anti-prion drugs
but rather indicates that prion propagation in
organisms is a complex biological process difficult to stop or to delay.
8.1. Heparan sulphate mimetics

Heparan sulphate mimetics, synthesised
from dextran polymers and modified with
varying amounts of sulphate, carboxymethyl
and benzylamide groups, were initially identified as molecules with interesting properties
in wound healing [38]. HM2602 was found to
inhibit PrPres accumulation in prion infected
N2a [126] and GT1 [1] cells. HM2602 delayed the onset of the disease (14% increase
in survival time) in experimentally-infected
hamsters [1]. HM2602 treatment also reduced
PrPSc levels in prion-infected mice, although
the eﬀect on the survival time was not reported. However, two heparan mimetics that
inhibited prion multiplication in infected cells
(HM5004 and CR-36), displayed no eﬃcacy
in vivo [1, 74].
8.2. Phosphorothioate oligonucleotide

Degenerate single-stranded phosphorothioated analogs of natural nucleic acids were
screened in Rov cells infected with sheep
scrapie and in N2a infected with mouse prions
[70]. The ability of these randomers to inhibit
the accumulation of abnormal PrP depended
mostly on their length. Treatment of hamster
transgenic mice inoculated peripherally led to
a dramatic increase (from 200% to 300%) in
survival time [70].
8.3. Congo Red

Congo Red physically interacts with amyloid fibre protein in prion diseases and other
proteinopathies. Since the initial report that
Congo Red can inhibit accumulation of PrPres
in infected neuroblastoma cells [27], there
Page 10 of 18 (page number not for citation purpose)
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have been numerous studies on the eﬀects
of Congo Red or derivatives with improved
properties in various prion-infected cultures
[22,28,37,83,107,119,129]. Congo Red treatment induced a small delay of the disease
onset (around 10%) in infected hamsters provided the treatment had started around the time
of infection [60, 107].
8.4. Tetrapyrrole compounds

Tetrapyrrole compounds aﬀect protein conformation and share some structural similarities with Congo Red. A variety of these
molecules were tested in infected N2a cultures and some showed inhibitory activity on
abnormal PrP accumulation [30]. Another porphyrin compound was subsequently found to
be active in the MDB fibroblast-like cell line
infected with a CWD isolate [116]. The most
eﬃcient molecules were tested in several animal models, including tg7 transgenic mice infected with hamster prions [69, 112] and mice
infected with the RML strain of the murine
prion [113]. The survival time of treated animals was markedly increased (from 50% to
400% increase in survival time). Of note, intracerebral delivery of Fe-TSP was reported to
be as eﬀective as a similar treatment with PPS
[69].
8.5. Passive immunisation with anti- PrPC
antibodies

Since the interaction of PrPC with antibodies might preclude the further conversion of
PrPC into PrPSc , a large number of monoclonal
antibodies (mAb) were screened on various
prion-infected cells to identify antibodies of
potential therapeutic value. Monoclonal antibody 6H4 (recognising residues 144-152) and
Fab fragments of D18 and D13 mAbs (recognising residues 132-156 and 95-103, respectively) potently inhibit prion multiplication
in N2a cells [41, 102]. SAF34 and SAF61
mAbs, which recognise the octarepeat region
and residues 114-152 respectively, impaired
prion propagation in infected neuroblastoma
cells with an increase of the turn-over of
PrPC as a proposed mechanism for prion inhibition [104]. Mouse and rabbit polyclonal
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antibodies against a dimeric form of PrPC
also interfere with PrPres accumulation in infected N2a cells [52]. One study published by
Kim et al. reported that mAbs that eﬀectively
reduce abnormal PrP in infected N2a cells
bind to and stabilise PrPC at the cell surface
[66]. Miyamoto et al. investigated the eﬀect
of mAb in N2a cells infected with three different strains of prion. They identified the 3S9
mAb (recognising residues 141-161) as a potent inhibitor of the 3 strains while the clearing
eﬃciency of 2H9 mAb was strain-dependent
[91]. Epithelial Rov cells stably infected with
a strain of natural sheep scrapie were also exposed to a panel of mAbs raised against alpha
or beta forms of recombinant mouse PrPC .
ICSM35, ICSM37, ICSM42, and, to a lesser
extent, ICSM18 and ICSM19, dramatically
inhibit PrPres accumulation in these infected
cells [12]. In this study, the most powerful
mAbs were those raised against beta PrP suggesting that antibody interaction with PrPSc
can be an eﬃcient mean to inhibit prion multiplication. Feraudet et al. screened a panel of
145 mAbs on N2a and Rov cells stably infected with a murine and an ovine prion strain,
respectively. They found no evidence for an
epitope-dependent inhibition but did show an
excellent correlation between prevention of
abnormal PrP propagation and binding to cellsurface PrPC [44].
Two separate studies have reported beneficial eﬀects of passive immunisation with
anti-PrPC mAb on the survival time of infected
animals. Sigurdsson et al. showed that weekly
treatment with 8B4 and 8H4 mAb (50 µg
per injection) of 139A-infected mice caused
a 10% increase in survival time [130]. The
eﬀects of ICSM18 and ICSM35 mAb were
tested in mice infected with the RML strain
of the prion. While treatment was ineﬀective
for animals infected by the intracerebral route,
it strongly delayed the disease in peripherallyinfected mice [151]. Importantly, increased
survival time was also observed for treatments
(2 mg per injection, twice weekly) beginning
30 days after infection.
Depletion of neuronal PrPC through Cremediated recombination can prevent progression to clinical disease [82]. Cell-based mod-
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els are therefore being used to define RNAi
approaches with therapeutic potential [105].
9. CELL MODELS AS SENSITIVE
BIOASSAY FOR PRION INFECTIVITY

Detection and quantification of prion infectivity in various biological samples is central
to numerous fundamental and applied studies. So far, sensitive detection of infectivity
relies on intracerebral inoculation into susceptible animals. However, these assays are
long, very expensive and require numerous animals. The development of cell-based assays
as an alternative way to titre prion infectivity has been hampered for years because of
their low sensitivity. Following the observation that only a small percentage of cells are
actually infected in a typical N2a culture population [115], N2a subclones with much higher
permissiveness were isolated [16, 41]. These
N2a sublines, along with improved detection
of PrPres , allowed the development of a quantitative, highly sensitive cell-based infectivity
assay for the RML murine prion strain [67].
In the scrapie cell assay (SCA), N2a cells are
exposed for a few days to the infectious inoculum, split three times at a 1:10 dilution,
then spotted onto filters. Individual cells containing abnormal PrP are immunodetected and
visualised after PK digestion and denaturation.
Remarkably, SCA is almost as sensitive as the
mouse bioassay while being much less expensive and ten times faster. It provided the proof
of principle that cells could advantageously replace animal bioassay to titre prions. However,
a significant limitation of the SCA is that N2a
cells are not permissive to natural strains of
prions. Cell-based titration of human-aﬀecting
prion strains will require the identification of
cell culture systems permissive to BSE or CJD
agents, a very demanding challenge for the
coming years.
10. DEVELOPMENT OF NEW CELL
SYSTEMS

As mentioned before, the molecular and
cellular bases of permissiveness regarding
prion multiplication in cultured cells are unknown. This severely impairs the development
(page number not for citation purpose) Page 11 of 18
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of rationale strategies to (i) increase the number of pertinent cell models, and (ii) identify
the urgently needed permissive models for
human-aﬀecting agents (i.e. BSE and CJD).
In this diﬃcult context, new experimental
strategies are nevertheless being explored and
promising results have already been obtained.
The proof of the principle that prions can
multiply in transgenic mice-derived primary
cultures of neurons [34] should stimulate the
development of cultures from mice expressing
PrPC from various species. Such models may
propagate prion strains that do not multiply
to detectable levels in the currently available
established cell lines and a critical issue is
whether BSE or human CJD prions will multiply in these primary cultures. In addition, they
should give valuable insight into the mechanisms underlying the strain-specific neurotoxic damage [48] observed in vivo.
Neuronal stem cells (NSC) isolated from
the mammalian central nervous system represent another new cell culture system with
potential benefits for prion propagation studies. NSC can be grown in tissue culture as
multipotent cells but can also be induced to
diﬀerentiate into neurons and/or astrocytes
[87]. NSC and neurospheres (which contain
NSC activity) from conventional and transgenic mice were successfully infected by 22L
and RML murine prion strains [53,90]. In both
cases, it was not clear which types of cells
(e.g., progenitors or diﬀerentiated cells) were
infected. As for cultured neurons, NCS from
various PrPC transgenic mice might increase
the number of prion strains that could be transmitted to these new models. However, further
work is necessary to establish if frozen stocks
of NSC will be a valuable cell-based tool to
titrate prion infectivity.
The development of a permissive cell model
that could be genetically engineered to express
various PrPC could also be of great value to investigate diﬀerent aspects of prion multiplication. RK13 cells, which express no detectable
endogenous rabbit PrPC , can be transfected
with sheep PrPC and become susceptible to
sheep scrapie agent multiplication [146]. The
fact that RK13 cells expressing rodent PrPC
are also permissive to several rodent-adapted
Page 12 of 18 (page number not for citation purpose)
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prion strains [33] is a significant step towards
obtaining a versatile cell model of prion infection. A further advance has recently been
achieved by showing that transduced expression of mouse PrPC conferred prion permissiveness to a hippocampal cell line (HpL3-4)
derived from a PrPC knock-out mouse [80].
It will be interesting to compare the panel of
prion strains that will replicate in RK13 and
HpL3-4 cells expressing a given PrPC . However, these two cell models facilitate reversegenetic approaches to assessing the influence
of the PrPC sequence on prion multiplication
and strain identity.
11. CONCLUSION

The past ten years have greatly increased
our basic understanding of prion biology.
However, some fundamental questions are still
unresolved. Ongoing work in diﬀerent laboratories is currently leading to the development of more robust, versatile, and pertinent
cell models of prion infections. It is anticipated that they will increase our knowledge
on the fascinating properties of these infectious agents, including their precise molecular
composition, the basis of cell permissiveness,
and the identification of the molecular entities
leading to neuronal cell damage.
Acknowledgements. I thank V. Setola (UMR INSERM U839-Université Pierre et Marie Curie-ParisVI, Paris France) and V. Beringue (INRA, Jouy-enJosas, France) for careful reading of the manuscript.
I would also like to thank my former colleagues at Virologie Immununologie Moléculaires INRA laboratory
for helpful discussions.

REFERENCES
[1] Adjou K.T., Simoneau S., Sales N., Lamoury F.,
Dormont D., Papy-Garcia D., Barritault D., Deslys J.P.,
Lasmezas C.I., A novel generation of heparan sulfate
mimetics for the treatment of prion diseases, J. Gen.
Virol. (2003) 84:2595–2603.
[2] Amyx H., Salazar A.M., Gajduzek C.D., Gibbs
C.J., Chemotherapeutic trials in experimental slow
virus disease, Neurology (1984) 34:149.
[3] Archer F., Bachelin C., Andreoletti O., Besnard N.,
Perrot G., Langevin C., Le Dur A., Vilette D., BaronVan Evercooren A., Vilotte J.L., Laude H., Cultured
peripheral neuroglial cells are highly permissive to
sheep prion infection, J. Virol. (2004) 78:482–490.

Cell models of prion infection

[4] Arima K., Nishida N., Sakaguchi S., Shigematsu
K., Atarashi R., Yamaguchi N., Yoshikawa D., Yoon
J., Watanabe K., Kobayashi N., Mouillet-Richard S.,
Lehmann S., Katamine S., Biological and biochemical
characteristics of prion strains conserved in persistently infected cell cultures, J. Virol. (2005) 79:7104–
7112.
[5] Arjona A., Simarro L., Islinger F., Nishida N.,
Manuelidis L., Two Creutzfeldt-Jakob disease agents
reproduce prion protein-independent identities in cell
cultures, Proc. Natl. Acad. Sci. USA (2004) 101:8768–
8773.
[6] Atarashi R., Sim V.L., Nishida N., Caughey B.,
Katamine S., Prion strain-dependent diﬀerences in
conversion of mutant prion proteins in cell culture, J.
Virol. (2006) 80:7854–7862.
[7] Baron G.S., Magalhaes A.C., Prado M.A., Caughey
B., Mouse-adapted scrapie infection of SN56 cells:
greater eﬃciency with microsome-associated versus
purified PrP-res, J. Virol. (2006) 80:2106–2117.
[8] Barret A., Tagliavini F., Forloni G., Bate C.,
Salmona M., Colombo L., De Luigi A., Limido L.,
Suardi S., Rossi G., Auvre F., Adjou K.T., Sales N.,
Williams A., Lasmezas C., Deslys J.P., Evaluation of
quinacrine treatment for prion diseases, J. Virol. (2003)
77:8462–8469.
[9] Beekes M., McBride P.A., Baldauf E., Cerebral targeting indicates vagal spread of infection in hamsters
fed with scrapie, J. Gen. Virol. (1998) 79:601–607.
[10] Benestad S.L., Sarradin P., Thu B., Schonheit J.,
Tranulis M.A., Bratberg B., Cases of scrapie with unusual features in Norway and designation of a new
type, Nor98, Vet. Rec. (2003) 153:202–208.

Vet. Res. (2008) 39:10

[17] Brandner S., Isenmann S., Raeber A., Fischer
M., Sailer A., Kobayashi Y., Marino S., Weissmann
C., Aguzzi A., Normal host prion protein necessary for scrapie-induced neurotoxicity, Nature (1996)
379:339–343.
[18] Buschmann A., Luhken G., Schultz J., Erhardt
G., Groschup M.H., Neuronal accumulation of abnormal prion protein in sheep carrying a scrapieresistant genotype (PrPARR/ARR), J. Gen. Virol.
(2004) 85:2727–2733.
[19] Butler D.A., Scott M.R., Bockman J.M., Borchelt
D.R., Taraboulos A., Hsiao K.K., Kingsbury D.T.,
Prusiner S.B., Scrapie-infected murine neuroblastoma
cells produce protease-resistant prion proteins, J. Virol.
(1988) 62:1558–1564.
[20] Campana V., Sarnataro D., Zurzolo C., The highways and byways of prion protein traﬃcking, Trends
Cell Biol. (2005) 15:102–111.
[21] Carimalo J., Cronier S., Petit G., Peyrin J.M.,
Boukhtouche F., Arbez N., Lemaigre-Dubreuil Y.,
Brugg B., Miquel M.C., Activation of the JNK-c-Jun
pathway during the early phase of neuronal apoptosis induced by PrP106-126 and prion infection, Eur.
J. Neurosci. (2005) 21:2311–2319.
[22] Caspi S., Halimi M., Yanai A., Sasson S.B.,
Taraboulos A., Gabizon R., The anti-prion activity
of Congo Red. Putative mechanism, J. Biol. Chem.
(1998) 273:3484–3489.
[23] Caughey B., Race R.E., Ernst D., Buchmeier M.J.,
Chesebro B., Prion protein biosynthesis in scrapieinfected and uninfected neuroblastoma cells, J. Virol.
(1989) 63:175–181.

[11] Ben-Zaken O., Tzaban S., Tal Y., Horonchik L.,
Esko J.D., Vlodavsky I., Taraboulos A., Cellular heparan sulfate participates in the metabolism of prions, J.
Biol. Chem. (2003) 278:40041–40049.

[24] Caughey B., Neary K., Buller R., Ernst D., Perry
L.L., Chesebro B., Race R.E., Normal and scrapieassociated forms of prion protein diﬀer in their sensitivities to phospholipase and proteases in intact neuroblastoma cells, J. Virol. (1990) 64:1093–1101.

[12] Beringue V., Vilette D., Mallinson G., Archer
F., Kaisar M., Tayebi M., Jackson G.S., Clarke A.R.,
Laude H., Collinge J., Hawke S., PrPSc binding antibodies are potent inhibitors of prion replication in cell
lines, J. Biol. Chem. (2004) 279:39671–39676.

[25] Caughey B., Raymond G.J., The scrapieassociated form of PrP is made from a cell surface
precursor that is both protease- and phospholipasesensitive, J. Biol. Chem. (1991) 266:18217–18223.

[13] Birkett C.R., Hennion R.M., Bembridge D.A.,
Clarke M.C., Chree A., Bruce M.E., Bostock C.J.,
Scrapie strains maintain biological phenotypes on
propagation in a cell line in culture, EMBO J. (2001)
20:3351–3358.

[26] Caughey B., Raymond G.J., Ernst D., Race R.E.,
N-terminal truncation of the scrapie-associated form of
PrP by lysosomal protease(s): implications regarding
the site of conversion of PrP to the protease-resistant
state, J. Virol. (1991) 65:6597–6603.

[14] Borchelt D.R., Scott M., Taraboulos A., Stahl N.,
Prusiner S.B., Scrapie and cellular prion proteins diﬀer
in their kinetics of synthesis and topology in cultured
cells, J. Cell Biol. (1990) 110:743–752.

[27] Caughey B., Race R.E., Potent inhibition of
scrapie-associated PrP accumulation by Congo Red, J.
Neurochem. (1992) 59:768–771.

[15] Borchelt D.R., Taraboulos A., Prusiner S.B.,
Evidence for synthesis of scrapie prion proteins in the
endocytic pathway, J. Biol. Chem. (1992) 267:16188–
16199.
[16] Bosque P.J., Prusiner S.B., Cultured cell sublines
highly susceptible to prion infection, J. Virol. (2000)
74:4377–4386.

[28] Caughey B., Raymond G.J., Sulfated polyanion
inhibition of scrapie-associated PrP accumulation in
cultured cells, J. Virol. (1993) 67:643–650.
[29] Caughey B., Brown K., Raymond G.J.,
Katzenstein G.E., Thresher W., Binding of the
protease-sensitive form of PrP (prion protein) to
sulfated glycosaminoglycan and Congo Red, J. Virol.
(1994) 68:2135–2141.

(page number not for citation purpose) Page 13 of 18

Vet. Res. (2008) 39:10

[30] Caughey W.S., Raymond L.D., Horiuchi M.,
Caughey B., Inhibition of protease-resistant prion protein formation by porphyrins and phthalocyanines,
Proc. Natl. Acad. Sci. USA (1998) 95:12117–12122.
[31] Clarke M.C., Haig D.A., Evidence for the multiplication of scrapie agent in cell culture, Nature (1970)
225:100–101.
[32] Collinge J., Prion diseases of humans and animals: their causes and molecular basis, Annu. Rev.
Neurosci. (2001) 24:519–550.
[33] Courageot M.P., Daude N., Nonno R., Paquet S.,
Di Bari M.A., Le Dur A., Chapuis J., Hill A.F., Agrimi
U., Laude H., Vilette D., A cell line infectible by prion
strains from diﬀerent species, J. Gen. Virol. (2008) 89.
[34] Cronier S., Laude H., Peyrin J.M., Prions can
infect primary cultured neurons and astrocytes and promote neuronal cell death, Proc. Natl. Acad. Sci. USA
(2004) 101:12271–12276.
[35] Crozet C., Lin Y.L., Mettling C., Mourton-Gilles
C., Corbeau P., Lehmann S., Perrier V., Inhibition of
PrPSc formation by lentiviral gene transfer of PrP
containing dominant negative mutations, J. Cell. Sci.
(2004) 117:5591–5597.
[36] DeArmond S.J., Sanchez H., Yehiely F., Qiu
Y., Ninchak-Casey A., Daggett V., Camerino A.P.,
Cayetano J., Rogers M., Groth D., Torchia M.,
Tremblay P., Scott M.R., Cohen F.E., Prusiner S.B.,
Selective neuronal targeting in prion disease, Neuron
(1997) 19:1337–1348.
[37] Demaimay R., Chesebro B., Caughey B.,
Inhibition of formation of protease-resistant prion
protein by Trypan Blue, Sirius Red and other Congo
Red analogs, Arch. Virol. Suppl. (2000) 277–283.
[38] Desgranges P., Barbaud C., Caruelle J.P.,
Barritault D., Gautron J., A substituted dextran
enhances muscle fiber survival and regeneration in
ischemic and denervated rat EDL muscle, FASEB J.
(1999) 13:761–766.
[39] Dlakic W.M., Grigg E., Bessen R.A., Prion infection of muscle cells in vitro, J. Virol. (2007) 81:4615–
4624.
[40] Ehlers B., Diringer H., Dextran sulphate 500 delays and prevents mouse scrapie by impairment of
agent replication in spleen, J. Gen. Virol. (1984)
65:1325–1330.
[41] Enari M., Flechsig E., Weissmann C., Scrapie
prion protein accumulation by scrapie-infected neuroblastoma cells abrogated by exposure to a prion
protein antibody, Proc. Natl. Acad. Sci. USA (2001)
98:9295–9299.
[42] Ertmer A., Gilch S., Yun S.W., Flechsig E., Klebl
B., Stein-Gerlach M., Klein M.A., Schatzl H.M., The
tyrosine kinase inhibitor STI571 induces cellular clearance of PrPSc in prion-infected cells, J. Biol. Chem.
(2004) 279:41918–41927.
[43] Faure J., Lachenal G., Court M., Hirrlinger J.,
Chatellard-Causse C., Blot B., Grange J., Schoehn G.,
Goldberg Y., Boyer V., Kirchhoﬀ F., Raposo G., Garin

Page 14 of 18 (page number not for citation purpose)

D. Vilette

J., Sadoul R., Exosomes are released by cultured cortical neurones, Mol. Cell. Neurosci. (2006) 31:642–648.
[44] Feraudet C., Morel N., Simon S., Volland H.,
Frobert Y.F., Creminon C., Vilette D., Lehmann S.,
Grassi J., Screening of 145 anti-PrP monoclonal antibodies for their capacity to inhibit PrPSc replication
in infected cells, J. Biol. Chem. (2004) 280:11247–
11258.
[45] Fevrier B., Raposo G., Exosomes: endosomalderived vesicles shipping extracellular messages, Curr.
Opin. Cell. Biol. (2004) 16:415–421.
[46] Fevrier B., Vilette D., Archer F., Loew D., Faigle
W., Vidal M., Laude H., Raposo G., Cells release prions in association with exosomes, Proc. Natl. Acad.
Sci. USA (2004) 101:9683–9688.
[47] Follet J., Lemaire-Vieille C., Blanquet-Grossard
F., Podevin-Dimster V., Lehmann S., Chauvin J.P.,
Decavel J.P., Varea R., Grassi J., Fontes M., Cesbron
J.Y., PrP expression and replication by Schwann
cells: implications in prion spreading, J. Virol. (2002)
76:2434–2439.
[48] Fraser H., Dickinson A.G., Scrapie in mice.
Agent-strain diﬀerences in the distribution and intensity of grey matter vacuolation, J. Comp. Pathol.
(1973) 83:29–40.
[49] Gabizon R., Meiner Z., Halimi M., Ben-Sasson
S.A., Heparin-like molecules bind diﬀerentially to
prion-proteins and change their intracellular metabolic
fate, J. Cell. Physiol. (1993) 157:319–325.
[50] Gauczynski S., Peyrin J.M., Haik S., Leucht
C., Hundt C., Rieger R., Krasemann S., Deslys J.P.,
Dormont D., Lasmezas C.I., Weiss S., The 37-kDa/67kDa laminin receptor acts as the cell-surface receptor for the cellular prion protein, EMBO J. (2001)
20:5863–5875.
[51] Gauczynski S., Nikles D., El-Gogo S., PapyGarcia D., Rey C., Alban S., Barritault D., Lasmezas
C.I., Weiss S., The 37-kDa/67-kDa laminin receptor
acts as a receptor for infectious prions and is inhibited by polysulfated glycans, J. Infect. Dis. (2006)
194:702–709.
[52] Gilch S., Wopfner F., Renner-Muller I., Kremmer
E., Bauer C., Wolf E., Brem G., Groschup M.H.,
Schatzl H.M., Polyclonal anti-PrP auto-antibodies induced with dimeric PrP interfere eﬃciently with PrPSc
propagation in prion-infected cells, J. Biol. Chem.
(2003) 278:18524–18531.
[53] Giri R.K., Young R., Pitstick R., DeArmond S.J.,
Prusiner S.B., Carlson G.A., Prion infection of mouse
neurospheres, Proc. Natl. Acad. Sci. USA (2006)
103:3875–3880.
[54] Hetz C., Russelakis-Carneiro M., Maundrell K.,
Castilla J., Soto C., Caspase-12 and endoplasmic
reticulum stress mediate neurotoxicity of pathological
prion protein, EMBO J. (2003) 22:5435–5445.
[55] Hijazi N., Kariv-Inbal Z., Gasset M., Gabizon
R., PrPSc incorporation to cells requires endogenous
glycosaminoglycan expression, J. Biol. Chem. (2005)
280:17057–17061.

Cell models of prion infection

[56] Holscher C., Delius H., Burkle A.,
Overexpression of nonconvertible PrPC delta114121 in scrapie-infected mouse neuroblastoma cells
leads to trans-dominant inhibition of wild-type
PrP(Sc) accumulation, J. Virol. (1998) 72:1153–1159.
[57] Horiuchi M., Priola S.A., Chabry J., Caughey B.,
Interactions between heterologous forms of prion protein: binding, inhibition of conversion, and species
barriers, Proc. Natl. Acad. Sci. USA (2000) 97:5836–
5841.
[58] Horonchik L., Tzaban S., Ben-Zaken O., Yedidia
Y., Rouvinski A., Papy-Garcia D., Barritault D.,
Vlodavsky I., Taraboulos A., Heparan sulfate is a cellular receptor for purified infectious prions, J. Biol.
Chem. (2005) 280:17062–17067.
[59] Hunter N., PrP genetics in sheep and the applications for scrapie and BSE, Trends Microbiol. (1997)
5:331–334.
[60] Ingrosso L., Ladogana A., Pocchiari M., Congo
Red prolongs the incubation period in scrapie-infected
hamsters, J. Virol. (1995) 69:506–508.
[61] Iwamaru Y., Takenouchi T., Ogihara K., Hoshino
M., Takata M., Imamura M., Tagawa Y., Hayashi-Kato
H., Ushiki-Kaku Y., Shimizu Y., Okada H., Shinagawa
M., Kitani H., Yokoyama T., Microglial cell line established from prion protein-overexpressing mice is
susceptible to various murine prion strains, J. Virol.
(2007) 81:1524–1527.
[62] Jeﬀrey M., Martin S., Gonzalez L., Ryder S.J.,
Bellworthy S.J., Jackman R., Diﬀerential diagnosis of
infections with the bovine spongiform encephalopathy
(BSE) and scrapie agents in sheep, J. Comp. Pathol.
(2001) 125:271–284.
[63] Kaneko K., Vey M., Scott M., Pilkuhn S., Cohen
F.E., Prusiner S.B., COOH-terminal sequence of the
cellular prion protein directs subcellular traﬃcking and
controls conversion into the scrapie isoform, Proc.
Natl. Acad. Sci. USA (1997) 94:2333–2338.
[64] Kaneko K., Zulianello L., Scott M., Cooper C.M.,
Wallace A.C., James T.L., Cohen F.E., Prusiner S.B.,
Evidence for protein X binding to a discontinuous
epitope on the cellular prion protein during scrapie
prion propagation, Proc. Natl. Acad. Sci. USA (1997)
94:10069–10074.
[65] Kanu N., Imokawa Y., Drechsel D.N., Williamson
R.A., Birkett C.R., Bostock C.J., Brockes J.P., Transfer
of scrapie prion infectivity by cell contact in culture,
Curr. Biol. (2002) 12:523–530.
[66] Kim C.L., Karino A., Ishiguro N., Shinagawa M.,
Sato M., Horiuchi M., Cell-surface retention of PrPC
by anti-PrP antibody prevents protease-resistant PrP
formation, J. Gen. Virol. (2004) 85:3473–3482.
[67] Klohn P.C., Stoltze L., Flechsig E., Enari M.,
Weissmann C., A quantitative, highly sensitive cellbased infectivity assay for mouse scrapie prions, Proc.
Natl. Acad. Sci. USA (2003) 100:11666–11671.
[68] Kocisko D.A., Baron G.S., Rubenstein R., Chen
J., Kuizon S., Caughey B., New inhibitors of scrapieassociated prion protein formation in a library of 2000

Vet. Res. (2008) 39:10

drugs and natural products, J. Virol. (2003) 77:10288–
10294.
[69] Kocisko D.A., Caughey W.S., Race R.E., Roper
G., Caughey B., Morrey J.D., A porphyrin increases
survival time of mice after intracerebral prion infection, Antimicrob. Agents Chemother. (2006) 50:759–
761.
[70] Kocisko D.A., Vaillant A., Lee K.S., Arnold
K.M., Bertholet N., Race R.E., Olsen E.A., Juteau
J.M., Caughey B., Potent antiscrapie activities
of degenerate phosphorothioate oligonucleotides,
Antimicrob. Agents Chemother. (2006) 50:1034–
1044.
[71] Kristiansen M., Messenger M.J., Klohn P.C.,
Brandner S., Wadsworth J.D., Collinge J., Tabrizi S.J.,
Disease-related prion protein forms aggresomes in
neuronal cells leading to caspase activation and apoptosis, J. Biol. Chem. (2005) 280:38851–38861.
[72] Ladogana A., Casaccia P., Ingrosso L., Cibati
M., Salvatore M., Xi Y.G., Masullo C., Pocchiari
M., Sulphate polyanions prolong the incubation period of scrapie-infected hamsters, J. Gen. Virol. (1992)
73:661–665.
[73] Ladogana A., Liu Q., Xi Y.G., Pocchiari M.,
Proteinase-resistant protein in human neuroblastoma
cells infected with brain material from CreutzfeldtJakob patient, Lancet (1995) 345:594–595.
[74] Larramendy-Gozalo C., Barret A., Daudigeos
E., Mathieu E., Antonangeli L., Riﬀet C., Petit E.,
Papy-Garcia D., Barritault D., Brown P., Deslys J.P.,
Comparison of CR36, a new heparan mimetic, and
pentosan polysulfate in the treatment of prion diseases,
J. Gen. Virol. (2007) 88:1062–1067.
[75] Laude H., Vilette D., Le Dur A., Archer F., Soulier
S., Besnard N., Essalmani R., Vilotte J.L., New in
vivo and ex vivo models for the experimental study
of sheep scrapie: development and perspectives, C. R.
Biol. (2002) 325:49–57.
[76] Leblanc P., Alais S., Porto-Carreiro I., Lehmann
S., Grassi J., Raposo G., Darlix J.L., Retrovirus infection strongly enhances scrapie infectivity release in cell
culture, EMBO J. (2006) 25:2674–2685.
[77] Lehmann S., Harris D.A., Mutant and infectious
prion proteins display common biochemical properties
in cultured cells, J. Biol. Chem. (1996) 271:1633–
1637.
[78] Leucht C., Simoneau S., Rey C., Vana K., Rieger
R., Lasmezas C.I., Weiss S., The 37 kDa/67 kDa
laminin receptor is required for PrP(Sc) propagation
in scrapie-infected neuronal cells, EMBO Rep. (2003)
4:290–295.
[79] Luhr K.M., Nordstrom E.K., Low P., Kristensson
K., Cathepsin B and L are involved in degradation of
prions in GT1-1 neuronal cells, Neuroreport (2004)
15:1663–1667.
[80] Maas E., Geissen M., Groschup M.H., Rost R.,
Onodera T., Schatzl H., Vorberg I.M., Scrapie infection

(page number not for citation purpose) Page 15 of 18

Vet. Res. (2008) 39:10

of prion protein-deficient cell line upon ectopic expression of mutant prion proteins, J. Biol. Chem. (2007)
282:18702–18710.
[81] Magalhaes A.C., Baron G.S., Lee K.S., SteeleMortimer O., Dorward D., Prado M.A., Caughey B.,
Uptake and neuritic transport of scrapie prion protein
coincident with infection of neuronal cells, J. Neurosci.
(2005) 25:5207–5216.
[82] Mallucci G., Dickinson A., Linehan J., Klohn
P.C., Brandner S., Collinge J., Depleting neuronal PrP
in prion infection prevents disease and reverses spongiosis, Science (2003) 302:871–874.
[83] Mange A., Nishida N., Milhavet O., McMahon
H.E., Casanova D., Lehmann S., Amphotericin B inhibits the generation of the scrapie isoform of the prion
protein in infected cultures, J. Virol. (2000) 74:3135–
3140.
[84] Mange A., Crozet C., Lehmann S., Beranger F.,
Scrapie-like prion protein is translocated to the nuclei
of infected cells independently of proteasome inhibition and interacts with chromatin, J. Cell. Sci. (2004)
117:2411–2416.

D. Vilette

154 in the ovine prion protein gene are associated with
scrapie Nor98 cases, J. Gen. Virol. (2005) 86:231–235.
[94] Naslavsky N., Stein R., Yanai A., Friedlander G.,
Taraboulos A., Characterization of detergent-insoluble
complexes containing the cellular prion protein and
its scrapie isoform, J. Biol. Chem. (1997) 272:6324–
6331.
[95] Nishida N., Harris D.A., Vilette D., Laude H.,
Frobert Y., Grassi J., Casanova D., Milhavet O.,
Lehmann S., Successful transmission of three mouseadapted scrapie strains to murine neuroblastoma cell
lines overexpressing wild-type mouse prion protein, J.
Virol. (2000) 74:320–325.
[96] Nishida N., Katamine S., Manuelidis L.,
Reciprocal interference between specific CJD and
scrapie agents in neural cell cultures, Science (2005)
310:493–496.
[97] Nunziante M., Gilch S., Schatzl H.M., Essential
role of the prion protein N terminus in subcellular trafficking and half-life of cellular prion protein, J. Biol.
Chem. (2003) 278:3726–3734.

[85] Marella M., Chabry J., Neurons and astrocytes
respond to prion infection by inducing microglia recruitment, J. Neurosci. (2004) 24:620–627.

[98] Paquet S., Daude N., Courageot M.P., Chapuis J.,
Laude H., Vilette D., PrPC does not mediate internalization of PrPSc but is required at an early stage for de
novo prion infection of Rov cells, J. Virol. (2007).

[86] Markovits P., Mutel V., Dianoux L., Launay J.M.,
Haimart M., Dormont D., Court L., Cathala F., Eﬀects
of in vitro infection of mouse glial and neuroblastoma
cells with the scrapie agent, Ann. Rech. Vet. (1985)
16:111–119.

[99] Paquet S., Langevin C., Chapuis J., Jackson G.S.,
Laude H., Vilette D., Eﬃcient dissemination of prions through preferential transmission to nearby cells,
J. Gen. Virol. (2007) 88:706–713.

[87] McKay R., Stem cells in the central nervous system, Science (1997) 276:66–71.
[88] McKinley M.P., Taraboulos A., Kenaga L., Serban
D., Stieber A., DeArmond S.J., Prusiner S.B., Gonatas
N., Ultrastructural localization of scrapie prion proteins in cytoplasmic vesicles of infected cultured cells,
Lab. Invest. (1991) 65:622–630.
[89] Milhavet O., McMahon H.E., Rachidi W., Nishida
N., Katamine S., Mange A., Arlotto M., Casanova D.,
Riondel J., Favier A., Lehmann S., Prion infection impairs the cellular response to oxidative stress, Proc.
Natl. Acad. Sci. USA (2000) 97:13937–13942.
[90] Milhavet O., Casanova D., Chevallier N., McKay
R.D., Lehmann S., Neural stem cell model for prion
propagation, Stem Cells (2006) 24:2284–2291.
[91] Miyamoto K., Nakamura N., Aosasa M., Nishida
N., Yokoyama T., Horiuchi H., Furusawa S., Matsuda
H., Inhibition of prion propagation in scrapie-infected
mouse neuroblastoma cell lines using mouse monoclonal antibodies against prion protein, Biochem.
Biophys. Res. Commun. (2005) 335:197–204.
[92] Morel E., Andrieu T., Casagrande F., Gauczynski
S., Weiss S., Grassi J., Rousset M., Dormont D.,
Chambaz J., Bovine prion is endocytosed by human
enterocytes via the 37 kDa/67 kDa laminin receptor,
Am. J. Pathol. (2005) 167:1033–1042.
[93] Moum T., Olsaker I., Hopp P., Moldal T., Valheim
M., Benestad S.L., Polymorphisms at codons 141 and

Page 16 of 18 (page number not for citation purpose)

[100] Parizek P., Roeckl C., Weber J., Flechsig E.,
Aguzzi A., Raeber A.J., Similar turnover and shedding of the cellular prion protein in primary lymphoid
and neuronal cells, J. Biol. Chem. (2001) 276:44627–
44632.
[101] Pastrana M.A., Sajnani G., Onisko B., Castilla
J., Morales R., Soto C., Requena J.R., Isolation and
characterization of a proteinase K-sensitive PrP(Sc)
fraction, Biochemistry (2006) 45:15710–15717.
[102] Peretz D., Williamson R.A., Kaneko K., Vergara
J., Leclerc E., Schmitt-Ulms G., Mehlhorn I.R.,
Legname G., Wormald M.R., Rudd P.M., Dwek R.A.,
Burton D.R., Prusiner S.B., Antibodies inhibit prion
propagation and clear cell cultures of prion infectivity,
Nature (2001) 412:739–743.
[103] Perrier V., Kaneko K., Safar J., Vergara J.,
Tremblay P., DeArmond S.J., Cohen F.E., Prusiner
S.B., Wallace A.C., Dominant-negative inhibition of
prion replication in transgenic mice, Proc. Natl. Acad.
Sci. USA (2002) 99:13079–13084.
[104] Perrier V., Solassol J., Crozet C., Frobert Y.,
Mourton-Gilles C., Grassi J., Lehmann S., Anti-PrP
antibodies block PrPSc replication in prion-infected
cell cultures by accelerating PrPC degradation, J.
Neurochem. (2004) 89:454–463.
[105] Pfeifer A., Eigenbrod S., Al-Khadra S.,
Hofmann A., Mitteregger G., Moser M., Bertsch
U., Kretzschmar H., Lentivector-mediated RNAi
eﬃciently suppresses prion protein and prolongs

Cell models of prion infection

Vet. Res. (2008) 39:10

survival of scrapie-infected mice, J. Clin. Invest.
(2006) 116:3204–3210.

infection of PC12 cells, J. Gen. Virol. (1984) 65:2191–
2198.

[106] Pimpinelli F., Lehmann S., Maridonneau-Parini
I., The scrapie prion protein is present in flotillin-1positive vesicles in central- but not peripheral-derived
neuronal cell lines, Eur. J. Neurosci. (2005) 21:2063–
2072.

[119] Rudyk H., Vasiljevic S., Hennion R.M., Birkett
C.R., Hope J., Gilbert I.H., Screening Congo Red and
its analogues for their ability to prevent the formation of PrP-res in scrapie-infected cells, J. Gen. Virol.
(2000) 81:1155–1164.

[107] Poli G., Martino P.A., Villa S., Carcassola G.,
Giannino M.L., Dall’Ara P., Pollera C., Iussich S.,
Tranquillo V.M., Bareggi S., Mantegazza P., Ponti
W., Evaluation of anti-prion activity of Congo Red
and its derivatives in experimentally infected hamsters,
Arzneimittelforschung (2004) 54:406–415.

[120] Sabuncu E., Petit S., Le Dur A., Lan Lai T.,
Vilotte J.L., Laude H., Vilette D., PrP polymorphisms
tightly control sheep prion replication in cultured cells,
J. Virol. (2003) 77:2696–2700.

[108] Porto-Carreiro I., Fevrier B., Paquet S., Vilette
D., Raposo G., Prions and exosomes: from PrPC trafficking to PrPSc propagation, Blood Cells Mol. Dis.
(2005) 35:143–148.
[109] Prado M.A., Alves-Silva J., Magalhaes A.C.,
Prado V.F., Linden R., Martins V.R., Brentani R.R.,
PrPC on the road: traﬃcking of the cellular prion protein, J. Neurochem. (2004) 88:769–781.
[110] Priola S.A., Caughey B., Race R.E., Chesebro
B., Heterologous PrP molecules interfere with accumulation of protease-resistant PrP in scrapie-infected
murine neuroblastoma cells, J. Virol. (1994) 68:4873–
4878.
[111] Priola S.A., Chesebro B., A single hamster PrP
amino acid blocks conversion to protease-resistant
PrP in scrapie-infected mouse neuroblastoma cells, J.
Virol. (1995) 69:7754–7758.
[112] Priola S.A., Raines A., Caughey W.S., Porphyrin
and phthalocyanine antiscrapie compounds, Science
(2000) 287:1503–1506.
[113] Priola S.A., Raines A., Caughey W.,
Prophylactic and therapeutic eﬀects of phthalocyanine tetrasulfonate in scrapie-infected mice, J.
Infect. Dis. (2003) 188:699–705.
[114] Race R., The scrapie agent in vitro, Curr. Top.
Microbiol. Immunol. (1991) 172:181–193.
[115] Race R.E., Fadness L.H., Chesebro B.,
Characterization of scrapie infection in mouse
neuroblastoma cells, J. Gen. Virol. (1987) 68:1391–
1399.
[116] Raymond G.J., Olsen E.A., Lee K.S., Raymond
L.D., Bryant P.K., 3rd, Baron G.S., Caughey W.S.,
Kocisko D.A., McHolland L.E., Favara C., Langeveld
J.P., van Zijderveld F.G., Mayer R.T., Miller M.W.,
Williams E.S., Caughey B., Inhibition of proteaseresistant prion protein formation in a transformed deer
cell line infected with chronic wasting disease, J. Virol.
(2006) 80:596–604.
[117] Rigter A., Bossers A., Sheep scrapie
susceptibility-linked polymorphisms do not modulate
the initial binding of cellular to disease-associated
prion protein prior to conversion, J. Gen. Virol. (2005)
86:2627–2634.
[118] Rubenstein R., Carp R.I., Callahan S.M., In
vitro replication of scrapie agent in a neuronal model:

[121] Sabuncu E., Paquet S., Chapuis J., Moudjou M.,
Lai T.L., Grassi J., Baron U., Laude H., Vilette D.,
Prion proteins from susceptible and resistant sheep exhibit some distinct cell biological features, Biochem.
Biophys. Res. Commun. (2005) 337:791–798.
[122] Safar J., Wille H., Itri V., Groth D., Serban H.,
Torchia M., Cohen F.E., Prusiner S.B., Eight prion
strains have PrP(Sc) molecules with diﬀerent conformations, Nat. Med. (1998) 4:1157–1165.
[123] Saunders G.C., Cawthraw S., Mountjoy S.J.,
Hope J., Windl O., PrP genotypes of atypical scrapie
cases in Great Britain, J. Gen. Virol. (2006) 87:3141–
3149.
[124] Schatzl H.M., Laszlo L., Holtzman D.M., Tatzelt
J., DeArmond S.J., Weiner R.I., Mobley W.C., Prusiner
S.B., A hypothalamic neuronal cell line persistently infected with scrapie prions exhibits apoptosis, J. Virol.
(1997) 71:8821–8831.
[125] Schiﬀer N.W., Broadley S.A., Hirschberger T.,
Tavan P., Kretzschmar H.A., Giese A., Haass C., Hartl
F.U., Schmid B., Identification of anti-prion compounds as eﬃcient inhibitors of polyglutamine protein
aggregation in a zebrafish model, J. Biol. Chem. (2007)
282:9195–9203.
[126] Schonberger O., Horonchik L., Gabizon R.,
Papy-Garcia D., Barritault D., Taraboulos A., Novel
heparan mimetics potently inhibit the scrapie prion
protein and its endocytosis, Biochem. Biophys. Res.
Commun. (2003) 312:473–479.
[127] Schulz-Schaeﬀer W.J., Tschoke S., Kranefuss
N., Drose W., Hause-Reitner D., Giese A., Groschup
M.H., Kretzschmar H.A., The paraﬃn-embedded tissue blot detects PrP(Sc) early in the incubation time in
prion diseases, Am. J. Pathol. (2000) 156:51–56.
[128] Scott M.R., Kohler R., Foster D., Prusiner S.B.,
Chimeric prion protein expression in cultured cells and
transgenic mice, Protein Sci. (1992) 1:986–997.
[129] Sellarajah S., Lekishvili T., Bowring C.,
Thompsett A.R., Rudyk H., Birkett C.R., Brown D.R.,
Gilbert I.H., Synthesis of analogues of Congo Red and
evaluation of their anti-prion activity, J. Med. Chem.
(2004) 47:5515–5534.
[130] Sigurdsson E.M., Sy M.S., Li R., Scholtzova
H., Kascsak R.J., Kascsak R., Carp R., Meeker H.C.,
Frangione B., Wisniewski T., Anti-prion antibodies
for prophylaxis following prion exposure in mice,
Neurosci. Lett. (2003) 336:185–187.

(page number not for citation purpose) Page 17 of 18

Vet. Res. (2008) 39:10

D. Vilette

[131] Simons K., Ikonen E., Functional rafts in cell
membranes, Nature (1997) 387:569–572.

in aggregates of heterogeneous sizes, Biochemistry
(2002) 41:12868–12875.

[132] Solassol J., Crozet C., Lehmann S., Prion propagation in cultured cells, Br. Med. Bull. (2003)
66:87–97.

[143] Vella L.J., Sharples R.A., Lawson V.A., Masters
C.L., Cappai R., Hill A.F., Packaging of prions into
exosomes is associated with a novel pathway of PrP
processing, J. Pathol. (2007) 211:582–590.

[133] Somerville R.A., Host and transmissible spongiform encephalopathy agent strain control glycosylation of PrP, J. Gen. Virol. (1999) 80:1865–1872.
[134] Stahl N., Borchelt D.R., Prusiner S.B.,
Diﬀerential release of cellular and scrapie
prion proteins from cellular membranes by
phosphatidylinositol-specific
phospholipase
C,
Biochemistry (1990) 29:5405–5412.
[135] Sunyach C., Jen A., Deng J., Fitzgerald
K.T., Frobert Y., Grassi J., McCaﬀrey M.W.,
Morris R., The mechanism of internalization of
glycosylphosphatidylinositol-anchored prion protein,
EMBO J. (2003) 22:3591–3601.
[136] Taraboulos A., Serban D., Prusiner S.B., Scrapie
prion proteins accumulate in the cytoplasm of persistently infected cultured cells, J. Cell. Biol. (1990)
110:2117–2132.
[137] Taraboulos A., Jendroska K., Serban D., Yang
S.L., DeArmond S.J., Prusiner S.B., Regional mapping
of prion proteins in brain, Proc. Natl. Acad. Sci. USA
(1992) 89:7620–7624.
[138] Taraboulos A., Scott M., Semenov A., Avrahami
D., Laszlo L., Prusiner S.B., Avraham D., Cholesterol
depletion and modification of COOH-terminal targeting sequence of the prion protein inhibit formation of
the scrapie isoform, J. Cell. Biol. (1995) 129:121–132.
[139] Trevitt C.R., Collinge J., A systematic review
of prion therapeutics in experimental models, Brain
(2006) 129:2241–2265.
[140] Tribouillard D., Bach S., Gug F., Desban N.,
Beringue V., Andrieu T., Dormont D., Galons H.,
Laude H., Vilette D., Blondel M., Using budding yeast
to screen for anti-prion drugs, Biotechnol. J. (2006)
1:58–67.
[141] Turnbull J., Powell A., Guimond S., Heparan
sulfate: decoding a dynamic multifunctional cell regulator, Trends Cell. Biol. (2001) 11:75–82.
[142] Tzaban S., Friedlander G., Schonberger O.,
Horonchik L., Yedidia Y., Shaked G., Gabizon R.,
Taraboulos A., Protease-sensitive scrapie prion protein

Page 18 of 18 (page number not for citation purpose)

[144] Vey M., Pilkuhn S., Wille H., Nixon R.,
DeArmond S.J., Smart E.J., Anderson R.G.,
Taraboulos A., Prusiner S.B., Subcellular colocalization of the cellular and scrapie prion proteins in
caveolae-like membranous domains, Proc. Natl. Acad.
Sci. USA (1996) 93:14945–14949.
[145] Vilette D., Madelaine M.F., Laude H.,
Establishment of astrocyte cell lines from sheep
genetically susceptible to scrapie, In Vitro Cell. Dev.
Biol. Anim. (2000) 36:45–49.
[146] Vilette D., Andreoletti O., Archer F., Madelaine
M.F., Vilotte J.L., Lehmann S., Laude H., Ex vivo
propagation of infectious sheep scrapie agent in heterologous epithelial cells expressing ovine prion protein, Proc. Natl. Acad. Sci. USA (2001) 98:4055–4059.
[147] Vorberg I., Raines A., Story B., Priola S.A.,
Susceptibility of common fibroblast cell lines to transmissible spongiform encephalopathy agents, J. Infect.
Dis. (2004) 189:431–439.
[148] Walmsley A.R., Zeng F., Hooper N.M., The
N-terminal region of the prion protein ectodomain contains a lipid raft targeting determinant, J. Biol. Chem.
(2003) 278:37241–37248.
[149] Warner R.G., Hundt C., Weiss S., Turnbull J.E.,
Identification of the heparan sulfate binding sites
in the cellular prion protein, J. Biol. Chem. (2002)
277:18421–18430.
[150] Weissmann C., The state of the prion, Nat. Rev.
Microbiol. (2004) 2:861–871.
[151] White A.R., Enever P., Tayebi M., Mushens R.,
Linehan J., Brandner S., Anstee D., Collinge J., Hawke
S., Monoclonal antibodies inhibit prion replication and
delay the development of prion disease, Nature (2003)
422:80–83.
[152] Yadavalli R., Guttmann R.P., Seward T.,
Centers A.P., Williamson R.A., Telling G.C.,
Calpain-dependent endoproteolytic cleavage of
PrPSc modulates scrapie prion propagation, J. Biol.
Chem. (2004) 279:21948–21956.

