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We have generated lines of transgenic mice that express a mutant
prion protein (PrP) containing 14 octapeptide repeats whose human
homologue is associated with an inherited prion dementia. These
mice develop a neurological illness with prominent ataxia at 65 or 240
days of age, depending on whether the transgene array is, respectively, homozygous or hemizygous. Starting from birth, mutant PrP is
converted into a protease-resistant and detergent-insoluble form that
resembles the scrapie isoform of PrP, and this form accumulates
dramatically in many brain regions throughout the lifetime of the
mice. As PrP accumulates, there is massive apoptosis of granule cells
in the cerebellum. Our analysis provides important insights into the
molecular pathogenesis of inherited prion disorders in humans.

one of these expresses a mutant PrP (P101L) that is associated with
a familial prion disease, and mice of this line do not produce
detectable protease-resistant PrP in their brains (12, 13). Several
fundamental questions about familial prion diseases therefore
remain unexplored, such as the time course of PrPSc accumulation,
the anatomical distribution of PrPSc production, and the relationship of PrPSc to the development of clinical symptoms and neuropathology. To address these issues, we undertook a prospective
study of Tg(PG14) mice from birth through the terminal phase of
their illness using a combined biochemical and histological approach. Our results provide important insights into the natural
history and pathogenesis of familial prion diseases.

P

Materials and Methods
Tg Mice. Production of Tg mice expressing wild-type (WT) and
PG14 mouse PrPs tagged with an epitope for the monoclonal
antibody 3F4 has been reported previously (4). To monitor the development of neurological symptoms, mice were scored according
to a set of objective criteria (4). The experiments reported here were
performed on Tg(PG14) mice of the A2 and A3 lines generated by
breeding onto either (C57BL兾6J ⫻ CBA兾J兾Prn-p⫹/⫹) or (C57BL兾
6J ⫻ 129兾Prn-p0/0) backgrounds (4). Since there were no differences in PrP properties between these lines, data from the lines
were pooled for the Western blot analyses shown in Figs. 1, 2, and
3A. As controls, we used Tg(WT-E1⫹/⫹) mice on the (C57BL兾6J ⫻
129兾Prn-p0/0) background.

rion diseases are fatal disorders of the central nervous system
of both humans and animals that can have an infectious,
genetic, or idiopathic origin. The key event in the pathogenesis of
all forms of these diseases is the conformational conversion of a
normal cell surface glycoprotein [ cellular isoform of the prion
protein (PrPC)] into a pathogenic isoform [scrapie isoform of PrP
(PrPSc)] that has a high content of ␤-sheet (1). PrPSc accumulates
in the brains of affected individuals in a detergent-insoluble and
protease-resistant form that is likely to be the main component of
infectious prion particles. Hereditary prion diseases, which include
10% of the cases of Creutzfeldt-Jakob disease and all cases of
Gerstmann-Sträussler syndrome and fatal familial insomnia, are
inherited in an autosomal dominant fashion and are linked to point
and insertional mutations in the prion protein (PrP) gene on
chromosome 20 (2, 3). These mutations are presumed to favor
spontaneous conversion of PrP to the PrPSc state.
We have recently developed a transgenic (Tg) mouse model of
a familial prion disease by expressing the mouse PrP homologue of
a nine-octapeptide insertional mutation (PG14) described in human patients (4). This insertion is the largest thus far identified in
the PrP gene and is associated with a prion disease characterized by
progressive dementia and ataxia, and by the presence of PrPcontaining amyloid plaques in the cerebellum and basal ganglia
(5–7). Tg(PG14) mice develop a slowly progressive neurological
disorder characterized clinically by ataxia and neuropathologically
by PrP deposition in a synaptic-like pattern, gliosis, and loss of
cerebellar granule cells. Moreover, PG14 PrP molecules expressed
in the brains of the mice acquire the major biochemical properties
of PrPSc, including partial resistance to proteinase K digestion,
insolubility in nondenaturing detergents, and resistance to cleavage
of the C-terminal glycolipid anchor by phospholipase. Thus,
Tg(PG14) mice recapitulate several of the essential clinical, neuropathological, and biochemical features of inherited human prion
diseases.
Although many studies of scrapie in rodents and other hosts have
been carried out to understand the pathogenesis of infectiously
acquired prion diseases, the absence of a suitable animal model has
precluded similar analysis of the familial forms of these disorders.
Several other lines of PrP transgenic mice have been described that
spontaneously develop a neurological illness (8–11). However, only
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Biochemical Assays. Assays of detergent-insolubility and proteinase
K resistance of PrP in brain were carried out and quantitated as
described previously (4). Western blots of samples from Tg mice
were developed with monoclonal antibody 3F4 (14), which selectively recognizes PrP encoded by the transgene. PrP from nontransgenic CD1 mice was recognized with polyclonal antibody
P45-66 (15). Glial fibrillary acidic protein (GFAP) was recognized
with a rabbit polyclonal antibody from Dako and actin with
monoclonal antibody C4 (kindly provided by John Cooper).
Histoblotting. Coronal sections (8- m thick) of unfixed frozen
mouse brain were subjected to histoblotting as described elsewhere (16), except that proteinase K was used at a concentration
of 0.25 g兾ml at 37°C for 1 h. Membranes were incubated with
3F4 antibody, followed by alkaline phosphatase-conjugated antimouse IgG secondary antibody (Jackson Immunoresearch), and
were then developed with 5-bromo-4-chloro-3-indolyl phosphate兾nitroblue tetrazolium substrate (Sigma).

Abbreviations: PrP, prion protein; PrPSc, scrapie isoform of PrP; PrPC, cellular isoform of PrP;
Tg, transgenic; ISEL, in situ end labeling; WT, wild type.
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Fig. 1. PG14 PrP accumulates with age in the brains of Tg(PG14) mice. (A) Brain extracts of Tg(WT⫹/⫹) and Tg(PG14⫹/⫺) mice of the indicated ages were separated
by SDS-PAGE, and immunoblotted with antibodies specific for PrP, GFAP, or actin. Each lane represents 10 g of total protein. (B) The amount of PrP in the brains
of Tg(WT⫹/⫹), Tg(PG14⫹/⫺), and nontransgenic CD1 mice in each age group was quantitated by densitometric analysis of Western blots and was expressed as a
percentage of the amount present in 1- to 3-day-old mice. Each bar represents the mean ⫾ SEM of values from three to seven animals. (C) The amount of PrP
in the brains of Tg(PG14⫹/⫺) and Tg(PG14⫹/⫹) mice in each age group was quantitated by densitometric analysis of Western blots and was expressed in arbitrary
units. Each bar represents the mean ⫾ SEM of values from three to seven animals. Size markers are given in kDa.

DNA Laddering. DNA was extracted from cerebella as described

by Forloni et al. (30) and was subjected to Southern blotting. The
blot was probed with EcoRI/HindIII-digested mouse genomic
DNA by using the Gene Images CDP-Star Chemiluminescent
Detection System (Amersham Pharmacia).
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Histology. Preparation of sections and immunohistochemical staining using antibodies to PrP (3F4) and GFAP were carried out as
described previously (4). In situ end labeling (ISEL) of paraffinembedded sections was performed as described previously (17).

Fig. 2. The amount of detergent-insoluble and protease-resistant PG14 PrP
increases with age in the brains of Tg(PG14) mice. (A) Brain lysates from
Tg(PG14⫹/⫹) mice of the indicated ages were subjected to ultracentrifugation,
and PrP in the supernatants (S lanes) and pellets (P lanes) was analyzed by Western
blotting. (B) Brain lysates from Tg(PG14⫹/⫹) mice of the indicated ages were
incubated with 0 –3 g of proteinase K (PK) for 30 min at 37°C, and PrP was
visualized by Western blotting. The undigested samples (0 g兾ml PK) represent
50 g of protein, and the other samples represent 200 g of protein. The
protease-resistant fragment (PrP 27-30) migrates between 27 and 30 kDa. (C) The
amount of PG14 PrP in the pellet fraction after ultracentrifugation (see A) was
quantitated by densitometric analysis of Western blots of samples from
Tg(PG14⫹/⫺) and Tg(PG14⫹/⫹) mice. Each bar represents the mean ⫾ SEM of four
to eight replicate analyses of samples from four to seven brains. (D) The amount
of PrP 27-30 that was produced by digestion with 2 g兾ml of proteinase K (see B)
was quantitated by densitometric analysis of Western blots of samples from
Tg(PG14⫹/⫺) and Tg(PG14⫹/⫹) mice. Each bar represents the mean ⫾ SEM of four
to eight replicate analyses of samples from four to seven brains.
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Fig. 3. Protease-resistant and detergent-insoluble PrP are widely distributed
in the brains of Tg(PG14) mice. (A) Detergent insolubility of PrP from dissected
brain regions was analyzed and quantitated as in Fig. 2 A and C. Each bar
represents the mean ⫾ SEM of three to five replicates from four Tg(PG14⫹/⫺)
mice, ranging in age from 79 to 239 days. (B) Coronal cryostat sections from the
brain of a Tg(WT⫹/⫹) mouse (182 days old) and a Tg(PG14⫹/⫹) mouse (192 days
old) at the level of the caudate-putamen (rows 1 and 2), thalamus (row 3), and
cerebellum (row 4) were subjected to histoblotting, either before (row 1) or
after (rows 2– 4) treatment with proteinase K.
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Table 1. Clinical illness in Tg(PG14) mice
(C57BL兾6J ⫻ CBA兾J/Prn-p⫹/⫹)
Hemizygous

(C57BL兾6J ⫻ 129兾Prn-p0/0)

Homozygous

Hemizygous

Homozygous

Age at onset

235 ⫾ 10 (61)

68 ⫾ 9 (7)

243 ⫾ 7 (76)

64 ⫾ 4 (28)

Age at death

371 ⫾ 21 (42)

115 ⫾ 12 (7)

449 ⫾ 17 (23)

138 ⫾ 10 (27)

Duration of illness

154 ⫾ 14 (35)

49 ⫾ 11 (5)

233 ⫾ 18 (20)

92 ⫾ 9 (19)

Entries show the mean number of days ⫾ SEM. The number of animals in each group is given in parentheses. Hemizygous and homozygous refer
to the status of the PG14 transgene array. Data are for mice belonging to the Tg(PG14-A2) and Tg(PG14-A3) lines.

Results

Time Course of the Clinical Illness in Tg(PG14) Mice. We have previ-

ously reported that the A2 and A3 lines of Tg(PG14) mice (both of
which express mutant PrP at levels similar to that of endogenous
PrP) develop a progressive and ultimately fatal neurological disorder characterized by ataxia, kyphosis, foot-clasp reflex, waddling
gait, difficulty righting, and weight loss (4). In contrast, Tg(WT)
mice from the E1 line that express WT PrP at even higher levels
(three to four times endogenous PrP) remain healthy. We have now
performed a detailed prospective analysis of the appearance of
clinical symptoms in A2 and A3 Tg(PG14) mice.
We observed a profound effect of the zygosity of transgene array
on the time course of the disease. On the (C57BL兾6J ⫻ CBA兾J)
genetic background that was used to create the founders, mice
hemizygous for the transgene array first develop symptoms at 235
days of age, whereas mice homozygous for the transgene array have
a disease onset at 68 days of age (Table 1). The duration of the
illness is also much shorter in homozygous mice (49 days) than in
hemizygous mice (154 days). Since homozygous mice express
approximately twice as much PrP as hemizygous mice (see Fig. 1C),
these observations indicate that the rate at which the illness
progresses is strongly correlated with the expression level of mutant
PrP. This conclusion is consistent with our previous finding that the
Tg(PG14) B and C lines, which express low levels of the mutant
protein (0.15 times the endogenous PrP level), do not develop a
neurological disorder within the life span of the animals (4).
In an attempt to ascertain the influence of endogenous WT PrP
on the disease characteristics, we also analyzed Tg(PG14) mice that
had been bred onto a (C57BL兾6J ⫻ 129兾Prn-p0/0) genetic background in which both copies of the PrP gene have been ablated (18)
(Table 1). Although the age at disease onset was not significantly
different between the two genetic backgrounds, we did observe that
the duration of illness was somewhat longer in (C57BL兾6J ⫻
129兾Prn-p0/0) mice (233 days when the transgene array is hemizygous, and 92 days when the transgene array is homozygous).
Whether this phenomenon reflects a potentiating effect of endogenous PrP on the disease phenotype or the influence of other
genetic loci that differ between the two strains remains to be
determined. In a previous publication (4), we reported that the
disease progression was accelerated rather than retarded on the
(C57BL兾6J ⫻ 129兾Prn-p0/0) background, but this conclusion was
based on analysis of a very small number of animals.
PG14 PrP Accumulates in the Brains of Tg Mice. To correlate the

appearance of clinical symptoms with expression of the mutant
protein, we first determined the total amount of PG14 PrP in the
brains of mice of different ages using Western blotting. We
observed that as Tg(PG14) mice aged, there was a nearly 10-fold
increase in the total amount of mutant PrP in their brains (Fig.
1 A and B). This phenomenon was specific for the mutant form
of the protein, since the amount of WT PrP in the brains of
Tg(WT) and nontransgenic CD1 mice varied by ⬍2-fold over the
lifetime of the animals, and the amount of actin remained
relatively constant. As expected, the amount of PG14 PrP was
about 2-fold higher in Tg(PG14⫹/⫹) mice than in Tg(PG14⫹/⫺)
mice at all ages (Fig. 1C). To address the possibility that
accumulation of PG14 PrP is due to increased gene transcription,
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we performed Northern blots to assay PrP mRNA. We found
that there was no significant change in the amount of transgenically encoded PrP mRNA during postnatal development of
either Tg(PG14) or Tg(WT) mice (data not shown). The vector
used to drive transgene expression in both sets of mice incorporates the mouse PrP promoter (19), so that the temporal
pattern of transgene expression mirrors that of endogenous PrP.
Mutant PrP Is Converted to a PrPSc-Like State throughout the Lifetime of
Tg(PG14) Mice. To determine whether the mutant PrP that accumu-

lated in the brains of Tg(PG14) mice has the properties of the PrPSc
isoform, we assayed its detergent insolubility by ultracentrifugation
and its protease resistance by digestion with low concentrations of
proteinase K (1–3 g兾ml). Although PG14 PrP is 10–50 times less
protease resistant than some strains of PrPSc from human and
rodent brain, it is cleaved at the same site as authentic PrPSc to yield
a characteristic PrP 27-30 core fragment (4). As shown in Fig. 2,
detergent-insoluble and protease-resistant PG14 PrP is already
synthesized in the brains of transgenic mice during the first week of
life, well before the animals develop clinical symptoms (Table 1) or
neuropathological changes (see below). The amount of detergentinsoluble and protease-resistant PrP increased dramatically with
age, with levels in the oldest terminally ill animals that were up to
80-fold and 20-fold higher, respectively, than in newborn mice. We
noted that PrPSc-like protein accumulated more rapidly and to
higher levels in Tg(PG14⫹/⫹) mice than in Tg(PG14⫹/⫺) mice (Fig.
2 C and D), correlating with the accelerated disease progression in
the homozygous animals. We also found that the proportion of total
PG14 PrP that was detergent insoluble increased from 16.1 ⫾ 5%
in neonatal mice to 84.1 ⫾ 2% in terminally ill mice, suggesting that
the aggregation state of the protein increased with age. WT PrP in
the brains of Tg(WT) mice was detergent soluble and protease
sensitive under the conditions of our assays (data not shown; ref. 4).
Protease-Resistant and Detergent-Insoluble PrP Is Widely Distributed
in the Brains of Tg(PG14) Mice. To assess the anatomical distribution

of PrPSc-like molecules, we dissected individual brain regions and
analyzed them by Western blotting for their content of detergentinsoluble and protease-resistant PG14 PrP, and we also carried out
histoblots (16) of cryostat sections of brain. Detergent-insoluble
PrP (Fig. 3A) and protease-resistant PrP (data not shown) were
found to be widely distributed in the brains of Tg(PG14) mice, with
roughly similar amounts present in 10 separate regions; these forms
of the protein were also present in superior cervical and dorsal root
ganglia. Histoblots of brain sections from terminally ill Tg(PG14)
mice revealed protease-resistant PrP in most areas, with particular
concentrations in the medial caudate-putamen, septum, corpus
callosum, anterior commissure, ventral thalamus, globus pallidus,
and hippocampus (Fig. 3B). Consistent with immunohistochemical
experiments (see below), the cerebella of terminally ill mice contained less protease-resistant PrP than other regions, probably
because of the substantial loss of granule cells that had occurred by
this stage. In histoblots from younger animals (25–100 days old),
protease-resistant PrP was widely distributed throughout the brain,
including in the cerebellum (data not shown). Histoblots of Tg(WT)
mice did not show any PrP after proteinase K treatment.
Chiesa et al.

Table 2. Pathology in the cerebellar cortex of Tg(PG14ⴙ/ⴙ) mice
ISEL
Age,

PrP

Granule

(granule

GFAP

days

immunostaining*

cell loss

cell layer)

immunostaining*

7

0

0

2†

1

22

0

0

1

1

31

1

0

2

2

41

2

1

2

2

53

2

2

4

3

71

4

2

4

4

86

4

3

4

4

100

3

3

4

4

181

2

4

2

4

183

2

4

2

4

Scoring is on a scale of 0 (minimum) to 4 (maximum).

*Staining was present in both the granule cell and molecular layers, but was most
prominent in the latter.
†This score reflects cells in the external granule cell layer that undergo developmentally

Fig. 4. Neuropathological changes in the cerebella of Tg(PG14⫹/⫹) mice.
Hematoxylin and eosin-stained sections showing the cerebellar cortex of mice
of 22 days (A), 100 days (B and D), and 183 days (C) of age. M, molecular layer;
PC, Purkinje cell layer; G, granule cell layer. Note the dramatic decrease in the
number of granule cells with age. Arrowheads in D indicate pyknotic nuclei.
ISEL-stained sections showing positively stained cells (brown) in the granule
cell layer from mice of 31 days (E), 53 days (F), and 181 days (G) of age. PrP
immunostaining of cerebellar cortex from mice of 22 days (H), 100 days (I), and
181 days (J) of age. Note the small punctate deposits of PrP. Scale bars are:
50 m (A–C), 10 m (D), 13 m (E–G), 32 m (H–J).

Cerebellar Granule Cells of Tg(PG14) Mice Degenerate by an Apoptotic
Mechanism. We previously reported that one of the most noticeable

neuropathological abnormalities in Tg(PG14) mice is a massive loss
of cerebellar granule cells, which causes severe atrophy of the
cerebellum (4). To investigate whether this phenomenon reflects a
developmental defect in proliferation of granule cell precursors, or
degeneration of cells once they become postmitotic, we analyzed
hematoxylin and eosin-stained sections of cerebella from mice of
different ages (Fig. 4 A–C and Table 2). We found that in Tg(PG14)
mice granule cells appeared to develop normally, with proliferation
in the external granule cell layer, followed by migration to the
internal granule cell layer. Although we have not carried out cell
counts, the density of granule cells in mice at 7 and 22 days of age
did not appear to be markedly different in Tg(PG14⫹/⫹) animals
compared with Tg(WT) or nontransgenic animals. In all mice, the
external granule cell layer had disappeared by 3 weeks of age,
arguing against any gross defect in cell migration. By 41 days of age,
however, there was a noticeable decrease in the number of cells in
the internal granule cell layer of Tg(PG14⫹/⫹) mice compared with
Tg(WT) mice, a difference that became even more marked as the
mice aged. By the time the Tg(PG14⫹/⫹) mice were terminally ill
(⬇180 days), there were almost no granule cells remaining.
Chiesa et al.

Several features demonstrate that granule cell degeneration in
Tg(PG14) mice occurred by apoptosis. First, at the peak of granule
cell degeneration (50–100 days of age), examination of hematoxylin
and eosin-stained sections revealed numerous granule cells with
pyknotic and fragmented nuclei (Fig. 4D). Second, degenerating
neurons were stained positively by the method of ISEL, which
reveals DNA fragmentation (Fig. 4 E–G and Table 2). In
Tg(PG14⫹/⫹) mice, a small number of ISEL-positive neurons were
first noted in the internal granule cell layer at 22 days of age, at the
time when granule cells have just completed their migration. (In
younger mice, ISEL-positive neurons were present in the external
granule cell layer even in control mice because of the programmed
death of granule cells that occurs during this period (20).) The
number of ISEL-positive neurons increased dramatically in older
animals, reaching a maximum of ⬎20 per high-power (⫻100) field
between 50 and 100 days of age. The number of positively staining
neurons declined somewhat thereafter, as the total number of
granule cells rapidly diminished. For comparison, Tg(WT) mice
never showed more than one to two ISEL-positive neurons in the
entire internal granule cell layer. In preliminary experiments,
essentially all ISEL-positive neurons in the internal granule cell
layer of Tg(PG14) mice were found to stain with an antibody that
recognizes activated caspase-3 (data not shown).
Finally, when DNA was extracted from whole cerebella, a
characteristic 200-bp ladder, indicative of internucleosomal cleavage, was observed in both the A2 and A3 lines of Tg(PG14) mice,
but not in Tg(WT) mice (Fig. 5). Laddering was not observed in
DNA extracted from other brain regions (data not shown).
Other Neuropathological Changes in Tg(PG14) Mice. We previously

reported that Tg(PG14) mice display thioflavin-negative, synaptic-like deposits of PrP, as well as astrocytic gliosis; the
cerebellum, hippocampus, and olfactory bulb are the regions of
the brain most affected (4). We have now carried out a detailed
chronological study of these features by immunohistochemical
staining of brain sections with antibodies to PrP and to GFAP.
Fig. 4 H–J and Table 2 show results for the cerebellum, but
staining for PrP and GFAP is also consistently seen in the
hippocampus and olfactory bulb. Fine punctate deposits of PrP
in the molecular and granule cell layers are first visible by 30–40
days of age in Tg(PG14⫹/⫹) mice. Increased numbers and size of
GFAP-positive astrocytes are evident in these two layers by 30
days of age, concomitant with an increase in the amount of
GFAP protein in extracts of whole brain (Fig. 1 A). Both of these
pathological changes therefore significantly prefigure the appearance of clinical symptoms, which occurs in these animals at
PNAS 兩 May 9, 2000 兩 vol. 97 兩 no. 10 兩 5577
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programmed cell death between postnatal days 1 and 14 (20).

64 days of age. PrP deposition and gliosis increase further during
the symptomatic phase of the illness, although PrP immunostaining decreases in terminally ill mice (180 days old), probably
as a result of substantial loss of granule cells which synthesize
PrP. Neither thioflavin-positive plaques nor obvious spongiosis
were observed at any time. No pathological changes were seen
in Tg(WT-E1) or nontransgenic mice.
Discussion
Tg(PG14) mice model several key aspects of familial prion diseases
in humans, including clinical symptoms, neuropathological changes,
and the generation of PrP molecules with the biochemical features
of PrPSc (4). These are currently the only genetically engineered
mice that spontaneously produce a protease-resistant form of PrP,
which is a hallmark of almost all infectious, sporadic, and familial
cases of prion disease. Tg(PG14) mice are therefore valuable for
addressing several important questions concerning the molecular
pathogenesis of inherited prion disorders. Although only limited
pathological and biochemical information is available on human
patients that carry the PG14 mutation, more extensive studies have
been carried out on patients with a six-octapeptide PrP insertion
(21), and in a number of these cases features quite similar to those
seen in Tg(PG14) mice have been described, including nonamyloid
PrP deposition, lack of spongiosis, and depletion of cerebellar
granule cells. Thus, it is very likely that the results we have obtained
from our analysis of Tg(PG14) mice will be applicable to human
patients with inherited prion diseases. Regardless of the exact
correspondence between the phenotypes of our mice and those of
human patients, however, our studies reveal several novel mechanistic insights into how a mutant form of PrP can cause neurodegeneration, including the role of the protease-resistant form of the
protein in triggering the disease process, the cell death pathways
that are activated, and the metabolism of the mutant protein in the
brain.
Patients with familial prion diseases do not manifest symptoms
until adulthood (2, 3), despite the fact that PrP is known to be
expressed in the central nervous system beginning early in
embryogenesis and to reach maximal levels soon after birth (22,
23). The question therefore arises of when during the lifetime of
patients are mutant PrP molecules converted to the PrPSc state,

Fig. 5. DNA extracted from the cerebella of Tg(PG14) mice displays a 200-bp
ladder. Detergent extracts of cerebella were centrifuged at 16,000 ⫻ g, and DNA
extracted from pellet fraction (lanes 1, 3, 5, and 7) and supernatant fraction (lanes
2, 4, 6, and 8) was subjected to Southern blotting using restriction-digested mouse
genomic DNA as a probe. Samples were from mice of the following ages: 182 days
(lanes 1 and 2), 187 days (lanes 3 and 4), 178 days (lanes 5 and 6), and 176 days
(lanes 7 and 8). One-thirtieth of the DNA extracted from the pellet fractions, and
the whole amount of DNA extracted from the supernatant fractions were analyzed. Size markers are given in base-pairs.
5578 兩 www.pnas.org

and what role does PrPSc play in development of clinical illness?
Is PrPSc produced beginning early in life or only in the adult? It
has not been possible to address this question directly, since
analysis of PrPSc in human subjects is of necessity restricted to a
single time point at the terminal phase of the illness.
Our analysis of Tg(PG14) mice reveals that molecules with the
biochemical properties of PrPSc accumulate throughout the life
of the animal, but that neuropathological lesions and clinical
disease do not ensue until a critical threshold level has been
reached. In both Tg(PG14⫹/⫹) and Tg(PG14⫹/⫺) mice, detergent-insoluble and protease-resistant PrP are already detectable
within the first week of life, long before clinical symptoms
commence (at ⬇65 and ⬇240 days of age, respectively, in the two
genotypes), and before the initiation of astrocytosis and granule
cell apoptosis (at ⬇30 days in both genotypes). PrPSc then
accumulates in the brain as the mice age, reaching levels in
terminally ill animals that are 20- to 80-fold higher than in
newborn mice. This dramatic elevation of PrPSc is correlated
with a marked astrocytic reaction and with progressive granule
cell loss in the cerebellum. Of note, PrPSc increases more rapidly
and reaches higher levels in Tg(PG14⫹/⫹) than in Tg(PG14⫹/⫺)
mice (Fig. 2 C and D), correlating with the faster disease
progression in homozygous animals. Taken together, these results argue strongly that PrPSc plays a primary pathogenic role in
familial prion diseases, as it does in infectious forms, and is the
causative factor in development of neuropathology and clinical
symptoms. Our data also indicate that neurons at all stages of
brain maturation possess the cellular and molecular machinery
necessary for converting mutant PrP to a PrPSc-like state, and
that this capability is not restricted to the adult nervous system.
Our results suggest that PG14 PrP accumulates in the brain
because it turns over more slowly or is cleared less efficiently than
WT PrP. The total amount of mutant PrP in the brains of Tg(PG14)
mice increases ⬃10-fold during the life of the animal, whereas the
amount of WT PrP in Tg(WT) and nontransgenic CD1 mice
changes by ⬍2-fold. Since levels of the mRNAs encoding mutant
and WT PrP remain relatively constant after birth, the rates of
synthesis of the two proteins are likely to be similar, assuming the
absence of differential translational efficiency. Whether PG14 PrP
is degraded more slowly within cells or whether it accumulates in
a more stable form in the extracellular space of the brain remains
to be determined. We have found that PG14 PrP has a slower
metabolic half-life than WT PrP when expressed in transfected
Chinese hamster ovary cells (24), but whether the same is true when
the protein is expressed in neurons is not known.
Familial prion diseases exhibit considerable variability in their
clinical and neuropathological presentation. A hypothesis to explain the anatomical specificity of each mutation is that neurons
from different parts of the brain metabolize mutant PrPs in
different ways, and that some populations of neurons convert
particular mutant PrPs to the PrPSc state much more efficiently than
other populations of neurons. Our analysis of Tg(PG14) mice
indicates that this is not likely to be the case for the PG14 mutation.
We find that PrPSc is widely distributed throughout the brains of
both presymptomatic and terminally ill animals, as demonstrated by
regional measurements of the amount of detergent-insoluble and
protease-resistant PrP and by histoblotting of cryostat sections. Our
results suggest that neurons in most parts of the brain are capable
of converting PG14 PrP to a PrPSc-like state with similar efficiency.
This conclusion is substantiated by studies of PrPSc formation in
primary cultures of neurons derived from different brain regions of
Tg(PG14) mice (B.D. and D.A.H., unpublished data). Moreover,
the ability to produce PrPSc-like molecules does not seem to be
restricted to neurons, since many peripheral tissues in Tg(PG14)
mice also contain a protease-resistant and detergent-insoluble form
of the mutant protein (R. C. and D. A. H., unpublished data). In
addition, PG14 PrP acquires PrPSc properties in transfected Chinese hamster ovary cells in culture (24–26). The conclusion that
Chiesa et al.

emerges from these data is that the PG14 mutation structurally
alters the protein in such a way that promotes conversion to the
PrPSc state regardless of the cellular context. Other pathogenic
mutations may operate in a more cell-specific fashion, for example,
the FFI mutation which produces a more selective pattern of PrPSc
accumulation (27).
The widespread anatomical distribution of PrPSc seen by Western
blotting and histoblotting contrasts with the more restricted localization of punctate PrP deposits visible by immunohistochemical
staining. These deposits are present mainly in the cerebellum,
hippocampus, and olfactory bulb. This discrepancy could be attributable to anatomical variations in the physical state of PrPSc. For
example, if PrP in the cerebellum and hippocampus was more
aggregated than in other regions of the brain, then the protein there
might have a greater resistance to the denaturing treatments
(hydrolytic autoclaving and incubation with guanidine thiocyanate)
applied before immunohistochemical staining.
A striking feature of Tg(PG14) mice is the degeneration of
cerebellar granule cells. The consequent disruption of cerebellar
circuitry is likely to contribute to the severe ataxia displayed by
Tg(PG14) mice. Granule cells appear to be born in normal
numbers, and they migrate to position in the internal granule cell
layer in typical fashion. However, beginning within the first
month of life, these cells undergo a degenerative process that
displays the essential features of apoptosis, including nuclear
condensation and fragmentation, ISEL-positive staining, internucleosomal cleavage of DNA, and caspase-3 activation. The
depletion of granule cells appears to be relatively selective, since
obvious neuronal loss is not visible in other areas of the brain.
However, decreases in neuronal number are much easier to
appreciate in densely populated regions such as the granule cell
layer, so that changes in other areas cannot be ruled out. A
careful examination of the other brain regions by ISEL will help
to resolve this issue. Purkinje cells appear to be present in normal
numbers in Tg(PG14) mice, although it must be kept in mind that
the transgenic vector does not drive expression in this cell type

(28). Loss of granule cells has been seen in a number of cases of
familial, sporadic, and infectious prion diseases (21, 29).
It is interesting to speculate on the cause of granule cell degeneration in Tg(PG14) mice. Since apoptosis is correlated with the
accumulation of protease-resistant and detergent-insoluble PrP, a
toxic effect of PrPSc may be responsible. If this is the case, however,
granule cells must be particularly vulnerable to the toxic insult, since
PrPSc-like molecules are present in many other parts of the brain
that do not show obvious neuronal loss. Another factor contributing
to granule cell apoptosis may be that PrP in the cerebellum is more
toxic than in other brain regions, perhaps because the protein there
is more highly aggregated, as suggested by the presence of the
synaptic-like deposits visualized by immunohistochemical staining.
A final possibility is that granule cells may be especially dependent
on a normal physiological function of PrPC which is compromised
by the presence of the insertional mutation.
Although it is generally agreed that neuronal loss is a cardinal
feature of prion diseases, the role of apoptosis in this process has
received limited attention. A synthetic peptide derived from the
PrP sequence causes apoptosis of cultured neurons (30). In
addition, there have been several reports describing neuronal
apoptosis in murine scrapie as well as in some cases of sporadic,
familial, and iatrogenic Creutzfeldt-Jakob disease (31–34). In
Tg(PG14) mice, granule cell apoptosis is a consistent and
dramatic feature, thus providing a particularly clear-cut demonstration of the role of apoptosis in a prion disease. It will now be
possible to use these mice to investigate the molecular triggers
for the apoptotic process and to test therapeutic interventions.
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