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Familial prion diseases are due to dominantly inherited,
germline mutations in the PRNP gene that encodes the
prion protein (PrP). The cellular mechanism underlying
the pathogenic effect of these mutations remains uncer-
tain. To investigate whether pathogenic mutations impair
a normal, physiological activity of PrP, we have crossed
Tg(PG14) mice, which express PrP with an octapeptide
insertion associated with an inherited prion dementia,
with Tg(PrPA32-134) mice. Tg(PrPA32-134) mice,
which express an N-terminally truncated form of PrP,
spontaneously develop a neurodegenerative phenotype
that is stoichiometrically reversed by coexpression of
wild-type PrP. We find that, at equivalent expression
levels, PG14 PrP is significantly less efficient than wild-
type PrP in suppressing the development of clinical symp-
toms and neuropathology in Tg(PrPA32-134) mice. Thus,
our results suggest that some features of the neurological
illness associated with inherited PrP mutations may be
attributable to a loss of PrP neuroprotective function. This
mechanism stands in contrast to the toxic gain-of-function
mechanisms that are usually invoked to explain the
pathogenesis of dominantly inherited neurodegenerative
disorders.
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Introduction

The prion disorders include kuru, Creutzfeldt-Jakob disease,
Gerstmann-Straussler-Scheinker disease and fatal familial
insomnia in man, as well as scrapie, bovine spongiform
encephalopathy and chronic wasting disease in animals
(Prusiner, 2004). The central molecular event in prion dis-
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eases is the conformational conversion of PrP®, a normal
cell-surface glycoprotein, into PrP%¢, an abnormal isoform
proposed to be infectious in the absence of nucleic acid
(Prusiner, 1998; Weissmann, 2004). The precise structural
differences between the two PrP isoforms remain to be
defined, although it is clear that PrP%° contains significantly
more B-sheet and is more protease-resistant and aggregated
than PrP®. The conversion of PrP¢ to PrP*¢ is thought to
involve a templating mechanism in which the two forms
physically interact.

A subset of prion diseases is inherited in an autosomal
dominant fashion. This group, which includes 10% of the
cases of Creutzfeldt-Jakob disease as well as all cases of
Gerstmann-Straussler-Scheinker disease and fatal familial
insomnia, are linked to germline mutations in the gene
(designated PRNP) on chromosome 20 that encodes PrP
(Kong et al, 2004). Point mutations occur in the C-terminal
half of the PrP molecule. Insertional mutations consist of 1-9
additional copies of an octapeptide repeat that is normally
present in five copies in the N-terminal half of the protein.

The mechanism by which PrP mutations cause familial
prion diseases has been enigmatic. One hypothesis invokes a
toxic gain-of-function mechanism in which mutant PrP mis-
folds into a PrP5¢-like conformation that interferes with
essential cellular processes or activates cell death pathways
(Harris and True, 2006). Toxic gain-of-function is commonly
invoked to explain the phenotypes of other dominantly
inherited neurodegenerative disorders that are characterized
by protein misfolding and aggregation, including
Alzheimer’s, Huntington’s, and Parkinson’s diseases (Taylor
et al, 2002).

However, this mechanism may not be applicable to all
familial prion diseases, based on studies of how different
disease-associated mutations affect the molecular properties
of PrP. Some mutations markedly destabilize recombinant
PrP, favoring increased formation of partially folded inter-
mediates and assembly into PrP5like aggregates (Riek et al,
1998; Liemann and Glockshuber, 1999; Vanik and Surewicz,
2002; Apetri et al, 2004, 2005). However, other mutations
have very little effect on the stability or folding kinetics of PrP
(Swietnicki et al, 1998; Liemann and Glockshuber, 1999;
Apetri et al, 2004). The NMR-derived structure of one such
mutant (E200K) is virtually indistinguishable from that of
wild-type PrP (Zhang et al, 2000), and the same result is
predicted for several other mutants (Riek et al, 1998). In
addition, there is a wide variation in the biochemical proper-
ties of different mutant PrP molecules expressed in cultured
cells and brain tissue, with some mutants displaying little
or no aggregation and protease-resistance (Lehmann and
Harris, 1996; Hegde et al, 1998; Priola and Chesebro, 1998).
It is difficult to explain the pathogenicity of these latter
mutants on the basis of the accumulation of toxic protein
aggregates.
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An alternative hypothesis is that some pathogenic
mutations impair a physiological function normally per-
formed by PrP¢ (Harris and True, 2006). This idea has
received relatively little attention, largely because the
normal cellular function of PrP¢ has remained mysterious.
However, several lines of evidence have emerged recently
suggesting that PrP® may function as a cytoprotective
molecule, rescuing cells from apoptotic and other stresses
(reviewed by Roucou and LeBlanc, 2005). A particularly
compelling example of this protective activity is observed in
transgenic mice that express the PrP paralog, Doppel (Dpl)
(Rossi et al, 2001; Yamaguchi et al, 2004), or certain N-
terminally deleted forms of PrP, including A32-134 and
A32-121 (Shmerling et al, 1998), A94-134 (Baumann et al,
2007), and A105-125 (Li et al, 2007). Strikingly, coexpression
of wild-type PrP ameliorates or completely abrogates the
neurodegenerative phenotypes of these mice. Suppression
of neurodegeneration by wild-type PrP is dose-dependent
and is inversely related to the severity of the phenotype
induced by the toxic protein.

Tg(PrPA32-134) and related mice provide sensitive,
in vivo systems to assay the neuroprotective activity of
PrPC. By coexpressing PrP test molecules in these animals,
the ability of the test molecules to rescue the neurodegenera-
tive phenotype can be assessed. In the present paper, we
have crossed Tg(PrPA32-134) mice with Tg(PG14) mice.
Tg(PG14) mice express a mutant form of PrP (designated
PG14) carrying a nine-octapeptide insertion that is associated
with an inherited prion dementia in humans (Owen et al,
1992; Duchen et al, 1993; Krasemann et al, 1995). These
animals recapitulate several of the essential features of
inherited human prion diseases, including progressive ataxia,
neuronal loss, astrocytosis, and accumulation of an abnor-
mally folded form of mutant PrP (Chiesa et al, 1998, 2000).
We find that PG14 PrP is significantly less efficient than wild-
type PrP in suppressing the neurodegenerative phenotype of
Tg(PrPA32-134) mice. Thus, our results suggest that some
features of the neurological illness associated with the PG14
mutation may be attributable to a loss of PrP neuroprotective
function.
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Results

Expression of PG14 PrP ameliorates clinical symptoms
in Tg(F35) mice less efficiently than wild-type PrP
Tg(F35"/%)/Prn-p®® mice expressing PrPA32-134 in the
absence of endogenous PrP develop ataxia, tremor, kyphosis,
and weight loss beginning at 28 +2 days of age (Figure 1A),
with the illness progressing to the terminal stage by 83+3
days of age (Figure 1B). As reported earlier (Shmerling et al,
1998), coexpression of wild-type PrP from a single, endo-
genous PrP allele in Tg(F35"/%)/Prn-p*/° mice completely
abrogates clinical symptoms (Figure 1A and B).

To test the ability of PG14 PrP to rescue the neurodegen-
erative phenotype induced by PrPA32-134, we crossed
Tg(F35) mice with Tg(PG14-A2) mice. The latter animals
express PG14 PrP at levels that are similar by Western
blotting to that of endogenous PrP in Prn-p*/° mice
(Figure 2; lanes 3, 5, 10 and 12). In contrast to wild-type
PrP, PG14 PrP only partially ameliorated the clinical pheno-
type of Tg(F35) mice. Tg(F35*/°/PG14-A2 "/%)/Prn-p”° ani-
mals eventually became ill at 169+10 days (Figure 1A),
although their symptoms were milder than those observed
in Tg(F35 /%) /Prn-p®° mice, and none of the animals died
during the period of observation (400 days) (Figure 1B). As
expected (Chiesa et al, 1998), the presence of the PG14
transgene by itself caused the mice to become ill. However,
the ages at symptom onset (248 +27 days) (Figure 1A) and
death (448435 days; Chiesa et al, 2000) were much greater
in Tg(PG14-A21/%)/Prn-p”° mice than in Tg(F35"/%)/Prn-
p®° animals, allowing the partial rescuing effect of the PG14
transgene on the F35 phenotype to be clearly appreciated.

The transgenes in both Tg(PG14) and Tg(F35) mice are
controlled by a half-genomic PrP promoter lacking intron 2,
which contains an enhancer element specific for cerebellar
Purkinje cells (Borchelt et al, 1996; Fischer et al, 1996). Thus,
both transgenes are expressed together in all neurons, in-
cluding cerebellar granule cells, where endogenous PrP is
normally produced, with the exception of cerebellar Purkinje
cells. To confirm that lack of Purkinje cell expression does not
account for the reduced rescue activity of PG14 PrP compared
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Figure 1 PG14 PrP does not fully suppress clinical symptoms in Tg(F35) mice. Onset of symptoms (A) and survival (B) were monitored in
mice of the following genotypes, with the number of animals indicated in parentheses: F35 */° Prn-p®? (14); F35 */° PG14-A2+/° Prn-p®° (11);
F35% /% Prn-p*/9 (9); F35 " /° PrP-E1 " /° Prn-p”° (8); F35 */° PG14-C*/° Prn-p®° (14); F35 */° D11 */° Prn-p®° (12); PG14-A2 " /° Prn-p”° (18);
PG14-C*/° Prn-p?? (14); D11 */° Prn-p”° (11); E1*/° Prn-p”° (10); Prn-p*/° (13).
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Figure 2 Coexpression of wild-type or other mutant PrP molecules does not alter the amount of F35 PrP. Brain homogenates were treated
without (A, B) or with (C, D) PNGase F to remove N-linked oligosaccharides, and were then subjected to Western blotting with anti-PrP
antibody 8H4 (lanes 1-7) or R340 (lanes 8-14). Equivalent amounts of protein were loaded in each lane. 8H4 detects wild-type, PG14, and D11
PrP, but not F35 PrP. R340 recognizes all PrP species. Arrows to the right of (D) indicate the positions of the PrP forms. Molecular size markers

are given in kDa.

to endogenous wild-type PrP, we crossed Tg(F35 /%) mice
with Tg(E1 */°) mice, which express wild-type PrP from the
same half-genomic promoter used in Tg(PG14) mice (Chiesa
et al, 1998). We observed complete clinical rescue in the
resulting Tg(F35"/°/E1 /%) /Prn-p®° offspring, similar to
what was found when wild-type PrP was supplied by the
endogenous Prn-p allele (Figure 1A and B).

To determine if the rescuing activity of PG14 PrP was dose-
dependent, we crossed Tg(F35) mice with Tg(PG14-C) mice.
Tg(PG14-C™ /%) animals express PG14 PrP at ~20% of the
PrP levels in Prn-p "/’ mice (Figure 2; lanes 6 and 13), and
never become clinically ill or develop neuropathology
(Chiesa et al, 1998). Tg(F35"/°/PG14-C*/%)/Prn-p”° mice
first developed symptoms at 67 +7 days of age, ~100 days
earlier than Tg(F35"/°/PG14-A2"/%)/Prn-p®° animals, and
became terminally ill at 281+33 days (Figure 1A and B).
Thus, lowering the level of PG14 PrP reduced the extent of
clinical rescue. This result demonstrates that a reduction of
several-fold in the amount of functional PrP is readily de-
tected by a substantial decrease in the clinical incubation
time.

We confirmed by Western blotting that coexpression of
wild-type PrP (either endogenous or transgenically encoded)
did not alter the level of PrPA32-134 in Tg(F35) mice carry-
ing either the endogenous Prni-p gene, or the WT-E1, PG14-A2
or PG14-C transgenes (Figure 2, lanes 9-13). This result rules
out downregulation of the F35 transgene as an explanation
for the rescuing effect of wild-type and PG14 PrP.

Expression of PG14 PrP does not prevent granule cell
degeneration in Tg(F35) mice

We analyzed the effect of PG14 PrP expression on neuro-
pathology in Tg(F35) mice. A prominent feature of these

©2007 European Molecular Biology Organization

animals is massive degeneration of cerebellar granule cells
(Shmerling et al, 1998). Granule cell loss was noticeable in
clinically ill Tg(F35*/°)/Prn-p®°® mice at 45 days of age
(Figure 3A), and was even more prominent at 72 days,
when the mice were terminal (Figure 3B and C). Granule
cell loss was more severe in the anterior lobules of the
cerebellum (II-VII) than in the posterior lobules (VIII-X).
Mice carrying both the F35 and PG14 transgenes (Tg(F35 /¢
/PG14-A277%) /Prn-p”°) also showed substantial granule cell
loss in the anterior cerebellar lobules at 45 and 72 days,
although it was less severe than in Tg(F35%/%)/Prn-p”°
animals and did not progress appreciably from 72 days to
300 days, consistent with the protracted clinical course in
these animals (Figure 3D-G). Importantly, mice carrying only
the PG14 transgene (PG14-A2+/ O/Pm—po/ 0) showed no
changes in granule cell density up to 300 days (Figure 3L-
0), making it possible to attribute the granule cell depletion
seen in Tg(F35/PG14) mice to the F35 transgene. As negative
controls, Tg(F35) mice coexpressing wild-type PrP, either
from the endogenous Prn-p allele (F35"/%/Prn-p /)
(Figure 3H-K) or from the E1 transgene (data not shown)

displayed no pathological abnormalities up to 300 days
of age.

Expression of PG14 PrP does not ameliorate white
matter pathology in Tg(F35) mice

Recently, white matter lesions have been described in
Tg(F35) mice, suppression of which by oligodendrocyte-
specific expression of wild-type PrP dramatically increased
lifespan (Radovanovic et al, 2005). This pathology was
characterized by vacuolar degeneration of white matter re-
gions of the brain and spinal cord, accompanied by axonal
loss and deterioration of myelin sheaths. In terminally ill
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Figure 3 Expression of PG14 PrP delays but does not prevent degeneration of cerebellar granule cells in Tg(F35) mice. Sections from the
cerebellar cortex of 45 day-old mice (A, D, H, L, P), 72 day-old mice (B, C, E, F, I, J, M, N, Q, R), and 300-day-old mice (G, K, O, S) of the
following genotypes were stained with hematoxylin and eosin: F35"/° Prn-p”° (A-C); F35*/° PG14-A2 "/° Prn-p”° (D-G); F35/° Prn-p*/°
(H-K); PG14-A2 /% prn-p”° (L-0); F35/° D11 7/° Prn-p”° (P-S). The granule cell layer (GCL) is labeled in (A), (D), (H), (L), and (P). The
white rectangles in panels (B), (E), (I), (M), and (Q) indicate the regions of lobule IV/V that are shown at higher magnification in the other
panels. In F35 /% Prn-p”° mice, loss of granule neurons is evident at 45 days (A) and is nearly complete by 72 days (B, C). Coexpression of
PG14 PrP mitigates but does not prevent granule cell loss (D-G). In contrast, wild-type PrP (H-K) as well as PrPA32-80 (P-S) completely
abrogate granule cell degeneration. Scale bar in (A) (applicableto A,C,D, F, G,H,J, K, L, N, O, P, R, S) = 100 pm. Scale bar in (B) (applicable to

E, I, M, and Q) =1 mm.

Tg(F35 /%) /Prn-p®° mice at 72 days of age, extensive va-
cuolation was observed in the white matter of the cerebellum
in both hematoxylin/eosin-stained paraffin sections, and in
toluidine blue-stained, semithin plastic sections (Figure 4A
and B). Strikingly, mice expressing both the F35 and PG14
transgenes showed the same degree of vacuolar degeneration
in the cerebellar white matter at 72 days (Figure 4C and D),
long before these animals developed symptoms (at 169+10
days) and despite the fact that they survived for >400 days.
In contrast, coexpression of wild-type PrP completely abro-
gated white matter degeneration in Tg(F35) mice (Figure 4E
and F). In addition, Tg(PG14) mice without the F35 transgene
showed no white matter pathology (Figure 4G and H). Thus,
even though PG14 PrP displays partial ability to rescue loss of
cerebellar granule neurons, the mutant protein lacks sub-
stantial activity against white matter degeneration.

PG14 PrP does not prevent astrogliosis in Tg(F35) mice
Prominent astrocytosis with hypertrophy of Bergmann glial
cells is apparent in the cerebellar cortex of Tg(F35) mice by
45 days of age, based on staining with antibody to glial
fibrillary acidic protein (GFAP) (Figure 5A). Introduction of
the PG14 transgene does not ameliorate this effect

2780 The EMBO Journal VOL 26 | NO 11| 2007

(Figure 5B). As expected, neither F35*/°/Prn-p™/° nor
PG14-A2 " /°/Prn-p®° mice showed an astrocytic reaction at
this stage (Figure 5C and D).

Octapeptide deletion does not alter PrP rescue activity
The experiments described above show that expansion of the
octapeptide repeat region of PrP appears to adversely affect
the ability of PrP to protect against disease caused by
expression of PrPA32-134. To investigate the requirement
for the octapeptide repeats in the rescuing activity of PrP, we
crossed Tg(F35) mice with Tg(D11) mice, which express a
form of PrP (A32-80) lacking four of the five repeats (Fischer
et al, 1996). Tg(F357/%/D117/%)/Prn-p”° mice remained
healthy (Figure 1A) and displayed a normal lifespan
(Figure 1B). Moreover, no granule cell loss or white matter
degeneration were observed in cerebellar sections from these
mice as late as 300 days of age (Figure 3P-S and data not
shown). Coexpression of PrPA32-80 did not alter the expres-
sion level of PrPA32-134 (Figure 2, lane 14), indicating that
downregulation of the latter protein is not involved in the
phenotypic rescue. These data show that the rescuing activity
of PrP is independent of the first four octapeptide repeats.

©2007 European Molecular Biology Organization
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Figure 4 PG14 PrP does not suppress white matter pathology in the
cerebellum of Tg(F35) mice. Paraffin sections stained with hema-
toxylin and eosin (A, C, E, G) and semithin plastic sections stained
with toluidine blue (B, D, F, H) were prepared from the cerebella of
72-day-old mice of the following genotypes: F35/° Prn-p”? (A, B);
F35%/9PG14-A2*+/° Prn-p”° (C, D); F35*/° Prn-p*/° (E, F); PG14-
A2"/° prn-p®? (G, H). The semithin sections were taken from the
cerebellar white matter. White matter vacuolation is present to a
similar extent in F35/° Prn-p”° mice (A, B) and F35"/° PG14-
A27"/° prn-p”° mice (C, D). Scale bar in (A) (applicable to C, E,
G) =500 um. Scale bar in (B) (applicable to D, F, H) =100 um.

Discussion

Several different mutations in the gene encoding PrP are
associated with familial prion diseases, but the mechanisms
by which these mutations cause pathology remain unclear.
The experiments described here were undertaken to test
whether an octapeptide insertion mutation (PG14) impairs
an experimentally assayable physiological activity of PrP,
namely its ability to suppress the neurodegenerative pheno-
type of Tg(F35) mice that express an N-terminally deleted
form of PrP (A32-134). We found that although PG14 PrP
was able to delay the onset of clinical illness in this mouse
model and slow the progression of neuronal loss, its rescue
activity at equivalent expression levels was inferior to that of
wild-type PrP. Moreover, PG14 PrP did not ameliorate the
early appearance of white matter pathology or astrocytosis in
Tg(F35) mice. Our results, in conjunction with other data,
suggest that a loss-of-function mechanism may contribute to
the phenotype of some inherited prion diseases.

Why is PG14 PrP deficient in rescue activity?
Presumably, insertion of additional octapeptide repeats re-
duces the ability of PrP to interact with components of the

©2007 European Molecular Biology Organization
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cellular pathways responsible for suppression of PrPA32-134
neurotoxicity. Several different models have been proposed to
explain the neurotoxicity of PrPA32-134 and other N-termin-
ally deleted forms of PrP, but they each involve competition
between wild-type and deleted PrP for binding to a hypo-
thetical signal-transducing molecule (Shmerling et al, 1998;
Baumann et al, 2007; Li et al, 2007). One hypothesis, there-
fore, is that the PG14 mutation obliterates or interferes with
an essential site, presumably encompassing the octapeptide
repeats, which is required for binding of PrP to the signal
transducer. Consistent with this proposal, octapeptide inser-
tions have been reported to alter the binding of antibodies
and glycosaminoglycans to the N-terminus of PrP (Yin et al,
2006). Arguing against such a mechanism, however, is our
observation that PrPA32-80, which is missing four of the five
octapeptide repeats, retains full rescue activity in Tg(F35)
mice (albeit at a supraphysiological expression level). A
similar result has been reported for PrPA32-93, which is
missing all of the repeats (Shmerling et al, 1998).

An alternative hypothesis is that the PG14 mutation acts by
promoting aggregation of PrP, thereby reducing its ability to
interact with the hypothetical signal transducer or other
binding partners essential for its normal activity. Consistent
with this idea, octapeptide insertions have been shown to
promote self-association of PrP, enhance formation of amy-
loid fibrils, and increase the rate of conversion to PrPS¢ in an
in vitro assay (Zahn, 2003; Leliveld et al, 2006; Moore et al,
2006; Yu et al, 2007). Moreover, there is a correlation between
the number of octapeptide repeats and the degree of aggrega-
tion (Priola and Chesebro, 1998; Yu et al, 2007). Thus, PG14
PrP, which harbors the largest octapeptide insertion thus far
described in human patients, is particularly aggregation-
prone compared to other mutants when expressed in cultured
cells and yeast (Lehmann and Harris, 1996; Li and Harris,
2005). In the brains of Tg(PG14) mice, the mutant protein
spontaneously forms B-sheet-rich aggregates consisting of
20-30 molecules, and accumulates as punctuate deposits in
a synaptic pattern (Chiesa et al, 1998, 2003). This aggregated
form of PG14 PrP is not infectious in animal transmission
experiments (Chiesa et al, 2003) or in vitro conversion assays
(E Biasini, R Chiesa, DA Harris, manuscript in preparation),
and we have postulated that it represents an example of a
toxic, noninfectious species common to many prion diseases
(Chiesa and Harris, 2001).

It is noteworthy that PG14 PrP retains some ability to
suppress the Tg(F35) phenotype, delaying symptom onset,
prolonging lifespan, and slowing granule cell degeneration.
This residual activity may be attributable to the proportion of
the mutant protein (20-30%), which is not aggregated and
displays the same biochemical properties as wild-type PrP
(Chiesa et al, 2003) (E Biasini, R Chiesa, DA Harris, manu-
script in preparation). In contrast, PG14 PrP had no apparent
effect on the evolution of white matter pathology in the
cerebellum, which appeared in young Tg(F35)/Tg(PG14)
animals as early as it did in Tg(F35) mice. This observation
may indicate that suppression of axon and myelin damage
requires a higher level of functional PrP than suppression of
granule cell death.

Loss of PrP neuroprotection as a pathogenic mechanism
The results presented here suggest that part of the pathogeni-
city of PG14, and perhaps other disease-associated mutations,
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Figure 5 PG14 PrP does not prevent astrocytic reaction in Tg(F35) mice. Sections of cerebellum from 45-day-old mice of the followin%
genotypes were stained with antibody to GFAP: F351/° Prn-p”° (A); F357/° PG14-A2"/° Prn-p”° (B); F35/° Prnp™/° (C); PG14-A2 """

Prn-po

Coexpression of wild-type PrP (C) but not PG14 PrP (B) prevents this pathology. No significant GFAP staining is seen in PG14-A
mice at this age (D). Scale bar in (A) (applicable to B-D) =100 pm.
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may be attributable to the mutant proteins being deficient in a
neuroprotective activity normally possessed by wild-type PrP.
Consistent with this suggestion, there is a growing body of
evidence indicating that PrP can protect cells from several
kinds of internal or environmental stresses (reviewed by
Roucou and LeBlanc, 2005). For example, PrP overexpression
rescues cultured neurons and some mammalian cell lines
from proapoptotic stimuli, including Bax expression, serum
withdrawal, and cytokine treatment (Kuwahara et al, 1999;
Bounhar et al, 2001; Roucou et al, 2003, 2005; Diarra-
Mehrpour et al, 2004). In addition, endogenous PrP protects
cultured neurons against oxidative stress, and brain tissue
against ischemia or hypoxia in vivo (Brown et al, 2002;
McLennan et al, 2004; Spudich et al, 2005). In a particularly
relevant example, we have shown that PrP suppresses Bax-
induced cell death in the yeast Saccharomyces cerevisiae. The
presence of the PG14 mutation abolishes this activity, con-
comitant with conversion of the protein to an aggregated and
protease-resistant state (Li and Harris, 2005). This result
directly demonstrates that aggregated PG14 PrP lacks cyto-
protective activity. Similarly, two other disease-associated
mutations (T183A and D178N) have been reported to par-
tially or completely abolish the ability of PrP to rescue
cultured human neurons from Bax-induced apoptosis
(Bounhar et al, 2001). Taken together, these results suggest
that some pathogenic mutations impair the antiapoptotic
activity of PrP.

Two published studies have examined the functional ac-
tivity in transgenic mice of PrP carrying another mutation,
E200K, which is linked to familial Creutzfeldt-Jakob disease.
In one study, mice expressing E200K PrP were crossed with
Nagasaki Prn-p”° mice expressing Dpl. It was found that the
mutant PrP efficiently suppressed the Dpl-induced neuro-
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degenerative phenotype (Atarashi et al, 2003). In the second
study, E200K PrP was reported to rescue the electro-
physiological abnormalities seen in brain slices from Zurich
1 Prn-p”° mice (Asante et al, 2004). These results would seem
to indicate that E200K, in contrast to PG14, does not impair
the physiological activity of PrP. However, it is noteworthy
that E200K transgenic mice do not become ill like Tg(PG14)
mice, and the mutant PrP found in their brains is not
aggregated or protease-resistant like PG14 PrP (Telling et al,
1996; Rosenmann et al, 2001). Thus, the functional activity of
E200K PrP in transgenic mice may result from the large
proportion of the protein that remains soluble and protease
sensitive in the brains of these animals. In contrast, E200K
PrP from the brains of affected patients is aggregated and
protease resistant (Rosenmann et al, 2001), possibly due to
the longer time course of disease development in humans
compared to mice. Thus, the pathogenicity of E200K PrP in
humans could result from loss of function due to protein
aggregation, as we postulate for PG14 PrP.

Two considerations would seem to argue against a loss-of-
function mechanism in prion diseases. First, genetic ablation
of PrP expression, either prenatally (Biieler et al, 1992;
Manson et al, 1994) or postnatally (Mallucci et al, 2002),
has relatively little phenotypic effect, and does not produce
any features of a prion disease. Thus, loss of PrP¢ function
cannot, by itself, account for prion-induced neurodegenera-
tion. However, it is possible that a loss of function mechan-
ism exacerbates pathology caused by a toxic gain-of-function
or other mechanisms. For example, a cytoprotective activity
of PrP° that is dispensable under normal conditions may
become essential in the disease state due to cellular or
organismal stress. Toxicity of PrP aggregates coupled with
loss of PrP neuroprotective function may account for the two
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independent pathological components that we have de-
scribed in Tg(PG14) mice: Bax-independent synaptic loss,
and Bax-dependent granule cell apoptosis (Chiesa et al,
2005).

Loss of PrP® function as a pathogenic mechanism also
appears to be incompatible with the dominant mode of
inheritance of familial prion diseases. However, PrP%° or
mutant PrP may sequester wild-type PrP® into aggregates
that lack functional activity, thereby producing a dominant-
negative effect (Chen et al, 1997). It is noteworthy that a loss-
of-function effect has been proposed as a causative factor in
Huntington’s disease, another autosomal dominant disorder
(Cattaneo et al, 2001; Ross, 2004). Also, yeast prions such as
[PSI*] and [URE3] are dominantly inherited, even though
the phenotypes they cause are due a loss of function of the
respective proteins due to aggregation (Shorter and
Lindquist, 2005).

If loss of PrP€ neuroprotective activity contributes to the
pathology seen in Tg(PG14) mice, one would predict that
coexpression of wild-type PrP in these animals would ame-
liorate the disease phenotype. We previously reported that
there was no significant difference in age at symptom onset
between Tg(PG14) mice on the Prn-p”° and Prn-p "/ back-
grounds (Chiesa et al, 2000), apparently arguing against a
mitigating effect of wild-type PrP. However, we have not
carefully compared the pathological abnormalities seen in
Tg(PG14) mice on the two genetic backgrounds. In addition,
we have not analyzed the effects of overexpressing wild-type
PrP in Tg(PG14) mice (via a second transgene), which might
be necessary to produce an observable neuroprotective effect.
Such experiments are now in progress.

Determining which mechanism is responsible for the
pathogenicity of PrP mutations has important therapeutic
implications. If pathology is attributable to a loss of PrP
function, then augmenting expression of wild-type PrP may
suppress the development of neurodegeneration (although it
might accelerate generation of PrP°¢). Conversely, suppres-
sion of PrP expression, a strategy that has been proposed for
preventing or treating prion diseases (Pfeifer et al, 2006;
Mallucci et al, 2007), may have detrimental consequences
due to loss of the neuroprotective activity of PrP°.
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Materials and methods

Mice

Mice expressing PrPA32-134 (line F35) (Shmerling et al, 1998) were
obtained from Adriano Aguzzi (University of Zurich, Switzerland).
Prn-p”° mice (Biieler et al, 1992) and mice expressing PrPA32-80
(line D11) (Shmerling et al, 1998) were obtained form Charles
Weissmann (The Scripps Research Institute, FL). Construction of
Tg(PG14) mice (lines A2 and C) (Chiesa et al, 1998) and Tg (WT)
mice (line E1) (Chiesa et al, 1998) has been described previously.
All mice were maintained on a C57BL/6J x CBA/J hybrid strain
background. Tg(PG14-A2), Tg(PG14-C), Tg(D11), and Tg(E1l) mice
were propagated on a Prn-p”? background and Tg(F35) mice on a
Prn-p™/° background. Mice were intercrossed to produce the
genotypes referred to in the text. The presence of each transgene
was determined by PCR analysis of tail DNA using primers described
previously (Chiesa et al, 1998; Shmerling et al, 1998).

Western blotting

Western blots of brain homogenates were performed as described
previously (Chiesa et al, 1998). For enzymatic deglycosylation,
denatured proteins were incubated at 37°C for 2h with PNGase F
(New England Biolabs, Ipswich, MA) according to the manufac-
turer’s instructions. Blots were developed with either rabbit
polyclonal anti-PrP antiserum R340 (Brandner et al, 1996) or
mouse monoclonal anti-PrP antibody 8H4 (Zanusso et al, 1998).

Histopathology

Mice were perfusion fixed with 4% paraformaldehyde in PBS (pH
7.2), and then brains were paraffin embedded and cut into 2-pm
sagittal sections. Sections were stained with hematoxylin and eosin,
or with an antibody to GFAP (Biogenex, San Ramon, CA) followed
by visualization using the peroxidase-anti-peroxidase technique.
For preparation of semithin plastic sections, brain tissue was fixed
in 4% paraformaldehyde/3% glutaraldehyde and embedded in
Epon. One micron sections were cut, and stained with toluidine
blue for viewing by light microscopy.
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