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Gerstmann–Sträussler–Scheinker syndrome (GSS) is a genetic prion disease typified clinically by the development of progressive ataxia
and dementia, and histopathologically by the presence of prion protein (PrP) amyloid plaques in the CNS, especially within the cerebel-
lum. Several mutations of the PrP gene (PRNP) are associated with GSS, but only the P102L mutation has been convincingly modeled in
transgenic (Tg) mice. To determine whether other mutations carry specific GSS phenotypic information, we constructed Tg mice that express
PrP carrying the mouse homolog of the GSS-associated A117V mutation. Tg(A116V) mice express approximately six times the endogenous
levels of PrP, develop progressive ataxia by �140 d, and die by �170 d. Compared with a mouse model of transmissible Creutzfeldt–Jakob
disease (CJD), the ataxia of Tg(A116V) mice is more prominent, and the course of disease is more protracted, paralleling that observed in human
disease. Neuropathology includes mild scattered vacuolation and prominent, mainly cerebellar localized, thioflavin S-positive PrP plaques
comprised of full-length PrPA116V. In some mice, more prominent vacuolation or a noncerebellar distribution of PrP plaques was evident,
suggesting some variability in phenotype. The biophysical properties of PrP from Tg(A116V) mice and human GSS(A117V) revealed a similarly
low fraction of insoluble PrP and a weakly protease-resistant �13 kDa midspan PrP fragment, not observed in CJD. Overall, Tg(A116V) mice
recapitulate many clinicopathologic features of GSS(A117V) that are distinct from CJD, supporting PrPA116V to carry specific phenotypic infor-
mation. The occasional variation in histopathology they exhibit may shed light on a similar observation in human GSS(A117V).

Introduction
Prion diseases are invariably fatal neurodegenerative disorders that
result from accumulation of misfolded pathogenic isoforms (PrPSc)
of the normal prion protein (PrPC) (Prusiner, 1998). Several muta-
tions of the PrP gene (PRNP) are known to cosegregate with one of
three major clinicopathologic phenotypes, including Creutzfeldt–
Jakob disease (CJD), Gerstmann–Sträussler–Scheinker syndrome
(GSS), and fatal insomnia. Although there is considerable overlap
among them, these disease subtypes are distinguished on the basis of
broadly defined clinical presentations, specific histopathological fea-
tures, and a characteristic PrPSc conformation, indirectly defined by
the Western blot pattern of proteinase K (PK)-resistant PrPSc

(rPrPSc) (Collinge et al., 1996). Of the two most common pheno-
types, the core clinicopathologic features of CJD include the onset of
rapidly progressive dementia, subsequent development of ataxia,
and pronounced spongiform degeneration of the brain, whereas
GSS is typified by the onset of ataxia, a protracted course, the late
development of dementia, and the presence of PrP amyloid plaque

deposits in the brain (Mastrianni, 1998). The rPrPSc associated with
CJD is generally easily detectable and comprised of three major frac-
tions of rPrPSc, representing amino-truncated (PrP90–230) mono-
glycosylated, diglycosylated, and unglycosylated PrPSc, known as
PrP27–30, whereas that found in GSS is a less prominent, unglyco-
sylated fragment ranging in size from 7 to 14 kDa, depending on the
mutation with which it is associated (Piccardo et al., 2001).

It is predicted that mutations within PRNP increase the pro-
pensity for PrP C to misfold into specific conformations of PrP Sc

that define the clinical, pathologic, and rPrP Sc properties of each
(Prusiner, 1998; Gambetti et al., 2003). To better understand the
pathogenesis of familial prion diseases and to confirm linkage of
specific mutations to specific phenotypes, several transgenic (Tg)
mouse lines expressing mouse (Mo) or human (Hu) PrP with
disease-associated mutations have been constructed (Weissmann
and Flechsig, 2003). Although multiple mouse lines that express
CJD-linked mutations, including T183A (DeArmond et al.,
1997), E199K (Telling et al., 1996), a nine octarepeat segment
insertion (Chiesa et al., 1998), and the D178N mutation (Dossena
et al., 2008) have been generated, with varying success, only one
GSS-linked mutation (P102L) has, thus far, been successfully
modeled in mice (Hsiao et al., 1990, 1994).

To begin to confirm linkage of additional mutations to spe-
cific prion disease phenotypes, we constructed a Tg mouse line
that expresses mouse PrP carrying an A116V mutation, the ho-
molog of the GSS-associated A117V mutation. We show that
these mice develop clinical, pathologic, and PrP Sc characteristics
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that are distinct from human CJD and a mouse model of trans-
missible CJD, but overlap significantly with GSS(A117V), includ-
ing the presence of a faint, but consistently present �13 kDa
rPrP Sc fragment that is not present in CJD and not reported in
other Tg mouse models of prion disease. When viewed in the
context of other mouse models, Tg(A116V) mice support the
hypothesis that specific mutations of PRNP cosegregate with spe-
cific disease phenotypes and PrP Sc conformations, and as such,
they represent an important new transgenic model with which to
study the underlying biology of prion disease and to test potential
therapeutics.

Materials and Methods
Production of transgenic mice. The substitution of valine (V) for methionine
(M) at codon 128 of the mouse Prnp open reading frame was produced by
PCR amplification with Pfu polymerase (Stratagene) using forward and re-
verse primers containing the M128V mutation. The following forward
primer and its reverse complement (data not shown) were used: 5�-
CTTGGTGGCTACGTGCTGGGGAGCGCCATG-3�. The parental DNA
was digested with the DpnI restriction enzyme, and the remaining non-
methylated PCR product was used to transform XL-1 Blue supercompetent
cells (Stratagene). The A116V mutation was introduced into the template
carrying the M128V mutation by a similar process, using the following
forward primer and its reverse complement (data not shown): 5�-CATG-
TGGCAGGGGCTGCGGTGGCTGGGGCAGTAGTGGGG-3�. The Prnp-
A116V/128V construct was amplified from this plasmid using the forward
primer (MoPrP-Xho-5�), 5�-CCCCCCTCGAGACCATGGCGAACCTT-
GGCTACTGGCTGC-3�, and the reverse primer (MoPrP-Xho-3�), 5�-
GGGGGGCTCGAGTCATCCCACGATCAGGAAGATGAGG-3�. PCR
conditions were as follows: 94°C (30 s), 55°C (30 s), and 72°C (60 s) for 30
cycles. The amplified PCR product was digested with XhoI and ligated into
the XhoI cut MoPrP.Xho vector (ATCC JHU-2; American Type Culture
Collection). Recombinant plasmids with inserts in the correct orientation
were selected by restriction analysis and sequencing of the entire coding
segment. The DNA construct was excised from the recombinant plasmids by
digestion with NotI, purified by QIAquick gel extraction kit (QIAGEN), and
injected into pronuclei of fertilized eggs from PrP knock-out [Tg(Prnpo/o)]
parental mice at the University of Chicago Transgenic Mouse Facility.

Transgenic founders were bred to Tg(Prnpo/o) mice, kindly provided by
Stanley Prusiner (University of California, San Francisco, San Francisco,
CA), which have been described in detail previously (Büeler et al., 1992). This
line develops normally and has been repeatedly shown to be resistant to
prion challenge. To screen for the transgene by PCR, genomic DNA was
isolated from weanling tail clips, and 5�-AACCAAGTGTACTACAGG-
CCA-3� (sense) and 5�-GTGGATACCCCCTCCCCCAGCCTAGACC-3�
(antisense) primers, which anneal to an internal coding segment of PrP and
the 3�-untranslated region of the MoPrP.Xho vector are used with the fol-
lowing PCR conditions: 94°C (15 s), 62°C (15 s), and 72°C (60 s) for 42
cycles. The resultant 800 bp product is then subjected to restriction digestion
with PvuII to identify the loss of a cleavage site at codon 116 introduced by
the mutation.

Inoculation of mice. Fresh frozen frontal cortex from a patient with CJD
was used to prepare a 1% w/v brain homogenate in PBS, as previously
described (Mastrianni et al., 1999). A total of 30 �l of brain homog-
enate was intracerebrally inoculated into Tg mice expressing human
PrP C with Met at residue 129 on a mouse PrP knock-out background
[Tg(HuPrP-129M)Prnp o/o], previously constructed and described (Tell-
ing et al., 1994). At the time of injection, the mouse was anesthetized with
a xylazine/ketamine mixture, the head was fixed in a small animal stereo-
taxic instrument (David Kopf Instruments) fitted with mouse ear bars,
the scalp was swabbed with alcohol, and a 25 gauge needle attached to a 1
cc syringe filled with inoculum was lowered 3 mm deep directly through
the scalp into the brain.

Clinical observation of mice. Mice were monitored daily for typical
signs of prion disease in rodents, including ataxia, roughened fur,
hunched posture, and righting reflex. Symptomatic mice were killed, and
the brains harvested when death was imminent. Subtle signs of disease

onset include widened stance of hindlimbs, and paws slipping through
the wires when placed on the wired cage top.

Histological analysis. Mice were asphyxiated with CO2 and perfused via
cardiac puncture with 20 ml of PBS followed by 20 ml of 4% paraformal-
dehyde (Sigma-Aldrich). Brains were stored in 4% paraformaldehyde for
48 h, and then transferred to PBS containing 0.1% sodium azide (Sigma-
Aldrich) until paraffin or Epon embedding. The blocks were cut with a
microtome into 8 �m sections and stained with hematoxylin and eosin
(H&E), periodic acid-Schiff (PAS), or with 0.05% thioflavin S (Sigma-
Aldrich), for detection of amyloid deposits. Vacuolation scoring was
performed by analysis of a single coronal section sampled from four
brain regions, to include neocortex, hippocampus, thalamus, hypothal-
amus, caudate nucleus, pons, and cerebellum. The area occupied by
vacuoles was scored, as previously described (Carlson et al., 1994), with
slight modification. The following scale was used: 0, no vacuoles; 3, oc-
casional vacuolation; 5, mild; 10, mild to moderate; 20, moderate; 30,
moderate to severe; �40, severe.

For PrP immunohistochemistry, slides were baked and deparaffinized
through xylenes and alcohols to water. Hydrolytic autoclaving was used
as the method of antigen retrieval. Slides were then stained using recom-
binant F(ab) antibody Est123, HumP, D18, and R2 (InPro) against the
N-terminal, central, and C-terminal residues of MoPrP. Visualization of
these recombinant antibodies was accomplished using biotinylated anti-
human IgG (Vector Laboratories).

For the evaluation of astrocytosis, 8 �m paraffin sections were stained
with a rabbit antiserum against glial fibrillary acidic protein (GFAP)
(Dako) using an automated tissue stainer (Ventana) after antigen re-
trieval in a citrate buffer at pH 6 for 40 min at 98°F.

Biochemical analyses of PrP. Fresh frozen brain was used to prepare
10% (w/v) brain homogenates in lysis buffer (20 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 0.5% Na-deoxycholate).
For deglycosylation, a 20 �l aliquot (20 �g) was incubated for 1 h at 37°C
with PNGase F (New England Biolabs) according to the manufacturer’s
instructions. To detect protease-resistant PrP, brain homogenate was
incubated with varying concentrations of PK for 1 h at 37°C and stopped
with 2 mM phenylmethylsulfonyl fluoride. For the solubility assay, 10%
brain homogenates were prepared in lysis buffer and centrifuged at 4°C
for 1 h at 100,000 � g in a Sorvall RC M120EX ultramicrocentrifuge and
T-100 rotor. The pellet was washed once with lysis buffer, centrifuged
again, and then resuspended in the starting volume of lysis buffer. Equal
fractions of supernatant and pellet were subjected to analysis by Western
blotting. For all Western blots, 14% polyacrylamide gels were used for
SDS-PAGE, and proteins were transferred to polyvinylidene difluoride
membranes that were probed with anti-PrP monoclonal 3F4 antibody
(gift from Richard Kascsak, Staten Island, NY) at 1:5000 dilution, fol-
lowed by goat-anti-mouse IgG secondary antibody (1:5000; Santa Cruz
Biotechnology) to detect human PrP, or anti-mouse PrP recombinant
F(ab) D13 or D18 antibody (InPro) at 1:3000 dilution and goat anti-
human IgG secondary antibody (1:5000; Santa Cruz Biotechnology).
Signal was detected on a Chemi Doc XRS imager (Bio-Rad), using Su-
perSignal West Pico chemiluminescent substrate (Pierce). For dot blot
analysis, equal volumes of 1% brain homogenates were serially diluted in
lysis buffer and passed through a nitrocellulose membrane by vacuum
before immunoblotting, using a Bio-Rad Bio-dot. Quantitation of dot
blot was performed using Quantity One software (Bio-Rad) by plotting
density measurements against the dilution factor in the linear range of
signal.

Results
Construction of transgenic mice and analysis of
PrP expression
To model GSS(A117V), we constructed MoPrP cDNA with a Val
(GTG) substitution for Ala (GCA) at codon 116, the mouse Prnp
gene equivalent of human PRNP A117V. We also introduced a
Val at position 128, since Val coding at the polymorphic codon
129 is invariably allelic with the A117V mutation in all reported
cases of GSS(A117V). Although its role in GSS is not known, the
polymorphic codon 129 is well known to modify disease risk
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and/or phenotype of sporadic and some genetic forms of prion
disease (Goldfarb et al., 1992; Gambetti et al., 2003). As such, we
considered it to be important to accurately model GSS(A117V).
The construct was ligated into the MoPrP.Xho vector and micro-
injected into the pronuclei of fertilized eggs from mice with an
ablated PrP gene (Prnp o/o). The MoPrP.Xho vector includes the
promoter and intron 1 region of the MoPrP gene, thereby mir-
roring expression of endogenous PrP. A founder was obtained
and bred to Prnp o/o mice to establish the parental Tg(MoPrP-
A116V,128V)Prnp o/o line, which we officially designated Tg1309,
but refer to here as Tg(A116V) mice.

Western blot of whole-brain homogenates prepared from
Tg(A116V) mice show that PrP A116V is expressed as three major
fractions ranging from �25 to 35 kDa, representing unglycosy-
lated, monoglycosylated, and diglycosylated PrP (Fig. 1A). The
pattern and predominance of PrP A116V glycoforms was similar to
wild-type (WT) PrP C of non-Tg mice. The relative expression
levels of the transgene in asymptomatic (30-d-old) and symp-
tomatic (150-d-old) Tg(A116V) mice were compared with
endogenous PrP expression of 150-d-old WT mice by semiquan-
titative dot blot analysis of serially diluted total-brain homoge-
nate. PrP levels in young Tg(A116V) mice are approximately four
to six times that of WT mice, but in older, symptomatic mice, the
level of PrP is nearly eight times that of WT, suggesting accumu-
lation of PrP A116V (Fig. 1B,C).

Spontaneous neurological symptoms in Tg(A116V) mice
Tg(A116V) mice display normal development and activity until
�5 months of age (mean onset, �148 � 4 d; n � 15), when they
begin to manifest subtle but clear signs of ataxia, including wid-
ened stance and unsteady gait. These symptoms progress steadily
over the course of �30 � 3 d, leading to the development of
severe ataxia with excessive falling, difficulty righting, and death
at 176 � 3 d (range, 150 –196 d) (Fig. 2A). To determine whether
this phenotype was distinct, we compared
it directly to a mouse model of transmis-
sible CJD. A group of six Tg mice that ex-
press HuPrP on an ablated mouse PrP
background [i.e., Tg(HuPrP)Prnpo/o] were
intracerebrally inoculated with a 1% w/v
brain homogenate prepared from a case
of sporadic Creutzfeldt–Jakob disease
(sCJD) that was homozygous for Met at
codon 129 (i.e., 129MM) and carried typ-
ical type 1 rPrP Sc (i.e., �21 kDa migration
rate of the unglycosylated fraction). Al-
though the onset of disease may vary among
sCJD types, we used sCJD(129MM1) since
it produces disease after an incubation pe-
riod that is relatively similar to the age at
onset of Tg(A116V) mice, which allows us
to make a reasonable comparison of the du-
ration of disease with Tg(A116V). CJD-
inoculated mice developed symptoms at
160 � 5 d (n � 6) and a mean time to death
of 170 � 4 d, resulting in a much shorter
disease duration of 9 � 1 d (Fig. 2B–D). In
addition, the clinical phenotype differed
strikingly between the two; the ataxia of
CJD-inoculated mice was preceded by other
features, including decreased exploratory
behavior and physical signs of rough coat,
hunched back, and wasting, all of which de-

Figure 1. PrP A116V in Tg(A116V) mice. A, Western blot of brain homogenates from
Tg(A116V) and WT mice displays a similar pattern and proportion of PrP glycoforms. B, Serially
diluted whole-brain homogenates from 30-d-old asymptomatic and 150-d-old symptomatic
Tg(A116V) mice, compared with 150 d-old WT mice. C, Plot of densitometric quantification of
dot blot. At a young age, Tg(A116V) mice express approximately six times the normal level of
PrP C. When symptomatic, the total level is approximately eight times that of WT mice, suggest-
ing accumulation of PrP. The image was processed on a Bio-Rad XRS document imager, and
Quantity One software (Bio-Rad) was applied to calculate the relative density against the dilu-
tion factor. Anti-mouse PrP D13 F(ab) antibody was used in each case.

Figure 2. Characteristics of spontaneous disease in Tg(A116V) mice. A, Kaplan–Meier survival curve of the rate of death plotted
as a function of age in 15 Tg(A116V) mice. B, Mean age at symptom onset (in days) of 15 Tg(A116V) mice (onset, 148 � 4 d)
compared with an incubation period of 160 � 5 d in 6 Tg(HuPrP)Prnp o/o mice that were intracerebrally inoculated with
CJD(129MM1) brain homogenate. C, Mean age at death (in days) of Tg(A116V) mice was 176 � 3 d, compared with the time to
death from inoculation of 170 � 4 d in CJD-inoculated Tg(HuPrP)Prnp o/o mice. D, Duration of disease in Tg(A116V) mice was 30 �
3 d, compared with a very rapid 9 � 1 d, in CJD-inoculated Tg(HuPrP)Prnp o/o mice ( p � 0.001, Student’s t test).
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veloped long after ataxia had developed in Tg(A116V) mice. Finally,
the ataxia in CJD-inoculated mice was notably less severe and best
characterized as a teetering gait, compared with the exaggerated
ataxic movements of Tg(A116V) mice (see video supplement 1,
available at www.jneurosci.org as supplemental material).

Neuropathological changes in Tg(A116V) mice
The most characteristic feature was the presence of PrP-
immunopositive plaques, which were easily identified by H&E,
PAS, and PrP immunohistochemical (IHC) stains in all mice ana-
lyzed (Fig. 3). Most plaques had irregular round to oval shapes
and measured 30 –50 �m in greatest dimension and consisted of
a single deposit, although smaller numbers of plaques displayed a
central core surrounded by a halo of smaller PrP-positive depos-
its, similar to those that characterize human GSS (DeArmond et
al., 2002). The plaques were stained with thioflavin S, confirming
them to be true amyloid (Fig. 3E). To assess the overall regional
distribution of PrP plaques, the mean number of total plaque

counts from three tissue slices within each
of four brain regions was analyzed in
seven symptomatic Tg(A116V) mice.
Overall, the cerebellum contained the
highest numbers of plaques (mean � SE,
26 � 4), especially the granule cell layer,
compared with all other regions com-
bined (mean � SE, 5.0 � 0.32) (Fig. 3,
Table 1). Interestingly, a variability in
plaque deposition was notable in some
mice, such as mouse E, in which plaques
were not evident in the cerebellar sections
analyzed, although they were present
in high numbers in hippocampus, and
mouse F, in which they were evenly dis-
tributed among the cerebellum, neocor-
tex, and caudate. Because all mice develop
profound and progressive ataxia, these
findings suggest that the presence of
plaques in the cerebellum is not a requisite
for the ataxic phenotype, but their pres-
ence may hasten the onset of symptoms.

Although the dominant neuropatho-
logical feature of CJD in humans and
rodent models of CJD and scrapie, is vac-
uolation (i.e., spongiform degeneration)
that occupies 20–90% of the cross-sectional
area of cerebral gray matter, spongiform
degeneration in GSS is typically mild.
Consistent with this, the gray matter of
Tg(A116V) mice contained sparse num-
bers of typical prion disease vacuoles (Fig.
3A,B,D), compared with CJD-inoculated

mice that showed no plaque and prominent vacuolation (data
not shown). A comparison of the regional vacuolation among
eight brain regions within seven terminally ill Tg(A116V) mice
suggested the thalamus to be the most affected area and the hy-
pothalamus and molecular layer of the cerebellum to be the least
affected (Fig. 4A). However, when individual mice were com-
pared (Fig. 4B), it was clear that the majority had very low levels
of spongiform degeneration, whereas mice B and F were excep-
tions that skewed the results of the distribution means. Mouse B
had moderate-to-severe levels of vacuolation, especially within
the thalamus and caudate, whereas mouse F had moderate levels,
primarily within the thalamus. When compared with the plaque
distribution of these “outlier” mice, no specific relationship was
observed, although as a group, the thalamus had a higher level
of spongiform degeneration but lacked plaque pathology. In
contrast, within the cerebellum, vacuolation was more prom-
inent within the granule cell layer, in association with plaque
deposition.

IHC staining with anti-GFAP antibody revealed gliosis that
was severe in the cerebellar cortex and moderate in the hip-
pocampus (Fig. 3C,F) and brainstem, but patchy in the thalamus
(data not shown). The neocortex, caudate, and septum lacked
obvious gliosis.

Plaques are composed of full-length PrP
IHC staining of PrP plaques in human GSS has been previ-
ously described (Ghetti et al., 1996). The central core appears
to be composed of truncated PrP peptides, whereas the pe-
riphery of the plaques is stained by N- and C-terminal-specific
PrP antibodies, suggesting that N- and C-terminal cleavage

Figure 3. Neuropathological characteristics of Tg(A116V) mice. A, H&E stain shows sparse numbers of vacuoles in the hip-
pocampus (CA1). B, PrP IHC with R2 antibody shows two PrP-positive amyloid plaques surrounded by vacuoles (florid plaques) in
the hippocampus. C, GFAP IHC shows a moderate degree of reactive astrocytic gliosis in the hippocampus. D, PrP IHC (R2 antibody)
shows PrP-positive amyloid plaques in the granule cell layer of the cerebellar cortex, as well as smaller punctate PrP-
immunopositive deposits in both the molecular layer ( M) and granular cell layer ( G). E, Thioflavin S binds to the PrP plaques and
displays fluorescence under UV light. F, GFAP IHC shows intense radial gliosis in the molecular layer and astrocytic gliosis in the
granule cell layer. Scale bars: (in A) A, C, F, 50 �m; (in B) B, D, E, 50 �m.

Table 1. Plaque distribution of Tg(A116V) mice

Mouse Neocortex Hippocampus Caudate nucleus Cerebellar cortex

A 0 6 10 23
B 1 1 1 34
C 0 0 1 87
D 1 0 4 5
E 11 24 9 0
F 16 6 15 10
G 0 0 0 22

PrP plaque counts from each of four regions, determined as described in Materials and Methods.
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occurs subsequent to plaque formation. To determine whether
plaques in Tg(A116V) mice are composed of full-length PrP or
truncated polypeptide fragments, we immunostained Tg(A116V)
brain sections with four antibodies that recognize the N and C
termini, as well as the central amyloidogenic region, of mature
PrP (Fig. 5). All plaques in all seven mice were intensely and
uniformly immunostained by each of the four antibodies, sug-
gesting, in contrast to human GSS plaques, they are composed of
full-length PrP.

PrP A116V develops properties of PrP Sc

The two principal biophysical properties that distinguish PrP Sc

from PrP C are detergent insolubility and a relative resistance
to PK. We questioned whether PrP A116V expressed in the brain
of Tg(A116V) mice acquires either or both of these properties.
Ten percent (w/v) brain homogenates from a symptomatic
Tg(A116V) mouse, a symptomatic scrapie-inoculated (RML iso-
late) WT mouse, and an uninoculated WT mouse, were prepared
in lysis buffer and centrifuged at 100,000 � g for 1 h at 4°C, to
separate insoluble PrP. At 30 d of age, Tg(A116V) mice displayed
a low level of insoluble PrP A116V, which was similar in level to that
recovered from 150-d-old WT mice. However, in 160-d-old
symptomatic Tg(A116V) mice, the insoluble fraction of PrP A116V

is much greater, yet still significantly lower than that recovered
from a symptomatic scrapie-infected WT mouse, in which it con-
stitutes �90% of total brain-derived PrP (Fig. 6A). To determine
whether the relatively small fraction of insoluble PrP in
Tg(A116V) mice is a characteristic of human GSS, or a feature
specific to these mice, we prepared similar fractions of human
brain homogenates from a normal brain, one affected with
GSS(A117V), and one with sCJD(129MM1). The insoluble frac-
tion of PrP in GSS(A117V) is evident but significantly lower than
that from a representative case of sCJD(129MM1) (Fig. 6B).
Thus, the small fraction of insoluble PrP in Tg(A116V) mice
compares extremely well with GSS(A117V) and contrasts with
the large fraction of insoluble PrP in hu-
mans with CJD.

rPrP Sc is relatively low and often diffi-
cult to detect in GSS, however; when
present, it is characterized by the presence
of small PrP fragments, ranging from 6 to
14 kDa, that represent the central segment
of PrP that has been N- and C-terminally
cleaved (Piccardo et al., 2001; Tagliavini et
al., 2001). To assess the presence of rPrP Sc

in Tg(A116V) mice, we subjected 5% w/v
brain homogenates from 160-d-old symp-
tomatic mice and human GSS(A117V) to a
range of 1–50 �g/ml PK for 1 h at 37°C,
and assayed by Western blot. Using D13
antibody (residues 96-106) to detect
mouse PrP and 3F4 (residues 109-112) to
detect human PrP, we identified a faint
�13 kDa PrP fragment in 160-d-old
symptomatic Tg(A116V) mice that corre-
sponded to a similarly sized fragment in
human GSS(A117V). The relative resistance to PK of this band is
modest in both mice and humans, as it could not be readily
detected beyond a concentration of 10 �g/ml PK, although the
relative proportion of this fragment from human GSS was
greater than from Tg(A116V) mice (Fig. 7 B,C). This fragment
appears to be disease-associated, since it was not detected in
60-d-old asymptomatic Tg(A116V) mice (Fig. 7A).

Endogenous cleavage of PrP in Tg(A116V) differs from
CJD-inoculated mice
PrP undergoes endocytic recycling and processing to yield two
principal C-terminal fragments, C1 and C2, that differ in size and
relative proportions in normal and prion-affected brain (Chen et
al., 1995). Because they are glycosylated, these endogenously
cleaved fragments are better visualized after deglycosylation. C1

Figure 4. Regional vacuolation of Tg(A116V) mice. A, Mean vacuolation scores from eight
brain regions of seven symptomatic Tg(A116V) mice. NC, Neocortex; Hp, hippocampus; Th,
thalamus; Hy, hypothalamus; Cd, caudate nucleus; pons; cbm, cerebellum molecular layer; cbg,
cerebellum granular layer. The scoring system is described in Materials and Methods. The
dashed line represents the limit at which vacuolation is reliably detected (score, 3). Error bars
indicate SEM. B, The individual vacuolation scores of each of seven mice are plotted. The ma-
jority of scores were similarly low among the group, with the exception of mouse B, which
displayed much higher levels in thalamus and caudate. Mouse F also had more prominent
vacuolation in the thalamus, compared with the remainder of the group.

Figure 5. PrP amyloid plaques in Tg(A116V) mice are composed of full-length PrP A116V. IHC was performed using four PrP
antibodies that recognize four distinct regions of mature PrP23-230, as indicated. All plaques are from the granule cell layer of the
cerebellar cortex. “No Primary Ab” signifies all of the IHC steps were performed except incubation of the slide with a primary
anti-PrP antibody.
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is an �18 kDa C-terminal fragment that results from the cleavage
of PrP at residue �111, by metalloproteinases, whereas C2 is a
�21 kDa C-terminal fragment resulting from cleavage at residue
�90 that is attributed to calpain activity on the conformationally
altered PrP (Vincent et al., 2001; Yadavalli et al., 2004). To deter-
mine whether endogenous processing of PrP A116V in affected
Tg(A116V) mice differs from rPrP Sc typically associated with
scrapie or CJD, we compared the Western blot pattern of PNGase
F-treated PrP from Tg(A116V) mice with RML-infected, and
uninfected, WT mice (Fig. 8). Samples were probed with D13
(epitope 96-106) and D18 (epitope 132-158) antibodies to detect
C1 and C2. In each case, the full-length �25 kDa PrP (i.e., PrP23-
231) and the �21 kDa C2 fragment were detected by D13. As
expected, the C2 fraction was very low in noninfected WT mice
and very high in RML-infected WT mice. In Tg(A116V) mice, it
was intermediate in level between the two, but much less than in
RML. When probed with D18, in addition to C2, the �18 kDa C1
fragment that is not recognized by D13 was visualized. Since D18
recognizes both C1 and C2, the relative levels of each fragment
within the same sample can be compared and, because the pro-
tein loads were similar, supported by the similar intensities of the
25 kDa band, a relative comparison of C1 and C2 among the
samples can be made. In WT, C1 was only slightly more promi-
nent than C2, although both are low, relative to full-length PrP.
In RML-infected mice, C2 is severalfold higher than C1, the latter
of which is lower than in WT mice, supporting a predominance
of misfolded PrP that is alternatively cleaved to produce PrP90 –
231. In contrast, the C1 fragment was much more prominent in
Tg(A116V) mice than in WT or RML-infected mice, and al-
though C2 is present in Tg(A116V) mice, it is significantly lower
than in RML-infected mice and only slightly greater than in WT
mice. Thus, PrP A116V from affected mice displays a cleavage pat-
tern that differs significantly from prion disease associated with a
high level of rPrP Sc. The low level of the �13 kDa rPrP Sc frag-
ment in symptomatic Tg(A116V) mice is likely to correspond to
the low level of C2, and may be derived from C2, as both are
recognized by D13.

Discussion
The first and only currently available transgenic mouse shown to
specifically model GSS was produced in 1990 (Hsiao et al., 1990,
1994). These mice express mouse PrP with a P101L mutation to
model human GSS(P102L). With the Tg(A116V) mouse line, we
expand the available resources with which to study genetic prion
disease. In addition, this mouse line further underscores the tenet
that specific mutations of PrP induce specific conformations of
PrPSc that are linked to the clinicopathologic phenotype of disease.

Figure 6. PrP A116V insolubility compares with human GSS(A117V). A, Supernatant (S) and
pellet (P) fractions prepared from brain homogenates of 150-d-old WT mice, asymptomatic
30-d-old and symptomatic 160-d-old Tg(A116V) mice, and a terminally ill scrapie-infected WT
mouse (RML isolate). B, The solubility profiles of PrP from homogenates prepared from normal
human brain (CTL), GSS(A117V), and sporadic CJD, are compared. Brain homogenates prepared
as 10% w/v in lysis buffer and centrifuged at 100,000 � g at 4°C for 1 h to separate insoluble
PrP, as described in Materials and Methods.

Figure 7. A �13 kDa rPrP Sc fragment is detected in symptomatic Tg(A116V) mice and in
GSS(A117V). PK titration of brain homogenates from a 60-d-old asymptomatic Tg(A116V)
mouse (A), a 160-d-old symptomatic Tg(A116V) mouse (B), and human GSS(A117V) (C). Brain
homogenates were digested with indicated concentrations of PK for 1 h at 37°C. Membranes
were probed with D13 for MoPrP detection, and 3F4 to detect human PrP, as labeled. The
open arrowheads indicate the �13 kDa fragments. A single fragment is detected in
Tg(A116V) mice, whereas GSS(A117V) displayed a very faint �15 kDa fragment and a
smaller doublet of �13 kDa.

Figure 8. Mapping endogenous cleavage products of Tg(A116V). Brain homogenates from
an uninfected WT mouse (WT), a clinically sick WT mouse inoculated with mouse-adapted RML
scrapie prions (RML), and a symptomatic (160-d-old) Tg(A116V) mouse (Tg), before (�) and
after (	) deglycosylation with PNGase F, separated by SDS-PAGE on a 16% gel and probed
separately with D13 or D18 antibodies. C1 and C2 are endogenous degradation products of
PrP A116V that differ from typical scrapie.
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Tg(A116V) mice display all the characteristic features of GSS,
which are easily distinguished from CJD and a mouse model of
CJD, including the onset of ataxia, a protracted yet progressive
course to death, and the histological appearance of PrP amyloid
plaques in association with a low level of spongiform degenera-
tion (Farlow et al., 1989; Ghetti et al., 1989). We further show that
the biochemical properties of PrP A116V expressed in Tg(A116V)
mice are remarkably similar to those of human PrP A117V in
GSS(A117V). Whereas CJD and scrapie-infected mice carry a
large fraction of insoluble PrP and rPrP Sc with a migration rate of
�19 –21 kDa, human GSS(A117V) and Tg(A116V) mice harbor
comparably low levels of insoluble PrP and a small fraction of a
�13 kDa rPrP Sc fragment. Several lines of evidence suggest the
conformation of PrP Sc, which is indirectly assessed by the elec-
trophoretic mobility of rPrP Sc, is linked to the phenotype of dis-
ease (Bessen and Marsh, 1992), and the presence of small �7–14
kDa rPrP Sc fragments are associated with human GSS(A117V)
(Piccardo et al., 2001). Thus, the �13 kDa fragment we detect in
Tg(A116V) mice and human GSS(A117V), suggests they are spe-
cific to this mutation and likely the same as the �14 kDa frag-
ment reported by others. Although the level of this fragment is
low, its presence in symptomatic, but not asymptomatic,
Tg(A116V) mice argue that it is disease-associated.

Although it cannot be determined with certainty, it is sus-
pected that this fragment results from the C-terminal cleavage of
the small pool of C2, since both are detected at their N termini by
the D13 antibody, in contrast to the C1 fragment that is cleaved
around residue 111 and, as such, eliminates the D13 epitope.
However, previous work by others suggests the core of
GSS(A117V) plaques are composed of N- and C-terminally trun-
cated PrP polypeptides, which may constitute the 7–14 kDa
rPrP Sc fragments observed by Western blot (Tagliavini et al.,
2001). Immunohistochemical staining of the plaques suggests the
central core of the plaque is composed, at least to some extent, of
PrP polypeptides with either or both ends trimmed, whereas the
periphery of the plaques contain the trimmed ends (Farlow et al.,
1989; Ghetti et al., 1989). This suggests that the plaque may be
formed from full-length PrP that is processed in situ, to generate
the midspan cleavage fragments detected by Western blot. In
support of this, we find the plaques in Tg(A116V) mice to be
composed, at least predominantly, of full-length PrP, based on
the IHC studies. Although it may be possible that a small level of
trimming is present and undetected by IHC, plaque purification
and sequencing will be necessary to confirm this. This finding
may also explain the relatively low levels of the �13 kDa
rPrP Sc fragment in Tg(A116V) mice, compared with human
GSS(A117V). In addition, close examination of Figure 7 suggests
that, in GSS(A117V), but not in Tg(A116V) mice, the �13 kDa
band is already present before PK digestion, supporting the idea
that N- and C-terminal trimming is greater in human GSS
(A117V). The lack of detectable in situ processing of PrP amyloid
in mice could reflect a difference in processing between mouse
and human, or simply reflect the fact that plaque deposits in
human brains are present for years rather than weeks and are
therefore exposed to potential processing events for a much
longer period of time. In any event, our Tg(A116V) mice confirm
that full-length, rather than truncated, PrP A116V is the substrate
for amyloid production.

It is important to note that GSS(A117V) in humans has been
reported to present with either ataxia (Mastrianni et al., 1995) or
cognitive impairment (Hsiao et al., 1991). Whether these two
major presentations result from differing genetic backgrounds of
affected individuals or is inherent with the expression of

PrP A117V, is not known. Since Tg(A116V) mice have a homoge-
neous genetic background and all Tg(A116V) mice develop pro-
gressive and profound ataxia, the A117V mutation appears to
predispose primarily to an ataxic phenotype and other genes may
be responsible for the telencephalic phenotype. However, we did
note that two of seven mice displayed a higher proportion of
plaques in hippocampus and neocortex than the cerebellum,
compared with the rest of the group. In addition, compared with
the group, mice B and F had higher levels of spongiform degen-
eration in the thalamus and caudate. Thus, despite the same ge-
netic background, these variations in histopathology suggest an
inherent variability in the phenotype resulting from PrP A116V

expression. Although formal cognitive assessments have not yet
been performed on these mice, it is intriguing to speculate that
some degree of cognitive impairment might precede ataxia in the
minority of mice that display predominant hippocampal and/or
neocortical pathology, compared with the more common cere-
bellar phenotype.

The Tg(P101L) mice (Hsiao et al., 1990, 1994) were con-
structed with the CosTet vector to drive expression of MoPrP by
a hamster promoter segment. They express approximately eight
times the normal level of PrP and develop ataxia at �190 d of age,
similar to our mice that express approximately four to six times
endogenous PrP. Nazor et al. (2005) subsequently reproduced
several lines of mice expressing the same transgene at levels vary-
ing from 0.5 to 12 times normal WT levels, with markedly delayed
onset times. For instance, their line expressing approximately six
times endogenous PrP, comparable with Tg(A116V) mice, devel-
oped disease at a mean age of �400 d. The reason for this dra-
matic difference in sensitivity to PrP P101L levels in those mice is
difficult to resolve. However, all mice overexpressing mouse
PrP P101L develop pathologic features in their brains similar to
Tg(A116V) mice, including mild spongiform degeneration, as-
trocytic gliosis, and PrP amyloid plaques, although the regional
distribution and the composition of plaques have not been de-
tailed in Tg(P101L) mice. GSS neuropathology was not observed
in Prnp gene targeted mice expressing a single MoPrP-P101L
gene (Manson et al., 2000), arguing that the disease of Tg(P101L)
mice represents an artificial proteinopathy resulting from over-
expression of mutant PrP. However, that the development of dis-
ease is specific to the mutant transgene and not simply a result of PrP
overexpression is underscored by the lack of spontaneous disease or
rPrPSc in Tg mice that express five to seven times the normal level of
PrP (Fischer et al., 1996; Chiesa et al., 1998).

PrP plaque pathology has also been observed in Tg mice that
express PrP lacking the glycosylphosphatidylinositol (GPI) an-
chor, suggesting full-length PrP is secreted to generate plaques. In
contrast to our mice, those expressing PrP(GPI�) did not de-
velop significant clinical features of disease unless PrP(GPI�)
was coexpressed with full-length PrP C, suggesting the presence of
membrane-localized PrP is necessary for the phenotypic expres-
sion of disease. Because PrP A116V is expressed with the GPI an-
chor, it provides its own source of membrane-bound PrP that
might be necessary for the development of progressive neurode-
generation. In addition, the A117V mutation of human PrP has
been shown to favor a transmembrane ( CtmPrP) topology that
might be linked directly to the underlying disease pathogenesis
(Hegde et al., 1998, 1999).

In contrast to the GSS phenotype of Tg(P101L) and Tg
(A116V) mice, transgenic mouse models of CJD have been less
clearcut. An important new transgenic model of CJD linked to
the D178N mutation has been recently described (Dossena et al.,
2008). These mice display cognitive dysfunction but not the
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profound ataxia observed in Tg(A116V) mice, and their histopa-
thology includes punctate PrP deposits, and gliosis, but no
amyloid plaques (Dossena et al., 2008). PK-resistant PrP is
also reported at low concentrations of PK, but no fragments
smaller than 20 kDa were reported. Thus, although this CJD
model has some limitations, the clinical and histopathologic phe-
notype, in addition to the molecular phenotype of rPrP Sc, clearly
differ from the profile of Tg(A116V), providing additional sup-
port that specific PrP mutations determine the distinct clinical
subtypes of familial prion disease.

Is PrP A116V transmissible? The potential for transmissibility of
disease from Tg(A116V) mice is currently under study. It should
be noted that, in our hands (our unpublished observations) and
others (Brown et al., 1994; Tateishi and Kitamoto, 1995), human
GSS is less transmissible than CJD, possibly because of its inher-
ently different strain or because the mutations associated with
GSS fall within regions of PrP that require homology between
PrP Sc and PrP C to efficiently transfer the pathogenic conforma-
tion. In support of the latter hypothesis, transmission of
GSS(P102L) to a rodent model was successful only when the
receptive mouse expressed low levels of the equivalent mutated
PrP (Telling et al., 1996). The A117V mutation may pose an even
greater barrier to transmission, as it lies within the palindromic
segment (AGAAAAGA) that extends from residue 113 to 120 and
is necessary for the generation of PrP Sc and propagation of prions
(Norstrom and Mastrianni, 2005). In addition, previous work
has suggested that the PrP amyloid deposits of GSS are com-
posed of only mutant PrP (Tagliavini et al., 1994), suggesting
that mutant PrP that forms amyloid either does not, or very
inefficiently, interacts with WT PrP. Ongoing studies that cross
Tg(A116V) mice with WT mice will allow us to explore these
questions.

In summary, Tg(A116V) mice recapitulate the clinicopatho-
logic phenotype of GSS, including early onset of a protracted and
progressive course of ataxia, PrP amyloid deposition in the brain,
and the biochemical characteristics of rPrP Sc that distinguish
GSS from CJD. Specific features that relate to the histopathologic
distribution of plaques, the endogenous cleavage of PrP A116V,
and the PK-resistant molecular phenotype, suggest this model
may provide important clues to the underlying pathogenesis of
prion disease, and serve as an important model with which to test
therapeutic agents against prion disease.
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