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Amyloid fibrils in Gerstmann–Sträussler–Scheinker (GSS) disease are composed of a fragment of the prion protein (PrP), the N and C
termini of which correspond to ragged residues 81–90 and 144 –153. A synthetic peptide spanning the sequence 82–146 (PrP 82–146)
polymerizes into protease-resistant fibrils with the tinctorial properties of amyloid. We investigated the biological activity of PrP 82–146
and of two nonamyloidogenic variants of PrP 82–146 with scrambled amino acid sequence 106 –126 or 127–146. Cortical neurons
prepared from rat and mouse embryos were chronically exposed to the PrP 82–146 peptides (10 –50 �M). PrP 82–146 and the partially
scrambled peptides induced neuronal death with a similar dose–response pattern, indicating that neurotoxicity was independent of
amyloid fibril formation. Neurotoxicity was significantly reduced by coadministration of an anti-oligomer antibody, suggesting that PrP
82–146 oligomers are primarily responsible for triggering cell death. Neurons from PrP knock-out (Prnp0/0) mice were significantly less
sensitive to PrP 82–146 toxicity than neurons expressing PrP. The gliotrophic effect of PrP 82–146 was determined by [methyl-3H]-
thymidine incorporation in cultured astrocytes. Treatment with PrP 82–146 stimulated [methyl-3H]-thymidine uptake 3.5-fold. This
activity was significantly less when the 106 –126 or 127–146 regions were disrupted, indicating that PrP 82–146 amyloid activates the
gliotrophic response. Prnp0/0 astrocytes were insensitive to the proliferative stimulus of PrP 82–146. These results underline the role of
cerebral accumulation of abnormally folded PrP fragments and indicate that cellular PrP governs the pathogenic process.
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Introduction
The posttranslational modification of the prion protein (PrP)
from its cellular isoform (PrPC) to a disease-specific species
(PrPSc) is the molecular signature of prion-related encephalop-
athies (PREs) (Prusiner, 1991). PrPC is an almost ubiquitous
glycosylphosphatidylinositol-anchored membrane protein,
highly expressed in neurons, glia, and lymphoid cells, the biolog-
ical function of which is still uncertain. The transition from PrPC
to PrPSc involves conformational changes with a decrease in
�-helical secondary structure and a significant increase in �-sheet
content (Caughey et al., 1991; Pan et al., 1993; Safar et al., 1993).
PrP amyloidogenesis occurs consistently in genetic forms of
prion disease, such as Gerstmann-Sträussler-Scheinker (GSS)
syndrome and PrP cerebral amyloid angiopathy (Ghetti et al.,
1996), as well as in the new variant of Creutzfeldt-Jakob disease
(vCJD), which is causally linked to bovine spongiform encepha-

lopathy (Will et al., 1996; Bruce et al., 1997). In all of these con-
ditions, amyloid fibrils coexist with PrP aggregates that lack ul-
trastructural properties of amyloid (Giaccone et al., 1992),
suggesting that different PrP peptides or protein conformers may
form fibrillar and nonfibrillar aggregates, possibly with neuro-
toxic properties. In view of the common topological distribution
of neuropathological changes and the PrPSc deposits and the
temporal correlation in experimental scrapie, PrPsc is considered
the primary cause of neurodegeneration in prion diseases.

Biochemical studies have shown that amyloid fibrils purified
from the brains of GSS patients carrying the PrP A117V, F198S,
and Q217R mutations contain a major PrP fragment of �7 kDa,
spanning residues 81– 82 through 144 –153 of PrP (Tagliavini et
al., 1991, 1994, 2001). Low molecular weight fragments have been
detected in GSS patients with other mutations and are also seen in
areas without amyloid deposits (Piccardo et al., 1996, 1998;
Parchi et al., 1998). All of these fragments contain the PrP region
spanning residues 89 –140, which plays a central role in the con-
formational transition of PrPC into PrPSc (Muramoto et al.,
1996; Supattapone et al., 1999).

We previously generated a synthetic peptide corresponding to
the smallest amyloid subunit found in GSS brains (PrP
82–146wt) (Salmona et al., 2003). To investigate the contribution
of different amino acid regions to the physicochemical properties
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and fibrillogenic capacity of this disease-specific protein, we gen-
erated partially scrambled peptides in which either the 106 –126
sequence (PrP 82–146106-126scr) or 127–146 (PrP 82–146127-146scr)
was disrupted. An entirely scrambled peptide (PrP 82–146scr)
was used as control. Chemicophysical analyses showed that PrP
82–146wt has a high intrinsic ability to form amyloid fibrils in-
distinguishable from those extracted from GSS brains, and that
the formation of ordered structures with a parallel �-sheet orga-
nization depends on the integrity of the C-terminal region (Sal-
mona et al., 2003).

In the present study, we investigated the biological effects of
the PrP 82–146 peptides. Their neurotoxic and gliotrophic activ-
ities were investigated in primary cultures from rat and mouse
brains. The contribution of cellular PrP to the biological activity
of peptides was studied by comparing the effects of the peptides
on wild-type or PrP knock-out (Prnp0/0) cells.

Materials and Methods
Synthesis and purification of PrP peptides. The following peptides were
chemically synthesized: PrP 82–146 wild-type (PrP 82–146wt: GQPH-
GGGWGQGGGTHSQWNKPSKPKTNMKHMAGAAAAGAVVGGL-
GGYMLGSAMSRPIIHFGSDYE); PrP 82–146 with a scrambled se-
quence in the region spanning residues 106 –126 (PrP 82–146106-126scr:
GQPHGGGWGQGGGTHSQWNKPSKPNGAKALMGGHGATKV-
MVGAAAGYMLGSAMSRPIIHFGSDYE); PrP 82–146 with a scrambled
sequence in the region spanning residues 127–146 (PrP 82–146127-146scr:
GQPHGGGWGQGGGTHSQWNKPSKPKTNMKHMAGAAAAGAV-
VGGLGSMYPASHGLMEFYGIGSIR); PrP 82–146 scrambled (PrP 82–
146scr: EADQFALGGSKHGNGMQQVAGHGGSMGAKAWGANG-
HPSGTGIPTAKMVPYKIYGGGWAGMGRPSS). In some experiments,
peptides PrP 106 –126wt (KTNMKHMAGAAAAGAVVGGLG) and PrP
127–146wt (GYMLGSAMSRTII-HFGSDYE) were also used.

Peptides were prepared by solid-phase synthesis on a 433A synthesizer
(Applied Biosystems, Foster City, CA) at 0.1 mM scale with
4-hydromethylphenoxyacetic acid resin using N-(9-fluoroenyl)
methoxycarbonyl protected L-amino acid derivatives. Amino acids were
activated by reaction with 2-(1 H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluroniumhexafluorophosphate/1-hydroxybenzotriazole and
N, N,-diiso propylethylamine. Peptides were cleaved from the resin with
a mixture of phenol/thioanisole/ethandiol/trifluoroacetic acid, precipi-
tated with cold diethyl ether, and washed several times with the same
solvent.

The purification was performed by reverse-phase HPLC on a semi-
preparative C18 column (190 � 300 mm, 300 Å pore size, 15 �m particle
size; Delta Pack, Nihon Waters, Tokyo, Japan) with a mobile phase of
0.1% TFA/water (eluent A) and 0.08% trifluoracetic acid (TFA)/aceto-
nitrile (eluent B) using a linear gradient of 0 – 80% eluent B in 60 min
with a flow rate of 3 ml/min. The fractions containing PrP peptides were
separately collected, lyophilized, and kept at �80°C. Their purity and
composition were determined by amino acid sequencing (46600 Prose-
quencer; Milligen, Bedford, MA) and electrospray mass spectrometry
(model 5989 A; Hewlett-Packard, Palo Alto, CA).

Animals. CD1 rats, C57BL/6J, and C57BL/6J � CBA/J F1 mice were
purchased from Charles River Laboratories (Calco, Italy). The Prnp0/0
mice were derived from the Zürich I Prnp0/0 line (Bueler et al., 1992),
which had been bred subsequently with C57BL/6J � CBA/J hybrid mice
(Chiesa et al., 1998). Procedures involving animals and their care were
conducted in conformity with the institutional guidelines that are in
compliance with national and international laws and policies.

Cortical cultures. Primary cultures of cortical neurons were prepared
from rat and mouse embryos [embryonic day 17 (E17) and E14.5, respec-
tively] or neonatal mouse pups [postnatal day 1 (P1) or P2] as described
previously (Forloni et al., 1993; Chiesa et al., 2004). Cortical cells were
dissociated and centrifuged twice at 1500 rpm for 2 min, resuspended by
gentle trituration, counted, and plated at 150,000/cm 2 in modified Ea-
gle’s medium (MEM)–FBS on poly-L-lysine-coated plates. After 3 h, the
medium was replaced with Neurobasal medium containing B27 supple-

ment (Invitrogen, Carlsbad, CA), 0.5 mM glutamine, 120 mg/L penicillin,
and 260 mg/L streptomycin and incubated at 37°C in a humidified incu-
bator with 5% CO2/95% air. Half the medium was replaced every 5–7 d.
Aphidicolin (3 �g/ml) was added to the cultures 4 d after plating to
inhibit glial growth. Under these culture conditions, the survival and
growth of non-neuronal cells was minimized. Cells were maintained at
37°C in 95% air, 5% CO2 and treated with the peptides (10 –50 �M) the
day after plating (day 1); then, the medium was replaced and the treat-
ment was repeated on day 4, and cell viability was assayed on day 7. The
immunostaining with mouse anti-neuronal nuclei monoclonal antibody
(NeuN) (Chemicon–Millipore, Billerica, MA) showed that in our prep-
aration, a large part of the cells were neurons (see Fig. 3). The counts of
NeuN-positive cells in three wells from two different preparations
showed that 79 � 2.5% of the cells are stained with the neuron-specific
antibody.

N2a neuroblastoma cells. N2a mouse neuroblastoma cells were grown
in DMEM and MEM� 1:1 supplemented with 10% FBS, nonessential
amino acids and penicillin/streptomycin, and maintained in an atmo-
sphere of 5% CO2, 95% air. The cells were plated at 20,000 cells/cm 2 and
treated the day after being plated, for the times indicated.

Astrocytes. Astrocytes were prepared by dissociating cerebral cortices
of newborn rats or mice (Forloni et al., 1994; Chiesa et al., 2004). Brains
from P0 –P5 pups were dissected, and the meninges were removed. Tis-
sue was disrupted by pipetting, and resuspended cells were seeded on
poly-L-lysine-coated 75 cm 2 flasks. Cultures were maintained at 37°C
with 5% CO2 for 2 weeks. When cultures were confluent, microglial cells
were mechanically isolated by shaking the flasks at 260 rpm for 18 h.
Astrocytes, which remained attached to the flask, were detached by
trypsinization. After short incubation with 0.025% trypsin in PBS at
37°C, medium containing serum was added to stop the activity of the
enzyme, and cells were dissociated by several passages through a 5 ml
pipette, counted, and plated on appropriate plates. In this preparation,
the presence of astrocytes GFAP positive is �90% of the cell population
(Forloni et al., 1994)

Cell viability. Cell viability was assessed by measuring the level of 3-(4,5
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to
formazan. Cells were incubated for 3 h at 37°C with 0.4 mg/ml MTT,
dissolved in 0.04N HCl in 2-propanol, and analyzed spectrophotometri-
cally at 540 nm with an automatic microplate reader (Multiskan MS;
Labsystems Italia, Helsinki, Finland). The data on cell viability were con-
firmed by crystal violet staining (Andreoni et al., 1997) and microscopic
examination.

Apoptosis. To investigate the apoptotic effect of PrP peptides, cells were
seeded on poly-L-lysine-coated glass coverslips in 24-well plates (150,000
cells/well) and treated for the appropriate time. To visualize apoptotic
nuclei, the bisbenzimide dye (Hoechst 33258; Sigma, St. Louis, MO) was
used. Cells were washed with PBS and fixed in methanol/acetic acid (3:1)
for 5 min at 4°C. They were then rinsed with PBS and incubated with 0.05
�g/ml Hoechst 33258 in PBS for 15 min. Slides were washed in distilled
water, mounted with 30% glycerol in PBS, and viewed on an Olympus
(Tokyo, Japan) FV500 laser confocal scanning system.

Incorporation of [methyl-3H]-thymidine. Astrocytes were cultured with
serum-containing medium until they reached �50% confluency. The
medium was then replaced with serum-free medium, and the cells were
cultured for 24 h before treating them with the different peptides. At the
same time as treatment with the peptides, [methyl- 3H]-thymidine (ICN
Biomedicals, Irvine, CA) was added to the culture medium (0.025 mCi/
ml). After 24 h, cells were washed twice with PBS and lysed in 100 �l of
distilled water, and the lysate was transferred to a vial containing 4 ml of
scintillating liquid (Ready SolvTM CP; Beckman Coulter, Fullerton,
CA). The radioactive content of each vial was determined using a
�-counter (LSC1; PerkinElmer, Wellesley, MA).

Results
The chemicophysical characteristics of the synthetic peptides
used in this study are summarized in Figure 1. Circular dichroism
analysis indicated that when dissolved in Tris buffer, pH 7.0, PrP
82–146wt is primarily composed of �-sheet (54%) with a signif-
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icant content of �-helix (22%) and �-turn (31%). The self-
aggregation capacity pf the peptides was established by sedimen-
tation experiments. After 96 h, incubation at 37°C, and
centrifugation, 90% of the peptide was found in the pellet. Stain-
ing with thioflavine and Congo red and EM analysis showed that
PrP 82–146wt aggregates are structured in amyloid fibers. As
described previously, PrP 82–146wt is seen as long straight, un-
branched fibrils that form a dense meshwork (Fig. 2) (Salmona et
al., 2003).

The self-aggregation capacity was associated with partial resis-
tance to proteinase-K (PK) digestion. The entire scrambled pep-
tide, PrP 82–146scr, did not exhibit any self-aggregation capacity
and showed only minimal resistance to PK digestion. Both partial

disruptions of the sequence markedly influenced the spontane-
ous fibrillogenesis. PrP 82–146106 –126scr maintained its aggrega-
tion capacity after long incubation and even increased the resis-
tance to PK digestion, but the pellet after centrifugation
contained mainly electron-dense amorphous material and a few
short filamentous structures. The aggregation capacity of PrP
82–146127–146scr was greatly reduced, and no structured filaments
were evident in the pellet. Thus, chemicophysical analysis indi-
cated that both sequences influence the structural properties of
82–146, although the 127–146 region had the most effect on the
secondary structure and aggregation.

We then investigated the biological activity of all four pep-
tides. Chronic treatment of cortical rat cultures (Fig. 3) with PrP
82–146wt induced dose-dependent neuronal death: the effect
was already significant at 10 �M and increased progressively to
�70% at 50 �M (Fig. 4B). The totally scrambled peptide was not
toxic, and the neurotoxicity of both PrP 82–146106-126scr and PrP
82–146127-146scr was indistinguishable from that of the wild-type
sequence. Thus, despite the profound changes in the peptide
structures induced by disruption of the 106 –126 and 127–146
sequences, the neurotoxicity was unaffected. This result was con-
firmed using mouse cortical cultures (Fig. 5).

Previous studies showed that the toxicity of the synthetic pep-
tide PrP 106 –126 depends on cellular PrP expression (Brown et
al., 1994; Fioriti et al., 2005), cells from Prnp0/0 mice that are
resistant to its toxicity. To investigate whether PrP 82–146 toxic-
ity also depended on PrPC expression, murine cortical cells from
control Prnp�/� or Prnp0/0 mice were chronically treated with
the different peptides. Similarly to rat cultures, all peptides except
the totally scrambled one, caused a dose-dependent reduction of
cell viability of PrP-expressing neurons, which resulted in �50%
cell death at 10 �M (Fig. 5). In a parallel experiment, we tested the
toxicity of the four peptides toward Prnp0/0 cortical neurons
(Fig. 6). PrP 82–146 (25 �M) toxicity toward Prnp0/0 was re-
duced by �40% compared with Prnp�/� cultures. Results were
similar with the two partially scrambled peptides, whereas the
total scrambled peptide did not affect the viability of either to
Prnp�/� or Prnp0//0 cells. It has been reported that PrP 106 –

Figure 1. A, Schematic representations of PrP with the regions considered for the PrP 82–
146 peptide synthesis. B, Summary of the chemicophysical features of the PrP 82–146 peptides
(percentage � SE). The differences between fibrillar and amorphous aggregates were defined
by EM examination. �, ��, and ��� indicate minimal, equal, and a large part of the
preparation in amorphous or structured form, respectively. nd, Not detectable.

Figure 2. Electron micrograph of the aggregates generated by PrP 82–146, as by negative
staining of peptide suspensions after 48 h of incubation indicated. Scale bar, 100 nm.

Figure 3. Neuronal preparation from neonatal rat cortical cells. A, Phase contrast photomi-
crograph of the neuronal preparation. B, Immunostaining of the same field with mouse anti-
NeuN (dark gray) examined with fluorescent microscope. Scale bar, 30 �m

1578 • J. Neurosci., February 14, 2007 • 27(7):1576 –1583 Fioriti et al. • Biological Effects of Prion Peptides



126 kills neurons by apoptosis (Forloni et al., 1993). Because PrP
106 –126 and PrP 82–146 shared some features, we verified
whether this mechanism was also operative for the latter. After
5–7 d of treatment with PrP 82–146, a subset of cells showed the
typical apoptotic morphology with condensation of the chroma-
tin and fragmentation of the nucleus; cells treated with the scram-
bled peptide showed no such changes (Fig. 7). The effect was
similar in N2a mouse neuroblastoma cells exposed to PrP 82–146
(Fig. 8). Because the toxicity of PrP 106 –126 is antagonized by the
anti-oligomers antibody A11 developed by Kayed et al. (2003),
we cheeked whether this was also the case for PrP 82–146 neuro-
toxicity. At 1 �g/ml, the A11 antibody partially prevented the PrP
82–146wt toxicity, and the antagonism was almost complete at a
higher antibody concentration (4 �g/ml) (Fig. 9).

Neuronal death in transmitted spongi-
form encephalopathies (TSE) is associated
with glial proliferation. This neuropatho-
logical feature can be recapitulated in cul-
ture by PrP 106 –126 (Forloni et al., 1994;
Florio et al., 1996; Thellung et al., 2000).
We investigated the effect of PrP 82–146
on astroglial proliferation in astrocytes
prepared from cortices of 2-d-old rats.
Cells were treated with the four peptides
(25 �M) for 24 h in serum-free medium,
and the rate of proliferation was deter-
mined by [methyl- 3H]-thymidine uptake.
As illustrated in Figure 10A, PrP 82–146wt
induced glial proliferation. This effect was
completely abolished by partial or total
disruption of the wild-type sequence.
Thus, the gliotrophic activity strongly de-
pends on the integrity of the peptide se-
quence and its structural characteristics.
Similarly, PrP 82–146wt induced a four-
fold increase of [methyl- 3H]-thymidine
uptake by mouse cortical astrocytes; again,
the entirely or partially scrambled pep-
tides had less proliferative activity. Astro-
cytes from Prnp0/0 mice were insensitive
to the proliferative stimulus of the pep-
tides, indicating that PrPC plays a role in
the gliotrophic activity of PrP 82–146.

Discussion
We explored the neurotoxic and gliotro-
phic potential of PrP 82–146, a synthetic
peptide homologous to the major PrP
fragment found in GSS amyloid. To inves-
tigate the relationship between the struc-
ture and the biological activity, we used
nonamyloidogenic variants of PrP
82–146. The data presented indicate that
both amyloid and nonamyloid forms are
toxic to neurons, whereas only the amy-
loid form stimulates astroglial prolifera-
tion. The biological effects of PrP 82–146
were influenced by expression of cellular
PrP. These results highlight the impor-

tance of amyloidogenic PrP fragments in
GSS pathogenesis and argue for a role of
cellular PrP in the pathogenic process.

The kinetics of aggregation of PrP 82–
146 was investigated by Gobbi et al. (2006), who proposed a
“dock-and-lock” model to explain the mechanism of polymer-
ization. Structural analysis found profound differences between
the wild-type and partially scrambled PrP 82–146 peptides in
their propensity to aggregate (Salmona et al., 2003), amyloid for-
mation being significantly reduced or prevented when either re-
gion 106 –126 or 127–146 was disrupted. These structural differ-
ences, however, did not affect the neurotoxicity, because partially
scrambled peptides caused neuronal death in a dose-dependent
manner similar to wild-type PrP 82–146. This is consistent with a
recent report that both amyloid and oligomeric forms of recom-
binant PrP are toxic to cultured neurons (Novitskaya et al., 2006)
and that indicates that assembly of PrP into highly polymerized

Figure 4. Amyloid and nonamyloid forms of PrP 82–146 are toxic to rat cortical neurons. Cortical cells from rat embryos (E17)
were treated with PrP 82–146 peptides at the concentrations indicated, and cell viability was determined after 7 d by MTT assay.
All peptides, except of PrP 82–146scr, significantly reduced viability. Data are the mean � SEM of 20 –30 replicates from three to
four independent t tests. *p � 0.01 versus control group by Dunnett’s test.

Figure 5. PrP 82–146 peptides are toxic to murine cortical neurons. Cortical cells from mice (E14.5) were treated with PrP
82–126 peptides at the indicated concentrations for 7 d, and the effect on cell viability was determined by MTT assay. Except for
PrP 82–146scr, all peptides dose-dependently reduced viability. Data are the mean � SEM of 18 –24 replicates from three to four
independent experiments. *p � 0.01 versus control group by Dunnett’s test.
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fibrils is not a prerequisite for toxicity. The fact that amyloid
deposits of PrP are only seen in a subset of prion diseases and that
in some forms protease-resistant PrP deposits are absent suggests
that other PrP species, perhaps small PrP oligomers, are the pri-
mary neurotoxic culprit.

The neurotoxicity of protein oligomers was originally pro-
posed by Hartley et al. (1999), who reported that protofibrillar
forms of Alzheimer amyloid � (A�) were neurotoxic. We also
found that A� 25–35 toxicity was not affected by amidation of its
C terminus, although this chemical modification significantly
reduced the propensity of the peptide to assemble into amyloid
fibrils (Forloni et al., 1997). More recent studies have found that
oligomeric forms of A� can directly alter synaptic structure and
function, confirming the role of oligomers in Alzheimer’s disease
(AD) (Cleary et al., 2005; Huang et al., 2006; Townsend et al.,
2006). It is possible that in AD, senile plaques serve as the reser-
voir of aggregated A� that can continuously release diffusible
oligomers and protofibrils to injure not
only neighboring cells but also at a certain
distance from the senile plaques.

Studies with synthetic PrP peptides
support the potential pathogenic role of
oligomers in prion diseases too. With ami-
dation at the C terminus of PrP 106 –126,
we noted strong inhibition of the PrP pep-
tide fibrillogenic capacity with no changes
in its cytotoxicity (Forloni et al., 1996a).
This was confirmed by Corsaro et al.
(2003) using PrP 106 –126 with two
GlyAla substitutions at the residues 114
and 119, generating a soluble nonamyloi-
dogenic peptide that retained its toxic
properties. Unlike our study, Bergström et
al. (2005) found that amidation at the C
terminal of PrP 106 –126 influenced its neurotoxicity. However,
as these authors mention, this might reflect some methodological
differences. In their conditions, the neurotoxic effect in primary
cultures was limited at the higher concentration of the peptide
(80 �M). In contrast, Novitskaya et al. (2006) showed recently
that recombinant PrP can be toxic in the fibrillar or the oligo-
meric state with similar mechanisms.

The neurotoxic role of soluble oligomers is particularly im-
portant in TSE, where the formation of amyloid deposits is evi-
dent only in GSS and in vCJD, whereas in CJD and familial fatal
insomnia, amyloid deposits are rare or absent. PrP 106 –126 and
PrP 82–146 toxicity is significantly less when oligomers are de-
pleted by preincubation with an oligomer-specific antibody
(Kayed et al., 2003; our study). Moreover, the potential patho-
genic role of PrP oligomers is supported by evidence in transgenic
mice. For example, a conformationally altered form of PrP that is
weakly protease-resistant and aggregated into small oligomers
accumulates in the brains of transgenic mice that express a nine-
octapeptide PrP insertion and develop a fatal neurological disor-
der (Chiesa et al., 1998). Similarly, a soluble PrP isoform with an
immunoreactive profile similar to PrPSc is found in neurologi-
cally ill mice expressing a mouse PrP homolog of the P102L mu-
tation associated with GSS (Nazor et al., 2005).

Our previous studies recognized the primary neurotoxic do-
main of PrP in region 106 –126 (Forloni et al., 1993, 1996b, 1999).
It was therefore surprising that disruption of the 106 –126 se-
quence in PrP 82–146106-126scr did not affect neurotoxicity. This
might be explained by the evidence that PrP regions encompass-
ing residues 127–146 and 118 –135 are also neurotoxic (Rymer

and Good, 2000; Pillot et al., 2000). Thus, the 106 –126 and 127–
146 regions may contribute equally to the toxicity of PrP 82–146.

Our results point to the role played by cellular PrP in mediat-
ing the biological effects of the PrP 82–146. It is known that PrPC
expression is required for propagation of infectivity (Büeler et al.,

Figure 6. PrP 82–146 toxicity is partially dependent on PrPC expression. Murine cortical cells
from either control or Prnp0/0 mice were treated with PrP 82–146 peptides (25 �M), and cell
viability was determined after 7 d by MTT assay. All of the peptides reduced cell viability of
PrP-expressing neurons (Prnp�/�) by �60%. PrP knock-out (Prnp0/0) neurons were signif-
icantly less vulnerable than PrP-expressing cells, showing 35– 40% cell death at the end of the
treatment. Data are the mean � SEM of 12–20 replicates from three to four independent
experiments. *p � 0.01 by Dunnett’s test.

Figure 7. PrP 82–146wt induces nuclear fragmentation of cortical neurons. Cortical neurons from C57BL/6J � CBA/J pups
were exposed to the vehicle (A), PrP 82–146wt (B), or PrP 82–146scr (C) 25 �M for 7 d. Cells were analyzed by fluorescence
microscopy after staining with the DNA-binding fluorochrome bisbenzimide (Hoechst 33258). The arrows indicate nuclei with
typical apoptotic features. Scale bar, 20 �m.

Figure 8. Time course of the PrP 82–146 induced nuclear fragmentation of N2a cells. N2a
cells (A, control condition) were exposed to PrP 82–146wt for 24 h (B), 48 h (C), and 96 h (D).
Cells were analyzed by fluorescence microscopy after staining with the DNA-binding fluoro-
chrome (Hoechst 33258). The percentage of fragmented nuclei progressively increased with
time. The arrows indicate nuclei with typical apoptotic features. Scale bar, 20 �m.
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1993) and pathogenesis (Brandner et al.,
1996; Mallucci et al., 2003) in mouse mod-
els of TSE. The expression of PrP is also
essential for the toxicity of PrP 106 –126 as
shown originally by Brown et al. (1994)
and confirmed by others (Jobling et al.,
1999; Chabry et al., 2003; Fioriti et al.,
2005). Novitskaya et al. (2006) found that
silencing PrPC expression by the small
RNA interference technique blocked re-
combinant PrP neurotoxicity. We found
that in the absence of endogenous PrP,
PrP 82–146 had significantly less neuro-
toxicity, although it was not completely
abolished. This suggests that the toxicity
results from multiple effects, only some of
which are mediated by PrPC. For instance,
amyloidogenic peptides share a common
mechanism of toxicity based on mem-
brane destabilization and the formation of
ion-permeable pores (Demuro et al.,
2005). We found that both wild-type and
partially scrambled PrP 82–146 peptides
form ion channels in artificial membranes

(Bahadi et al., 2003) and alter the membrane fluidity (Salmona et
al., 2003). In addition, the squalene synthase inhibitor squalesta-
tin, which reduces plasma membrane cholesterol, antagonized
the toxic effect of PrP 82–146 (Bate et al., 2004). The idea that
certain PrP domains exert toxic effects independently of PrPC
expression is supported by evidence that the synthetic peptide
PrP 118 –135 induces apoptotic cell death by destabilizing mem-
brane properties, independently of PrPC expression (Chabry et
al., 2003). Thus, PrPC-mediated neurotoxicity and PrPC-
independent effects, possibly induced by different domains of
PrP 82–146, might explain its pathogenic features.

In TSE, PrPSc deposition is associated with activation of as-
troglia, and this precedes neuronal dysfunction That abnormal
PrP has a direct role in triggering astroglial proliferation is sup-
ported by the evidence that the amyloidogenic fragment PrP
106 –126 induces astrogliosis in primary cultures (Forloni et al.,
1994; Hafiz and Brown, 2000; Ning et al., 2005). Here, we also
found that PrP 82–146 induced astroglial proliferation, and this
effect was abolished when the 106 –126 and 127–146 regions were
disrupted. Interestingly, the gliotrophic effect of PrP 106 –126
was abolished by C-terminal amidation, which strongly reduced
its self-aggregation capacity, suggesting that the propensity to
assume an amyloid structure is a prerequisite for the effect on
astroglial proliferation, also in the case of PrP 82–146 (Rizzardini
et al., 1997; Peyrin et al., 1999).

The gliotrophic effect of PrP 82–146 was completely abolished
by PrPC deletion, arguing for a specific role of PrP in the activity
of this peptide. Astroglial proliferation induced by PrP 106 –126
was also dependent on the expression of PrPC, and it was pro-
posed this was attributable to microglial cells (Brown et al., 1998).
We and others, however, have shown that PrP 106 –126 has direct
effects on astrocytes (Forloni et al., 1994; Rizzardini et al., 1997;
Peyrin et al., 1999; Ning et al., 2005). Because PrP 82–146 can
activate microglial cells (Bate et al., 2006), it is possible that both
direct and microglia-mediated effects contribute to the gliotro-
phic activity.

In conclusion, this study has shown that profound alterations
of the PrP 82–146 sequence and amyloidogenic properties do not
significantly affect the peptide neurotoxicity that appears to de-

Figure 9. Anti-oligomeric antibody antagonized the toxicity of PrP 82–146wt. Cortical cells from rat embryos (E17) were
treated with PrP 82–146 (10 �M) and anti-oligomeric antibody (ab, A11) at two concentrations: 1 and 4 �g/ml. The cell viability
was determined after 7 d by MTT assay. Data are the mean � SEM of 8 –10 determinations. Ab 4 �g/ml, ANOVA (2 � 2) analysis:
Fint � p � 0.01; *p � 0.05; **p � 0.01 versus control group by Tukey’s test.

Figure 10. PrP 82–146 amyloid stimulates PrPC-dependent proliferation of astrocytes. A,
Astrocytes prepared from cortices of 2-d-old rats were treated with the peptides (25 �M) in
serum-free medium, and cell proliferation was assayed by [methyl- 3H]-thymidine incorpora-
tion after 24 h. PrP 82–146wt stimulated [methyl- 3H]-thymidine uptake by twofold, whereas
entirely or partially scrambled peptides did not. B, C, Cell proliferation was assayed in mouse
astrocytes from Prnp�/� (B) or Prnp0/0 (C) pups as described above. PrP 82–146wt stimu-
lated [methyl- 3H]-thymidine incorporation by fourfold, whereas the partially or entirely scram-
bled peptides had little or no activity. Prnp0/0 astrocytes were insensitive to the proliferative
stimulus of the peptides. Data are the mean � SEM of 10 –20 replicates from three to four
independent experiments. *p � 0.01 versus control group by Dunnett’s test.
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pend on the formation of oligomeric species. In contrast, the
gliotrophic effect strictly depends on the sequence integrity and
amyloidogenic properties of the peptide. Lack of endogenous PrP
expression partially influences the neurotoxicity and completely
abolishes the astrogliotic effect. Thus, the synthetic analog of the
minimal amyloid subunit purified from GSS brains induced both
neurotoxic and astrogliotic effects through a mechanism partly
depending on PrPC. Our results shed light on the structural and
chemicophysical features underlying PrP neurotoxicity and con-
firm the validity of this PrP peptide model as an effective tool for
defining the cellular mechanisms of neuronal damage in prion
diseases.
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protein isoforms in Gerstmann-Sträussler-Scheinker disease (Indiana
kindred). J Neuropathol Exp Neurol 55:1157–1163.

Piccardo P, Dlouhy SR, Lievens PM, Young K, Bird TD, Nochlin D, Dickson
DW, Vinters HV, Zimmerman TR, Mackenzie IR, Kish SJ, Ang LC, De
Carli C, Pocchiari M, Brown P, Gibbs Jr CJ, Gajdusek DC, Bugiani O,
Ironside J, Tagliavini F, Ghetti B (1998) Phenotypic variability of
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