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The neurotoxic forms of the prion protein (PrP) that cause neurodegeneration in prion diseases remain to be conclusively identified.
Considerable evidence points to the importance of noninfectious oligomers of PrP in the pathogenic process. In this study, we describe
lines of Tg(WT) transgenic mice that over-express wild-type PrP by either �5-fold or �10-fold (depending on whether the transgene
array is, respectively, hemizygous or homozygous). Homozygous but not hemizygous Tg(WT) mice develop a spontaneous neurodegen-
erative illness characterized clinically by tremor and paresis. Both kinds of mice accumulate large numbers of punctate PrP deposits in the
molecular layer of the cerebellum as well as in several other brain regions, and they display abnormally enlarged synaptic terminals
accompanied by a dramatic proliferation of membranous structures. The over-expressed PrP in Tg(WT) mice assembles into an insoluble
form that is mildly protease-resistant and is recognizable by aggregation-specific antibodies, but that is not infectious in transmission
experiments. Together, our results demonstrate that noninfectious aggregates of wild-type PrP are neurotoxic, particularly to synapses,
and they suggest common pathogenic mechanisms shared by prion diseases and nontransmissible neurodegenerative disorders associ-
ated with protein misfolding.
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Introduction
Prion diseases, or transmissible spongiform encephalopathies,
are fatal neurodegenerative disorders that affect humans and an-
imals (Prusiner, 2004; Aguzzi et al., 2008). A central event asso-
ciated with these diseases is the conformational conversion of the
cellular prion protein (PrP C) into a �-rich isoform (PrP Sc) that
has the properties of an infectious protein (Prusiner, 1998).

The mechanism by which conversion of PrP C into PrP Sc

causes neurodegeneration remains unclear (Chiesa and Harris,
2001). PrP knock-out mice do not develop symptoms of prion
disease, indicating that pathogenesis is not simply due to loss of
PrP C function upon conversion to PrP Sc (Büeler et al., 1992;
Manson et al., 1994; Mallucci et al., 2002). Intriguingly, neuronal
expression of GPI-anchored PrP C is required for development of

prion-induced neurodegeneration (Brandner et al., 1996; Mal-
lucci et al., 2003; Chesebro et al., 2005), suggesting that when
PrP C misfolds it produces a neurotoxic stimulus, possibly as a
consequence of oligomerization of PrP C on the cell surface
and/or abnormal interaction with an unknown transducing part-
ner (Solforosi et al., 2004; Harris and True, 2006; Li et al., 2007).
Some forms of prion disease develop in the apparent absence of
infectious PrP Sc (Hegde et al., 1999; Barron et al., 2007; Piccardo
et al., 2007), suggesting that molecular species of PrP distinct
from PrP Sc may represent the primary neurotoxic culprits
(Chiesa and Harris, 2001).

There is evidence that in prion disorders, as well as in other
neurodegenerative diseases, neurotoxicity is induced by small,
�-rich oligomers, rather than by large amyloid polymers. For
example, we previously found that transgenic mice expressing
mouse PrP carrying a 9-octapeptide insertion (PG14) associated
with an inherited prion disease accumulate in their brains a
weakly aggregated, �-sheet-rich form of the mutant protein
(Chiesa et al., 1998; Chiesa et al., 2000). This form is highly neu-
rotoxic, but differs from PrP Sc because it lacks detectable infec-
tivity (Chiesa et al., 2003; Biasini et al., 2008a). A biochemically
similar pathogenic form of misfolded PrP was also found in
Tg(MoPrP-P101L) mice, which overexpress the mouse PrP ho-
molog of the P102L mutation linked to Gerstmann-Sträussler-
Scheinker (GSS) disease (Nazor et al., 2005), and in transgenic
mice expressing the mouse PrP homolog of the D178N/V129
mutation linked to familial CJD (Dossena et al., 2008). There is
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now abundant evidence that small, misfolded oligomers of A�
play a crucial pathogenic role in Alzheimer’s disease, possibly by
damaging synaptic structure or impairing synaptic function
(Haass and Selkoe, 2007). Similar aggregates are likely to be in-
volved in other, noninfectious neurodegenerative disorders, in-
cluding Huntington’s disease, Parkinson’s disease, and tauopa-
thies (Friedhoff et al., 1998; Lashuel et al., 2002; Marchut and
Hall, 2006).

We now report that an aggregated, neurotoxic PrP isoform is
spontaneously produced in transgenic mice expressing high lev-
els of wild-type PrP. These mice develop a neurodegenerative
syndrome characterized clinically by tremor and paralysis of the
hind limbs, and neuropathologically by coarse PrP deposits and
dramatic synaptic alterations in the cerebellar molecular layer.
The phenotype of these mice defines a new neurodegenerative
illness caused by aggregation of wild-type PrP. Our results sup-
port the concept that infectivity and pathogenicity are distinct
features of abnormal PrP, underscoring the similarity between
prion diseases and nontransmissible neurodegenerative disor-
ders of protein conformation.

Materials and Methods
Transgenic mice. We have previously described production of transgenic
mice expressing either wild-type mouse PrP (Tg(WT), lines E1, E3 and
E4) or mouse PrP harboring a nine-octapeptide insertion (Tg(PG14),
lines A2 and A3), both tagged with an epitope for the monoclonal anti-
body 3F4 (Chiesa et al., 1998). These mice were generated on a C57BL/
6J � CBA/J background, and were subsequently bred either with C57BL/
6J � CBA/J mice, or with Zürich I Prnp0/0 mice (C57BL/6J � 129
background) (Büeler et al., 1992). The presence and zygosity of the trans-
genes were determined by PCR and Southern blot analysis as previously
described (Chiesa et al., 1998).

Mice were observed weekly for signs of neurological dysfunction ac-
cording to a set of objective criteria (Chiesa et al., 1998). Onset of neu-
rological disease in Tg(WT-E3 �/�) mice was scored as the time at which
tremor was first observed.

Biochemical assays. Brain homogenates were prepared in PBS contain-
ing either 0.5% NP-40 and 0.5% sodium deoxycholate, or 0.5% SDS,
using a Teflon/glass tissue homogenizer. In some experiments, a protein-
ase inhibitor mixture (pepstatin and leupeptin, 1�g/ml; phenylmethyl-
sulphonyl fluoride, 0.5 mM; EDTA, 2 mM) was added to the homogeni-
zation buffer. Assays of detergent-insolubility and proteinase K (PK)
resistance (37°C) were performed as described previously (Chiesa et al.,
1998). Cold PK resistance assays were performed as described (Tremblay
et al., 2004). Immunoprecipitation with antibody 15B3 (Prionics, CH)
was performed as described (Biasini et al., 2008b).

Western blots were developed with monoclonal antibodies (mAbs)
3F4, (Kascsak et al., 1987), 6D11 (Pankiewicz et al., 2006), or 8H4 (Za-
nusso et al., 1998); or with polyclonal antibody P45– 66 (Lehmann and
Harris, 1995). mAb 3F4 selectively recognizes PrP encoded by the trans-
genes, while the other antibodies detect both transgenically encoded and
endogenous mouse PrP. Actin was detected with monoclonal antibody
C4 (Millipore Bioscience Research Reagents). After incubation with pri-
mary antibodies, blots were probed with anti-rabbit or anti-mouse IgG
peroxidase-conjugated antibodies (Santa Cruz Biotechnology) and de-
veloped by enhanced chemiluminescence (ECL Plus, GE Healthcare).
For quantification of PrP expression, the chemiluminescent signal was
digitized with a CCD camera (ChemiDoc XRS, Bio-Rad), and band in-
tensities were analyzed by Quantity One Software 4.6.2 (Bio-Rad). Sig-
nals were confirmed to be in the linear range.

DNA laddering was assessed as described (Chiesa et al., 2000).
Light microscopy. Animals were anesthetized with sodium pentobarbi-

tal (50 mg/kg, i.p.) and perfused transcardially with 10 ml of normal
saline, followed by 60 –120 ml of 4% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.2. Brains were removed and postfixed in the same
fixative for 30 – 60 min. The brains were hemisected along the midline,
and the two halves (including the cerebral and cerebellar hemispheres,

and brainstem) were dehydrated in graded ethanol solutions, cleared in
xylene, and embedded in paraffin. Eight-micrometer sagittal sections
were cut and mounted on polylysine-coated slides. Some sections were
stained with hematoxylin and eosin, and some with thioflavin S.

For detection of glial fibrillary acidic protein (GFAP), sections were
stained with an antibody from Biogenex at 1:50 dilution, followed by
visualization using the peroxidase-anti-peroxidase (PAP) method with
goat anti-rabbit IgG and rabbit PAP (Sternberger Monoclonals). 3,3�
diaminobenzidine was used as a chromogen. Sections were sometimes
lightly counterstained with hematoxylin to reveal the location of cells.

For PrP immunohistochemistry, sections were pretreated with 3M

guanidine thiocyanate, followed by hydrolytic autoclaving using 0.75 mM

HCl for 20 min. Staining was performed using either mAb 3F4 (1:250) to
detect exclusively transgenic PrP, or a rabbit antibody raised against
human PrP residues 95–108 (identical to mouse PrP residues 94 –107)
(1:100) to detect both transgenic and endogenous PrP. Visualization was
accomplished as above, using goat anti-mouse or anti-rabbit IgG, and
mouse or rabbit PAP.

Electron microscopy. Following heparinization (500 USP units intra-
peritoneally) and pentobarbital sodium anesthesia (50 mg/kg i.p.), mice
were perfused transcardially, first with 4% formaldehyde in 0.1 M phos-
phate buffer adjusted to pH 7.4, and subsequently with 5% glutaralde-
hyde in the same buffer. After dissection, the cerebrum, cerebellum and
brainstem were sliced. Slices were impregnated with Dalton’s chrome
osmium for 2 h, dehydrated in graded ethanol solutions, passed through
propylene oxide, and embedded in Epon. Semithin sections (1 �m) were
stained with Toluidine Blue for light microscopy. Ultrathin sections were
stained with uranyl acetate and lead citrate and examined in a Philips 300
electron microscope.

Results
Transgenic mice over-expressing wild-type PrP develop a
neurological illness
We previously established three transgenic mouse lines over-
expressing epitopically tagged wild-type PrP derived from the
mouse Prnpa allele [Tg(WT) lines E1, E3 and E4] (Chiesa et al.,
1998). Mice from each of these lines that carried the transgene
array in a hemizygous state developed normally and did not show
any neurological dysfunction as they aged (Chiesa et al., 1998).
Tg(WT) mice of each line were subsequently interbred to render
the transgene array homozygous and analyzed for the presence of
neurological symptoms. We observed that homozygous mice of
the Tg(WT-E3) line, which displayed the highest level of PrP
expression in the brain (see below), developed a progressive neu-
rological illness, the earliest symptom of which was a tremor that
was apparent when the mice initiated walking. This symptom was
followed by the appearance of kyphosis, ataxia and paresis of the
hind limbs, which increased in severity to total paralysis as the
mice aged (Fig. 1). Animals in the advanced stage of the disease
showed dramatic thinning of the posterior part of the trunk,
reduced body weight, ruffled coat due to poor grooming, and
inability to right themselves from a supine position (Fig. 1). The
animals were humanely killed when they became unable to feed
themselves.

The mean age of onset of the neurological signs in Tg(WT-
E3�/�)/Prnp0/0 mice was 159 � 23 d and the mean age at death
was 409 � 42 d (Fig. 2). The duration of the symptomatic phase
of the illness was quite prolonged (250 � 32 d) (Fig. 2). In three
Tg(WT-E3�/�) mice on the Prnp�/� background that we ana-
lyzed, the mean age of disease onset was 161 � 1 d.

Significantly, neurological symptoms developed only in
Tg(WT-E3�/�) mice that were homozygous for the transgene
array. Tg(WT-E3�/�) mice have remained healthy for �750 d.
In addition, no neurological abnormalities were observed in ho-
mozygous Tg(WT) mice of the E1 and E4 lines, which over-
expressed wild-type PrP at lower levels (see below).
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Analysis of PrP levels in brain
We previously determined the level of
transgenically encoded PrP relative to en-
dogenous PrP by Western blotting of post-
nuclear supernatants from brain, using the
antibody 3F4 (Chiesa et al., 1998). We
have now performed a more accurate anal-
ysis of transgenic PrP expression by com-
paring the levels of PrP in the brains of
Tg(WT-E3) mice to those in nontrans-
genic C57BL/6J � CBA/J mice as well as
Tga20 mice that over-express nonepitopi-
cally tagged, wild-type PrP (Fischer et al.,
1996). For these quantitative Western
blots, we used 3F4 antibody, as well as an
antibody directed against mouse PrP resi-
dues 45– 66 that recognizes both trans-
genic and endogenous PrP. Moreover, to
reduce the variability associated with the
preparation of postnuclear supernatants,
we analyzed whole brain SDS extracts, and
normalized the PrP signal to the level of
actin. This analysis demonstrated that
Tg(WT-E3�/�) mice were the highest ex-
pressers, with brain PrP levels that were 9- or 12-fold higher than
those in nontransgenic mice, depending on whether the mice had
the Prnp0/0 or Prnp�/� background, respectively (Fig. 3). Tg(WT-
E3�/�) mice had PrP expression levels of 4 times and 7 times on
the Prnp0/0 and Prnp�/� backgrounds, respectively (Fig. 3).

With regard to the other Tg(WT) lines, we found that Tg(WT-
E1�/�) mice expressed 3.6-fold more PrP than wild-type mice
(data not shown), consistent with our previous analysis showing
a PrP expression level of �1.8 times in Tg(WT-E1�/�) mice
(Chiesa et al., 1998). In the Tg(WT-E4) line, the transgene was
present on the X-chromosome, so that the only mice that were
homozygous for the transgene were female. Due to
X-inactivation, these animals had a PrP expression level (3 times)
similar to that of both male and female Tg(WT-E4�/�) mice
(data not shown). Thus, mice with PrP expression levels of 1.8 –7
times remain healthy, while those with expression levels of 9 –12
times develop neurological symptoms.

PrP in Tg(WT-E3) mice is mildly protease resistant and forms
insoluble aggregates that are recognized by an aggregation-
specific antibody
We previously reported that the development of neurological
illness in Tg(PG14) mice is associated with accumulation in the
brain of a noninfectious form of mutant PrP that is insoluble in
nondenaturing detergents, and that yields a 27–30 kDa protease-
resistant fragment upon digestion with low concentrations of PK
(Chiesa et al., 1998, 2000, 2003). We therefore tested whether
Tg(WT-E3) mice accumulated an analogous form of WT PrP
that was aggregated and weakly protease-resistant.

To test PrP solubility, detergent extracts of brain were sub-
jected to ultracentrifugation and the amount of PrP in the super-
natant and pellet fractions was evaluated by Western blot. As
shown in Figure 4A (lanes 3– 6), a small percentage of PrP was
recovered in the pellet fraction of brain extracts from both
Tg(WT-E3�/�) and Tg(WT-E3�/�) mice. In contrast, virtually
no detergent-insoluble PrP was found in brain samples from
nontransgenic mice expressing physiological levels of PrP (Fig.
4A, lanes 1–2). The proportion of insoluble PrP was consistently
higher in Tg(WT-E3�/�) mice than in Tg(WT-E3�/�) mice (5%

compared with 10%). As expected, �40% of the PrP from the
brains of Tg(PG14) mice was found in the pellet fraction (Fig. 4A,
lanes 7– 8).

We have recently shown that the mAb 15B3, originally
thought to specifically recognize PrP Sc, also detects a variety of
misfolded and aggregated forms of PrP, including mutant PrP in
the brains of Tg(PG14) mice (Biasini et al., 2008a, 2008b). We
therefore tested whether 15B3 reacted with WT PrP aggregates in
Tg(WT-E3) mice. We found that 15B3 selectively immunopre-
cipitated the small amount of PrP found in the insoluble fractions
of Tg(WT-E3) brain homogenates (Fig. 4B, lanes 4 and 6). The
much larger amount of soluble PrP found in the supernatant

Figure 1. Neurological symptoms in Tg(WT-E3) mice. A, A Tg(WT-E3 �/�)/Prnp 0/0 mouse (left) at 276 d of age and a non-Tg
C57BL/6J � 129/Prnp0/0 mouse at 252 d of age (right). Note the ruffled coat, smaller body size, thinning of the posterior trunk,
and paralysis of the hind limbs of the former animal. (B, C) Same Tg(WT-E3 �/�)/Prnp 0/0 mouse shown in A. Note the marked
kyphosis and abnormal posture of the hind limbs.

Figure 2. Clinical illness in Tg(WT-E3 �/�)/Prnp0/0 mice. A, Tabulation of age at onset, age
at death, and duration of illness. Entries show the mean number of days � SEM for a cohort of
7 mice, with the range given in parentheses. B, Symptom onset and survival curves for a total of
9 and 7 mice, respectively.
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fractions from these animals was not recog-
nized (Fig. 4B, lanes 3 and 5). The amount of
15B3-reactive PrP was greater in Tg(WT-
E3�/�) mice than in Tg(WT-E3�/�) mice,
paralleling the larger amount of insoluble
PrP in the former animals. As a negative con-
trol, no 15B3-reactive PrP was detected in
either the soluble or insoluble fractions from
nontransgenic mice (Fig. 4B, lanes 1–2).
Moreover, as found previously (Biasini et al.,
2008a, 2008b), insoluble PrP in the brains of
Tg(PG14) mice was selectively immunopre-
cipitated by 15B3 (Fig. 4B, lanes 7–8).

Resistance to digestion by PK is another
property of aggregated PrP (Chiesa et al.,
2003; Biasini et al., 2008a). To assay this
property, detergent extracts of brain were
incubated with 1–3 �g/ml PK at 37°C for
30 min. We found that PrP from Tg(WT-
E3�/�) mice was mildly PK resistant (Fig.
5A, lanes 6 and 14), yielding small
amounts of a PrP27–30 fragment similar
in size to that found in Tg(PG14) brains
(Fig. 5A, lanes 17–24).

To better detect weakly PK-resistant
PrP, we performed the protease digestion
assay at 4°C, following a protocol that has
been used to detect protease-resistant PrP
in the brains of Tg(MoPrP-P101L) mice
(Tremblay et al., 2004). Using this assay,

PK-resistant PrP could be readily visualized in brain samples
from both Tg(WT-E3�/�) and Tg(WT-E3�/�) mice, with the
amount being higher in the latter animals (Fig. 5B, lanes 6 –10
and 11–15). A small amount of PrP was also detected after cold
PK digestion of brain extracts from nontransgenic mice; how-
ever, this material corresponded to residual full-length PrP since
it did not show a shift in molecular weight typical of PrP27–30
(Fig. 5B, lanes 1–5). As a positive control, PrP27–30 was also
detected after PK digestion at 4°C of samples from Tg(PG14)
brain (Fig. 5B, lanes 16 –20).

Tg(WT-E3) mice display punctate PrP deposits
The most striking neuropathological feature seen in Tg(WT-E3)
mice was the presence of numerous, coarse deposits of PrP in the
molecular layer of the cerebellum, as revealed by PrP immuno-
histochemistry using two different antibodies. PrP deposits were
seen in both healthy hemizygous animals (Fig. 6E) as well as
clinically ill homozygous animals (Fig. 6F, 7B,D); however, in
homozygous mice they were more numerous and larger in diam-
eter. Very mild and diffuse PrP immunoreactivity could be also
detected in the granule cell layer (Figs. 6F, 7B,D). Punctate PrP
deposits were also seen in the olfactory bulb, neocortex, hip-
pocampus, basal ganglia and brainstem, especially in homozy-
gous mice (data not shown). PrP deposits were already evident in
a Tg(WT-E3�/�) mouse that was 171-d-old. None of the PrP
deposits stained with thioflavin S (data not shown), indicating
that they are not amyloid.

PrP deposits were not seen in non-Tg mice, even when the
animals were very old (Fig. 7C). PrP immunoreactivity was occa-
sionally found in older Tg(WT-E1�/�) mice in the olfactory
bulb, and in the cerebellar cortex at the level of the Purkinje cell
layer (Fig. 6D). However, the degree of PrP deposition in

Figure 3. PrP expression in mouse brains. A, Brain extracts (20 �g of total protein) were separated by SDS-PAGE and immu-
noblotted with monoclonal antibody 3F4 which recognizes only transgenically encoded PrP (top), antibody P45– 66 which
recognizes both endogenous and transgenically encoded PrP (middle), or a monoclonal antibody directed against actin (bottom).
The genotypes and ages of the mice were as follows: Non-Tg/Prnp �/� (C57BL/6J � CBA/J), 291-d-old (lane 1); Tg(WT-E3)/
Prnp �/�, 247-d-old, hemizygous (lane 2) or homozygous (lane 3); Tg(WT-E3)/Prnp 0/0, 202-d-old, hemizygous (lane 4) or
homozygous (lane 5); Tga20 �/�/Prnp 0/0, 148-d-old (lane 6). B, The amount of total PrP (endogenous plus transgenic) in each
mouse line was quantitated by densitometric analysis of the Western blot shown in A, middle. The PrP signal was normalized for
the level of actin (bottom panel). Molecular size markers are given in kDa. The results are representative of two independent
experiments.

Figure 4. A fraction of PrP in the brains of Tg(WT-E3) mice is insoluble and can be immuno-
precipitated by 15B3 antibody. A, Brain lysates prepared from mice of the following genotypes
and ages were subjected to ultracentrifugation at 186,000 � g for 40 min, and PrP in the
supernatants (S lanes) and pellets (P lanes) was analyzed by Western blotting using 6D11
antibody: non-Tg/Prnp �/�, 156 d (lanes 1–2); Tg(WT-E3 �/�)/Prnp 0/0, 162 d (lanes 3– 4);
Tg(WT-E3 �/�)/Prnp 0/0, 162 d (lanes 5– 6); Tg(PG14 �/�)/Prnp 0/0, 156 d (lanes 7– 8). B,
Supernatant and pellet fractions obtained in B were subjected to immunoprecipitation using
the monoclonal antibody 15B3. Immunoprecipitated PrP was analyzed by Western blotting
with antibody 8H4.
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Tg(WT-E1�/�) mice was much lower
than in Tg(WT-E3) mice, and was
variable.

Tg(WT-E3�/�) mice also showed se-
vere cerebellar atrophy, accompanied by
marked reduction in the number of gran-
ule cells and thinning of the molecular
layer (Fig. 6C). Milder cerebellar degener-
ation was seen also in Tg(WT-E3�/�)
mice, which displayed moderate reduction
in thickness of the cerebellar cortex com-
pared with Tg(WT-E1�/�) mice (Fig. 6,
compare B and A).

Immunohistochemical staining using
anti-GFAP antibody demonstrated prom-
inent astrocytosis, predominantly in the
cerebellum, of Tg(WT-E3�/�) mice, while
astrocytosis was mild or absent in other
areas showing PrP deposits. Staining was
most prominent in the white matter (data
not shown), and in the molecular layer,
which displayed markedly hypertrophied
Bergmann glial fibers (Fig. 6 I). Less prom-
inent GFAP staining was observed in the
cerebellum of older Tg(WT-E3�/�) and
Tg(WT-E1�/�) mice, particularly in the
Purkinje and granule cell layers (Fig.
6G,H). However, similar GFAP immuno-
reactivity was also observed in older
non-Tg mice (data not shown).

Tg(WT-E3) mice show synaptic pathology
Electron microscopic examination of the cerebella of both
Tg(WT-E3�/�) and Tg(WT-E3�/�) mice revealed two kinds of
abnormalities. First, as expected from the light microscopic anal-
ysis, we observed degenerating granule neurons which displayed
fragmented, osmiophilic nuclei characteristic of apoptosis (Fig.
8A). Second, prominent synaptic abnormalities were observed.
The neuropil of the molecular layer contained synaptic terminals
that were markedly enlarged, and contained redundant, spiral,
membranous structures (Fig. 8B–E). These membranes sur-
rounded mitochondria and large numbers of synaptic vesicles in
the cytoplasm (Fig. 8C–E). Pre- and postsynaptic membrane spe-
cializations were well preserved, and collections of vesicles could
be observed adjacent to the presynaptic membrane (Fig. 8C,
arrows).

Tg(WT-E3) mice show internucleosomal DNA cleavage in
the cerebellum
To confirm that neuronal degeneration in the cerebella of
Tg(WT-E3) mice was apoptotic, as suggested by electron micro-
scopic analysis (Fig. 8A), we checked for the presence of internu-
cleosomal cleavage of DNA. When DNA was extracted from cer-
ebella of Tg(WT-E3) mice and analyzed by gel electrophoresis, a
characteristic 200 base-pair ladder was observed in Tg(WT-E3)
mice (Fig. 9). DNA laddering was less intense in Tg(WT-E3�/�)
compared with Tg(WT-E3�/�) mice (compare lanes 4 and 6),
consistent with the lower degree of cerebellar atrophy and gran-
ule cell loss observed in the hemizygous mice. In Tg(WT-E1�/�)
no internucleosomal DNA cleavage was detected (Fig. 9, lane 2),
whereas intense DNA laddering was observed in Tg(PG14) cere-
bella (lane 8), as previously reported (Chiesa et al., 2000, 2005).

Discussion
We have engineered transgenic mice that over-express wild-type
mouse PrP by either �5-fold or �10-fold. Both kinds of mice
accumulated large numbers of coarse PrP deposits in the cere-
brum, cerebellum and brainstem, and showed dramatic prolifer-
ation of synaptic terminal membranes. Animals with the highest
PrP levels developed a spontaneous neurodegenerative illness
characterized clinically by tremor and paresis. The over-
expressed PrP in these animals assumed an insoluble form that is
mildly protease-resistant and recognizable by aggregation-
specific antibodies (this work), but that is not infectious in trans-
mission experiments (Chiesa et al., 2003). Together, these results
demonstrate that noninfectious aggregates of wild-type PrP are
neurotoxic, particularly to synapses, and they suggest common
pathogenic mechanisms shared by prion diseases and nontrans-
missible neurodegenerative disorders associated with protein
misfolding.

Correlation between PrP over-expression, aggregation, and
neurological disease
Clinical symptoms developed in Tg(WT-E3�/�) mice, whose
PrP level in the brain was 9 –12 times higher than in nontrans-
genic mice, and at least twice as much as the level in Tg(WT-
E1�/�) or Tga20 mice, which remain healthy. The wild-type PrP
coding sequence of the E3 transgene was confirmed by sequenc-
ing after PCR amplification of mouse tail DNA, ruling out the
possibility that this molecular clone had spontaneously acquired
pathogenic mutations. Tg(WT-E3�/�) mice, which had a PrP
expression level 4 –7 times higher than in nontransgenic animals,
accumulated reduced numbers of PrP deposits in the cerebellum
and displayed a smaller amount of aggregated PrP by biochemical
assays, although these animals remained healthy. These results

Figure 5. PrP in the brains of Tg(WT-E3) mice is mildly protease resistant. A, Brain lysates from mice of the following genotypes
and ages were incubated with 0 –3 �g of PK for 30 min at 37°C, and PrP was visualized by Western blotting using antibody 3F4:
Tg(WT-E3 �/�)/Prnp �/�, 247 d (lanes 1– 4); Tg(WT-E3 �/�)/Prnp �/�, 247 d (lanes 5– 8); Tg(WT-E3 �/�)/Prnp 0/0, 202 d
(lanes 9 –12); Tg(WT-E3 �/�)/Prnp 0/0, 202 d (lanes 13–16); Tg(PG14-A3 �/�)/Prnp 0/0, 291 d (lanes 17–20); Tg(PG14-A3 �/

�)/Prnp 0/0, 146 d (lanes 21–24). The undigested samples (0 �g/ml PK) represent 50 �g of protein, and the other samples
represent 200 �g of protein. B, Brain lysates from mice of the following genotypes and ages were incubated with 0 –50 �g of PK
for 60 min at 4°C, and PrP was visualized by Western blotting with antibody 6D11: non-Tg/Prnp �/�, 156 d (lanes 1–5),
Tg(WT-E3 �/�)/Prnp 0/0, 162 d (lanes 6 –10); Tg(WT-E3 �/�)/Prnp 0/0, 162 d (lanes 11–15); Tg(PG14 �/�)/Prnp 0/0, 156 d
(lanes 16 –20). Each sample represents 100 �g of protein.
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suggest a direct correlation between PrP expression level, PrP
aggregation/cerebral deposition, and clinical illness. They also
suggest that a threshold level of aggregated PrP is necessary to
produce clinical symptoms, and that mice with a modest degree
of PrP over-expression may accumulate insufficient aggregated
PrP to cause overt neurological disease during their lifetimes.
Consistent with this idea, we observed a small fraction of insolu-
ble, 15B3-reactive PrP in Tga20 and Tg(WT-E1�/�) mice (data
not shown). These mice never developed neurological symp-
toms, although Tg(WT-E1�/�) mice did sometimes display mild
PrP deposition in the cerebellum (Fig. 6A,D).

Although we have emphasized the idea that PrP aggregates are
the cause of neurodegeneration in Tg(WT-E3) mice, it is also possi-
ble that high levels of PrP may be toxic in some other way, for exam-
ple, by saturating or over-stimulating a normal metabolic or signal-
ing pathway activated by PrPC (Westergard et al., 2007).

Over-expressed wild-type PrP is aggregated and
conformationally altered, but is not infectious
A fraction of PrP in the brains of Tg(WT-E3) mice displayed
biochemical features typical of PrP Sc, such as insolubility in non-
denaturing detergents, protease resistance (particularly at 4°C),
and reactivity with the aggregation-specific antibody 15B3. These
observations indicate that a subset of PrP molecules in Tg(WT-
E3) brains are conformationally altered in a way that distin-
guishes them from PrP C. In previous experiments, we demon-
strated that Tg(WT-E3) brain homogenates failed to induce
disease when inoculated intracerebrally into CD1 or Tg(WT-E1)
mice (Chiesa et al., 2003). Thus, aggregates of wild-type PrP in
Tg(WT-E3) mice, although associated with neuropathology, do
not represent infectious PrP Sc.

This dissociation of neurotoxicity and infectivity is also ob-
served in Tg(PG14) mice which express PrP harboring a nine-

Figure 6. Neuropathological findings in the cerebella of Tg(WT-E3) mice. A–I, Sections of cerebellum were stained for PrP with 3F4 antibody (A–F ), or for GFAP (G–I ). A, Cerebellum of a healthy
Tg(WT-E1 �/�)/Prnp 0/0 mouse at 451 d of age appears normal in size. Some PrP deposition is detected in the white matter. B, Cerebellum of a healthy Tg(WT-E3 �/�)/Prnp 0/0 mouse at 348 d of
age. There is moderate atrophy of the cerebellar cortex, with positive PrP staining in the molecular layer. C, Cerebellum of a terminally ill Tg(WT-E3 �/�)/Prnp 0/0 mouse at 348 d of age. There is
severe atrophy of the cerebellum with reduction in the thickness of the molecular and granule cell layers. PrP deposition is seen throughout the molecular layer. D, Cerebellar cortex of the same
mouse as shown in panel A. A few focal deposits of PrP are present. E, Cerebellar cortex of a healthy Tg(WT-E3 �/�)/Prnp 0/0 mouse at 514 d of age. There are numerous, punctate deposits of PrP
in the molecular layer. F, Cerebellar cortex of a terminally ill Tg(WT-E3 �/�)/Prnp 0/0 mouse at 514 d of age. Larger and more numerous PrP deposits are seen in the molecular layer; some PrP
deposition is also apparent in the granule cell layer. G, Cerebellar cortex of the same mouse shown in panel A. Positive staining for GFAP is visible in the granule and Purkinje cell layers, although this
staining is similar to what is seen in non-Tg mice (data not shown). H, Cerebellar cortex of the same mouse shown in panel E. Positive staining for GFAP is visible in the granule and Purkinje cell layers,
similar to the mouse shown in panel G. I, Cerebellar cortex of the same mouse shown in panel F. There is intense GFAP staining throughout the cortex, with marked hypertrophy of Bergmann glial
fibers in the molecular layer. Scale bars: (in A) A–C, 400 �m; (in D and G) D–I, 25 �m.
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octapeptide insertional mutation (Chiesa
et al., 1998, 2000). These animals display a
neurodegenerative phenotype accompa-
nied by aggregation and cerebral deposi-
tion of a mildly protease-resistant and
conformationally altered form of mutant
PrP (Chiesa et al., 2003). Together, our
studies of Tg(PG14) and Tg(WT-E3) mice
demonstrate that misfolded forms of PrP
distinct from PrP Sc represent the primary
pathogenic species in some prion diseases.
We have referred to these noninfectious,
neurotoxic forms collectively as PrP toxic

(Chiesa and Harris, 2001), and we have
begun attempts to define how they differ
structurally from PrP Sc. Our studies of
PG14 PrP indicate that although PrP toxic

and PrP Sc share a number of biochemical
properties (Biasini et al., 2008a), one dis-
tinguishing feature lies in the size and
compactness of the aggregates they form:
PrP toxic represents small, loosely packed
oligomers consisting of �20 –30 PrP mol-
ecules, while PrP Sc is comprised of less eas-
ily dissociated aggregates containing sev-
eral hundred PrP subunits (Chiesa et al.,
2003). It will be interesting to see whether
aggregates of wild-type PrP from Tg(WT-
E3) mice are structurally similar to aggre-
gates of mutant PrP from Tg(PG14) mice.

PrP aggregation and synaptic toxicity
One striking neuropathological feature of Tg(WT-E3) mice is the
presence of abnormally enlarged synaptic terminals in the cere-
bellar molecular layer. These structures are composed of a pro-
liferation of synaptic membranes enclosing mitochondria and
synaptic vesicles. Several kinds of spiral membrane inclusions or
invaginations have been described in neurons in the brains of
scrapie-infected animals (Jeffrey et al., 2008), but these do not
resemble the enlarged synaptic structures seen in Tg(WT-E3)
mice. A number of observations indicate that synaptic alterations
are early pathological signs of prion diseases, and an important
determinant of symptomatology (Clinton et al., 1993; Ferrer et
al., 2000; Jeffrey et al., 2000; Cunningham et al., 2003). Synapses
are also a primary target of PG14 PrP aggregates (Chiesa et al.,
2005).

How might over-expressed wild-type PrP cause synaptic pa-
thology? One possibility is that PrP aggregates induced by over-
expression may obstruct fast or slow axonal transport, thereby
inhibiting delivery of proteins to synapses. We have proposed a
similar mechanism to explain synaptic degeneration in Tg(PG14)
mice (Medrano et al., 2008). Oligomerization of PrP at synaptic
sites may also interfere with synaptic function. Consistent with
this idea, synaptosomes isolated from Tg(PG14) cerebella show
impaired depolarization-induced glutamate release (unpub-
lished observations). It is also possible that, since PrP C is a nor-
mal constituent of synaptic membranes (Herms et al., 1999; Bar-
mada et al., 2004), over-expression of the protein may somehow
trigger proliferation of membranous components to accommo-
date the increased amount of PrP and associated molecules.

Recent studies have highlighted the synaptotoxic role of pro-
tein oligomers in other neurodegenerative diseases (Haass and
Selkoe, 2007). For example, oligomeric A� directly alters synaptic

structure and function, and this phenomenon has been proposed
to be a major pathogenic mechanism in Alzheimer’s disease
(Walsh et al., 2002; Kamenetz et al., 2003; Shankar et al., 2008).
Together, these studies suggest that synapses may be particularly
vulnerable to the toxic effects of protein oligomers, and that dis-
rupting such oligomers may represent an effective therapeutic
strategy for alleviating synaptic loss and neuronal dysfunction
(Townsend et al., 2006). By identifying specific synaptic abnor-
malities induced by PrP aggregates, our results highlight impor-
tant pathogenic similarities between prion diseases and other
neurodegenerative disorders.

Comparison with other mice over-expressing wild-type PrP
A neurological illness has also been observed in several indepen-
dent lines of transgenic mice over-expressing wild-type PrP from
sheep, Syrian hamster, or mouse (Prnpb allele) (Westaway et al.,
1994). In each of these lines, transgene expression was driven by a
Prnp cosmid from the corresponding species, and the degree of
over-expression achieved was �7– 8-fold. Symptoms appeared
late (�450 d), and included truncal ataxia, hind limb paralysis
and tremors. Pathological abnormalities in these animals in-
cluded focal CNS vacuolation, necrotizing myopathy, and demy-
elinating polyneuropathy. Of note, no cerebral PrP deposits sim-
ilar to those displayed by Tg(WT-E3) mice were detected in the
CNS. Brain and muscle tissue from the mice described by West-
away et al. (1994) did not contain detectable amounts of PrP
27–30 after digestion at 37°C with 20 �g/ml proteinase K, al-
though trace amounts of undigested PrP were visible. In light of
our results with Tg(WT-E3) mice, we predict that a fraction of
aggregated, misfolded PrP was likely present in those samples,
and would have been revealed by cold PK digestion or 15B3
immunoprecipitation.

In a second study, Huang et al. (2007) used a tetracycline-

Figure 7. PrP deposits are detected by two different antibodies in Tg(WT-E3) mice, and are absent in nontransgenic control
mice. A–D, Cerebellar sections from a nontransgenic control mouse at 830 d of age (A, C) and a clinically ill Tg(WT-E3 �/�)/
Prnp 0/0 mouse at 330 d of age (B, D) were stained with monoclonal antibody 3F4 (A, B) which reacts exclusively with transgenic
PrP, or with monoclonal antibody 95–108 (C, D) which reacts with both transgenic and endogenous PrP. Numerous PrP deposits
are detected using both antibodies in the molecular and granule cell layers of the Tg(WT-E3 �/�) mouse. In contrast, no PrP
staining is seen with either antibody in the non-Tg mouse. Scale bar, (in A) A–D, 20 �m.
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regulated promoter to drive over-expression of wild-type human
PrP specifically in skeletal muscle, a tissue that typically has a
relatively low endogenous level of PrP [�20% of that in brain
(Chiesa et al., 2001)]. These mice developed a primary myopathy,
accompanied by accumulation of weakly protease-resistant PrP
as well as increased production of the C1 physiological cleavage

fragment of PrP. These results demon-
strate that high levels of PrP can produce
peripheral as well as CNS pathology, a
conclusion also supported by the study of
Westaway et al. (1994). Consistent with
this idea, preliminary histological analysis
of the skeletal muscle of Tg(WT-E3) mice
revealed features indicative of muscle pa-
thology, such as degenerating fibers, fibers
with central nuclei and marked variation
in size (data not shown).

Interestingly, not all mice over-expressing
wild-type PrP develop a spontaneous neu-
rological illness, as exemplified by the
Tg4053 and Tg294 lines, which express
murine PrP or 3F4-tagged murine PrP at 8
and 16 times endogenous levels, respec-
tively (Telling et al., 1996; Supattapone et
al., 2001). The explanation for these excep-
tions is unknown.

Relevance to natural prion diseases
Our data indicate that, even in the absence
of artificial or disease-associated muta-
tions, PrP has a measurable tendency to
aggregate, and that over-expression accen-
tuates this tendency, resulting in develop-
ment of neurological disease. Aggregation
of proteins induced by over-expression is a
well known phenomenon, and presum-
ably reflects saturation of cellular mecha-
nisms such as chaperones that normally
prevent protein misfolding and aggrega-
tion (Muchowski and Wacker, 2005; Hi-
nault et al., 2006). Interestingly, small
amounts of insoluble and protease-
resistant PrP were recently described in
normal human brains at autopsy, suggest-
ing that PrP may misfold and aggregate
even when expressed at physiological level
(Yuan et al., 2006). Thus, Tg(WT-E3) and
related mice may be revealing a phenome-
non that occurs in normal brain, but that is
usually held in check by physiological pro-
cesses such as chaperone-mediated refold-
ing or proteasomal degradation. It is pos-
sible that normal aging may impair these
compensatory pathways, resulting in the
age-dependent increase observed for spo-
radic prion diseases, as well as for other
neurodegenerative disorders.
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