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Transgenic (Tg) mouse lines that express chimeric mouse– human
prion protein (PrP), designated MHu2M, are susceptible to prions
from patients with sporadic Creutzfeldt–Jakob disease (sCJD). With
the aim of decreasing the incubation time to fewer than 200 days,
we constructed transgenes in which one or more of the nine
human residues in MHu2M were changed to mouse. The construct
with murine residues at positions 165 and 167 was expressed
in Tg(MHu2M,M165V,E167Q) mice and resulted in shortening the
incubation time to ⬇110 days for prions from sCJD patients. The
construct with a murine residue at position 96 resulted in lengthening
the incubation time to more than 280 days for sCJD prions. When
murine residues 96, 165, and 167 were expressed, the abbreviated
incubation times for sCJD prions were abolished. Variant CJD prions
showed prolonged incubation times between 300 and 700 days in
Tg(MHu2M) mice on first passage and incubation times of ⬇350 days
in Tg(MHu2M,M165V,E167Q) mice. On second and third passages of
variant CJD prions in Tg(MHu2M) mice, multiple strains of prions were
detected based on incubation times and the sizes of the proteaseresistant, deglycosylated PrPSc fragments. Our discovery of a previously undescribed chimeric transgene with abbreviated incubation
times for sCJD prions should facilitate studies on the prion species
barrier and human prion diversity.
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H

uman prion diseases include Creutzfeldt–Jakob disease
(CJD), kuru, and fatal insomnia (FI; ref. 1). Sporadic (s) CJD
accounts for ⬇85% of all cases of human prion disease, familial (f)
CJD for 10–15%, and infection from exogenous prions for ⬍1%
(2). Prions consist solely of a pathogenic prion protein, denoted
PrPSc, that is derived from the cellular isoform PrPC (1, 3).
Replication of prions occurs when PrPSc stimulates conversion of
PrPC into nacent PrPSc. It seems likely that a cofactor participates
in the formation of PrPSc (4, 5); one such cofactor, provisionally
designated protein X, has been invoked to explain dominantnegative inhibition of prion replication. Using scrapie-infected
neuroblastoma (ScN2a) cells, the putative binding site of protein X
on PrP was mapped (6).
Transmission of human prions to wild-type (wt) rodents was
difficult because of the ‘‘species barrier’’ (7) that appears to be
modulated by (i) the degree of homology between PrP sequences
(8–10), (ii) cofactors such as protein X, and (iii) the prion strain.
Although incubation times of ⬇200 days in transgenic (Tg) mice
greatly accelerated studies of human prion disease, the prolonged
duration has hampered many studies (4, 11, 12).
Within a single species, strains of prions stably transmit a
particular disease phenotype, characterized by the length of the
incubation time, clinical signs as well as patterns of PrPSc deposition
and neuropathological lesions (13, 14). A growing body of evidence
argues that strain-specific properties of prions are enciphered in the
conformation of PrPSc (15–19). Strains of sCJD prions have been
classified according to the amino acid at position 129 [methionine
(M) or valine (V)] and with respect to the electrophoretic gel
4784 – 4789 兩 PNAS 兩 April 15, 2003 兩 vol. 100 兩 no. 8

mobility (21 or 19 kDa, as type 1 or type 2, respectively) of the
deglycosylated, protease-resistant (r) PrPSc fragment (20). Employing this analysis, 70% of sCJD cases are either MM1 or MV1, and
24% are either VV2 or MV2. In addition to the sCJD strains, a new
strain of CJD prions, termed variant CJD (vCJD), has been found
(21). This strain is thought to have originated in cattle with bovine
spongiform encephalopathy (BSE) and was transmitted to humans
through ingestion of BSE-tainted beef products (18, 22, 23).
To define the molecular basis of the species barrier and to
produce mice with shorter incubation times, we mutagenized the
chimeric mouse–human (MHu2M) transgene. Substitution of
mouse residues at positions 165 and 167 in the Hu2 insert reduced
the incubation time by nearly 50% for sCJD and fCJD prions.
Whether these substitutions shorten the incubation time by optimizing the interaction of the transgene product with protein X is
unknown. Investigations of vCJD prions serially passaged in
Tg(MHu2M) mice demonstrated the existence of multiple strains.
Methods
Production of Tg Mice. In MHu2M, the N and C termini are from

mouse PrP and the central ‘‘Hu2’’ insert corresponding to residues
96–167, is from human PrP (11). Tg mice were produced as
described (8, 24), except that purified cos.SHa.Tet fragments
containing the respective constructs were microinjected into the
pronuclei of fertilized oocytes from FVB兾Prnp0/0 mice (25). Constructs were cloned by using mismatch primer mutagenesis (8).
Genomic DNA isolated from weanling animals was screened for
the incorporation of the transgene by using probes hybridizing to
the 3⬘ UTR of the cos.SHa.Tet vector (1). Tg(HuPrP,M129)440兾
Prnp0/0 mice express HuPrPC with M at 129 and at 2⫻ the level
found in human brain. Tg(HuPrP,V129)152兾Prnp0/0 mice express
HuPrPC with V at 129 and at 4–8⫻ the level found in the human
brain. In Tg(MHu2M)5378兾Prnp0/0 mice, PrPC is expressed at 2⫻
the level found in Syrian hamster brain.
Abbreviations: PrP, prion protein; PrPC, normal cellular isoform; PrPSc, disease-associated
isoform; Tg, transgenic; CJD, Creutzfeldt–Jakob disease; vCJD, variant CJD; sCJD, sporadic
CJD.
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Table 1. Transmission of human prions to transgenic mice expressing MHu2M(M165V,E167Q),
MHu2M, HuPrP(M129), or HuPrP(V129)
Incubation period in days ⫾ SEM (n兾n0*)
Inoculum
MM1†
RG
EC
HS
Ho
DG
AM
MM2
A88-418
094-3
sFI-St㛳
vCJD-RU96兾45**
vCJD-RU96兾02**
MV1
WP
Ghi
Ro
MV2
093-25
A94-311
096-48
AMB
VV2
RP
A90-332
094-87
GF

MHu2M(M165V,E167Q)
Tg22372

MHu2M
Tg5378

HuPrP(M129)
Tg440

HuPrP(V129)
Tg152

106 ⫾ 2 (13兾13)‡
114 ⫾ 2 (7兾7)§
111 ⫾ 2 (7兾7)§

191 ⫾ 3 (10兾10)

165 ⫾ 4 (7兾7)
157 ⫾ 3 (7兾7)
163 ⫾ 2 (9兾9)
155 ⫾ 3 (8兾8)

263 ⫾ 2 (6兾6)
254 ⫾ 6 (9兾9)

232 ⫾ 5 (3兾3)
⬎580 (0兾8)
699 ⫾ 30 (2兾5)

368 ⫾ 19 (9兾9)
556 ⫾ 63 (5兾5)

196 ⫾ 4 (8兾8)
205 ⫾ 7 (6兾6)

106 ⫾ 2 (7兾7)§
112 ⫾ 2 (8兾8)¶

303 ⫾ 20 (4兾6)
335 ⫾ 23 (7兾7)
380 ⫾ 10 (6兾6)
124 ⫾ 3 (7兾7)§

⬎680 (0兾10)
⬎650 (0兾7)
221 ⫾ 6 (4兾4)
647 ⫾ 35 (2兾7)
563 ⫾ 201 (4兾7)
214 ⫾ 3 (8兾8)
215 ⫾ 4 (5兾5)

176 ⫾ 2 (9兾9)
⬎640 (0兾10)
⬎640 (0兾10)
⬎640 (0兾10)

350 ⫾ 38 (3兾6)
419 ⫾ 13 (9兾9)
307 ⫾ 27 (7兾9)

209 ⫾ 3 (7兾7)
206 ⫾ 3 (6兾6)
231 ⫾ 4 (5兾5)

531 ⫾ 46 (3兾14)
⬎500 (0兾8)
433 (1兾10)

248 ⫾ 12 (3兾7)
448 ⫾ 34 (3兾7)
378 ⫾ 7 (3兾7)

223 ⫾ 7 (7兾7)
195 ⫾ 3 (8兾8)
198 ⫾ 5 (9兾9)

⬎450 (0兾10)
⬎450 (1兾10)

⬎450 (2兾10)

Human Brain Inocula. Patient diagnoses were confirmed by histopa-

thology, immunohistochemistry, and detection of human PrPSc by
Western blotting (20, 26). Patients were genotyped (4) by DNA
sequencing of the entire ORF after extracting genomic DNA either
from leukocytes collected during life or from frozen brain after
death.

Preparation of Brain Homogenates and Bioassays. Ten percent ho-

mogenates of sCJD human brains or Tg mouse brains were
prepared as described (4). Bioassays were performed as described
(27). After onset of disease symptoms, mice were killed and their
brains were immediately frozen or fixed in formalin. For neuropathology, brains were immersion-fixed in a 10% buffered formalin
solution and embedded in paraffin. Immunohistochemistry for PrP
on formalin-fixed, paraffin-embedded tissue sections was performed using the hydrolytic autoclaving technique (28). Histoblot
analysis was performed as described (29).

Mutagenesis of the MHu2M Transgene. Because of the limitations
posed by the production of Tg mouse lines, we decided to change
some of nine human residues in the Hu2 insert of MHu2M to those
encoded by MoPrP (Fig. 5, which is published as supporting
information on the PNAS web site). Five single substitutions were
made: three at the N-terminal positions S96N, M108L, and M111V,
and two at the C-terminal positions M165V and E167Q. We also
combined some of the five mutated residues to create double and
triple substitutions.

Results

Abbreviated Incubation Times in Tg(MHu2M,M165V,E167Q) Mice. Because none of the single substitutions except possibly residue
M165V seemed promising, we constructed Tg mice expressing
the doubly substituted MHu2M(M165V,E167Q) transgene. The
first line, Tg(MHu2M,M165V,E167Q)22372兾Prnp0/0, subsequently
referred to as Tg22372 mice, express chimeric PrP at a level of
1–2⫻. Tg22372 mice were inoculated with brain homogenates from
10 different sCJD cases (Table 1, see a representative case depicted
in Fig. 4d), one case with fCJD(E200K) (Fig. 4e), one case with

sCJD transmits to
Tg(MHu2M)5378兾Prnp0/0 mice with an incubation time of ⬇200
days (11) (Fig. 4a, which is published as supporting information on
the PNAS web site, www.pnas.org); these mice are subsequently
referred to as Tg5378 mice. Because an inverse relationship was
found previously between the level of PrP transgene expression and
the length of the incubation time (30), six Tg lines expressing higher
levels of MHu2M were constructed and inoculated with
Tg
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sCJD(MM1) prions. The lines with 8⫻ expression levels had
incubation periods of 160 ⫾ 3 days (n兾n0 ⫽ 10兾10), 177 ⫾ 4 days
(n兾n0 ⫽ 10兾10), and 209 ⫾ 4 days (n兾n0 ⫽ 10兾10). The lines with
32⫻ expression levels showed longer incubation periods of 233 ⫾
4 days (n兾n0 ⫽ 10兾10), 236 ⫾ 5 days (n兾n0 ⫽ 11兾11), and 239 ⫾ 4
days (n兾n0 ⫽ 11兾11). Thus, raising the level of MHu2M expression
did not reduce the incubation time.

Mice

Korth et al.

Expressing

MHu2M

PrP.
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*n, number of diseased animals; n0, number of inoculated animals.
†Strain typing as described in ref. 20.
‡§¶Number of animals that died by a cause other than prion disease: 5 (‡), 3 (§), 2 (¶).
㛳Inoculum from patient with sporadic FI.
**Inocula from patients with vCJD.

familial FI [FFI(MV2,D178N)] (Fig. 4f ), and one case of sporadic
FI (sFI; ref. 31). Strikingly, the mean incubation times after
inoculation with sCJD(MM1) prions were reduced by nearly 50%
compared with those in Tg5378 mice; they ranged from 106 to 114
days (Table 1). No sCJD(VV2) cases have transmitted disease at
⬎450 days after inoculation. fCJD(E200K) prions transmitted
disease in 109 days on first passage and in 100 days on second
passage, similar to sCJD(MM1) prions. FFI and sFI prions transmitted inefficiently to Tg22372 mice; the animals exhibited incubation times of 263 ⫾ 15 days (n兾n0 ⫽ 5兾6) and 303 ⫾ 20 days,
respectively. On second passage of FFI prions in Tg22372 mice, the
incubation time was reduced from 263 days to 97 days (Fig. 4f ).
Uninoculated Tg22372 mice remained healthy for more than 620
days.
These strain-specific patterns of incubation times from different
inocula are similar to those found with Tg5378 mice. When brain
homogenates from patients with fCJD(E200K) were inoculated
into Tg5378 mice, the incubation time was 170 ⫾ 2 days (n兾n0 ⫽
10兾10) and did not change on second passage (Fig. 1b). Inoculation
of Tg5378 mice with brain homogenates from three patients with
FFI(MV2,D178N) produced incubation times of 247 ⫾ 6 days
(n兾n0 ⫽ 7兾7), 206 ⫾ 7 days (7兾7), and 193 ⫾ 5 days (9兾9) on first
passage, which shortened on second passage to 123 ⫾ 3 days (7兾7),
132 ⫾ 5 days (9兾9), and 136 ⫾ 1 days (6兾6), respectively (see a
representative case depicted in Fig. 4c). Interestingly, the shortening of incubation times on second passage demonstrates a similar
transmission barrier for FFI prions in both Tg5378 and Tg22372
mice (compare Fig. 4 c and f ).
Additional Tg(MHu2M,M165V,E167Q)Prnp0/0 mice were
derived from two other founders. The chimeric MHu2M
(M165V,E167Q) was expressed at 4–8⫻ as measured by mRNA
expression. Many of these Tg(MHu2M,M165V,E167Q)Prnp0/0
mice developed ataxia between 120 and 150 days of age and thus,
neither line was inoculated. Mice killed at 200 days of age exhibited
widespread astrocytic gliosis in the caudate and putamen, but no
neuronal loss was observed. Faint, minimal punctate deposits of
mutant PrPSc detected by immunostaining with the chimeric
human–mouse recombinant Fab D18 and the 3F4 mAb were found
only in the caudate and putamen (data not shown). The hippocampus and cerebellum showed no pathologic changes.
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Biochemical Characteristics of Chimeric Mouse–Human Prions. For

sCJD and fCJD(E200K) prions, the molecular size of the deglycosylated rPrPSc fragment was 21 kDa (type 1) (Fig. 1a, lanes 1 and
4). The same-sized PrPSc fragments were found in the brains of
Tg5378 mice after first and second passages of either sCJD or
fCJD(E200K) prions (Fig. 1a, lanes 2, 3, 5, and 6). For FFI, the
molecular size of deglycosylated rPrPSc was 19 kDa (type 2) (Fig.
1a, lane 7). Although the incubation times for FFI prions decreased
nearly 50% on second passage in Tg5378 mice (Fig. 4c), the
molecular size of the deglycosylated, rPrPSc fragment remained 19
kDa (Fig. 1a, lanes 8 and 9). These findings clearly dissociate the
size of the deglycosylated, rPrPSc fragment from the incubation
time.
Western blots of brain homogenates from sCJD patients and
from corresponding inoculated Tg22372 mice demonstrated rPrPSc
(Fig. 1b). Three different cases of sCJD (Fig. 1b, lanes 1–3, 8–10,
and 15–17) were passaged into Tg22372 mice and produced
MHu2M(M165V,E167Q) prions (Fig. 1b, lanes 4–6 and 11–13).
Uninoculated mice did not produce MHu2M(M165V,E167Q) prions (Fig. 1b, lanes 7 and 14). Brain homogenates from sCJD(MM1)
(RG) inoculated into Tg22372 mice (Fig. 1c, lanes 2, 6, and 10) were
repassaged into the same line (Fig. 1c, lanes 3, 7, and 11), and into
Tg5378 mice (Fig. 1c, lanes 4, 8, and 12). On passage into Tg22372
mice, slight changes of the glycosylation pattern were seen (compare Fig. 1c, lane 5 with lanes 6 and 7), but there were no changes
in deglycosylated rPrPSc (Fig. 1c, lanes 9–12).
MHu2M(M165V,E167Q) prions from sCJD(MM1) (RG) inoc4786 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.2627989100

Fig. 1. Western blots of brain homogenates from inocula and inoculated
Tg5378 and Tg22372 mice. (a) Immunoblots of rPrPSc (Upper) and deglycosylated
rPrPSc (Lower) from brain homogenates, inoculated first and second passages,
respectively, of sCJD(MM1) (lanes 1–3), fCJD(E200K) (lanes 4 – 6), FFI (lanes 7–9),
and vCJD (lanes 10 –12) into Tg5378 mice. In the first lane of each triplet (lanes 1,
4, 7, and 10), PrPSc in homogenates of the diseased human brains is shown; in the
second lane of each triplet (lanes 2, 5, 8, and 11), PrPSc in brain homogenates of
Tg5378 mice inoculated with diseased human brains is shown; and in the third
lane of each triplet (lanes 3, 6, 9, and 12), PrPSc in brain homogenates from Tg5378
mice inoculated with diseased Tg5378 brain homogenates (from first passage of
human prions) is shown. (b) Undigested brain homogenates from sCJD (RG) (lane
1); sCJD (EC) (lane 2); sCJD (WP) (lane 3), and Tg22372 mice inoculated with sCJD
(RG) (lane 4); sCJD (EC) (lane 5); and sCJD (WP) (lane 6). Lane 7 shows an
uninoculated Tg22372 mouse. Lanes 8 –14 show the same brain homogenates as
lanes 1–7, respectively, but brain homogenates were digested with proteinase K.
Lanes 15–17 are the same as lanes 8 –10, respectively, except the film was exposed
longer to detect the weak band of PrPSc in lane 16. The blot clearly shows the
overexpression of PrP in the brains of transgenic mice relative to human brains
(compare lane 7 with lanes 1–3). (c) Brain homogenates from sCJD(MM1) (RG)
(lanes 1, 5, and 9) and from Tg22372 mice inoculated with sCJD (RG) on first
passage (lanes 2, 6, and 10) and second passage (lanes 3, 7, and 11). Brain
homogenate from the second passage of sCJD (RG) into Tg5378 mice are shown
in lanes 4, 8, and 12. Lanes 1– 4 show undigested brain homogenates, lanes 5– 8
show brain homogenates after 100 g兾ml PK digestion, and lanes 9 –12 show
brain homogenates after both PK digestion and PNGase F digestion. The glycoform pattern of PrPSc changes from the original sCJD (RG) pattern (lane 5) to the
first passage (lane 6), remains the same on second passage (lane 7) but changes
when passaged into Tg5378 mice (lane 8). The gel mobility of deglycosylated
rPrPSc does not change (compare lane 9 to lanes 10 –12).

ula produced incubation times of 95 ⫾ 2 days when passaged into
Tg22372 mice (Fig. 4d), and of 166 ⫾ 3 days when passaged into
Tg5378 mice. MHu2M(M165V,E167Q) prions could not be passaged into Tg(MoPrP)4053兾FVB mice overexpressing wt mouse
PrP, indicating that chimeric MHu2M(M165V,E167Q) prions are
unlikely to cross this transmission barrier.
PrPSc Deposition in Tg22372 Mice. Tg22372 mice were inoculated
with sCJD(MM1), fCJD, FFI, sFI, or vCJD prions. Histoblotting of
brain sections showed that each of these inocula produced a
different pattern of PrPSc deposition. Brains from Tg22372 mice
infected with prions from six cases of sCJD(MM1) showed similar
patterns of PrPSc deposition (Fig. 2 a and b; and Fig. 6, which is
published as supporting information on the PNAS web site). PrPSc
Korth et al.
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Fig. 2. PrPSc deposition shown by histoblotting in Tg22372 mice inoculated with
different forms of CJD and FI. Coronal sections through the thalamichippocampal area (a, c, e, g, and i) or midbrain-pons area (b, d, f, h, and j) are
depicted. Histoblots showing PrPSc deposition patterns after inoculation with
sCJD(MM1) (RG) (a and b), fCJD(E200K) (c and d), FFI (e and f ), sFI (g and h), and
vCJD (i and j).

was deposited in the habenula, thalamus, colliculi nucleus, and
midbrain tegmentum as well as the inner half of the cerebral cortex
(Fig. 2 a and b). Some, but not all, white matter tracts were also
immunopositive, including the corpus callosum (Fig. 2a) and the
habenulopeduncular tract of the midbrain. The internal capsule and
cerebral peduncles were negative. In contrast to sCJD prions,
fCJD(E200K) prions produced widespread accumulation of PrPSc,
in the cerebral cortex and hippocampus as well as much of the
thalamus and hypothalamus, and most nuclei of the brainstem (Fig.
2 c and d). FFI prions produced the most intense immunostaining
of the thalamus, lateral hypothalamus and brainstem (Fig. 2 e and
f ). sFI prions also produced intense PrPSc immunostaining of the
thalamus (Fig. 2g), but little staining was found in the brainstem
(Fig. 2h). In Tg22372 mice inoculated with vCJD prions, intense
immunostaining in the tegmentum of the brainstem was found with
less intensity in the thalamus and hypothalamus, but no PrPSc was
seen in the cerebral cortex (Fig. 2 i and j). Punctate PrPSc deposits
that correspond to PrP amyloid were distributed over the surface of
the hippocampus (Fig. 2i). PrP immunopositive amyloid plaques
(Fig. 6 l and p), particularly in the subcallosal region overlying the
hippocampus, were associated with intense reactive astrocytic
gliosis (Fig. 6n).
Like the similar patterns of PrPSc deposition, the intensity and
distribution of vacuolation as well as reactive astrocytic gliosis in
Tg22372 mice were indistinguishable for the six different cases of
sCJD(MM1) (Figs. 7 and 8, which are published as supporting
information on the PNAS web site). Moreover, the brains of
Tg22372 and Tg5378 mice inoculated with the same CJD strains
Korth et al.

Single and Triple Substitutions in MHu2M Transgenes. Tg mouse
lines were generated expressing MHu2M(M165V) and
MHu2M(E167Q). Tg(MHu2M,E167Q)18990兾Prnp0/0 mice overexpressing MHu2M(E167Q) at a level of ⬇8⫻ developed spontaneous neurodegenerative disease with frequent symptoms of dysmetria and proprioceptive deficits and less frequently, hindlimb
paresis ending in death at ⬇300 days of age. Neuropathological
examination showed no vacuolation or obvious nerve cell loss;
however, generalized reactive astrocytic gliosis accentuated in the
caudate nucleus, brainstem, and cortex was found (Fig. 9, which is
published as supporting information on the PNAS web site). PrP
staining showed unusual punctate, perinuclear deposits in the
pyramidal cell layer and in the hippocampus. No rPrPSc was
detected in brain homogenates (data not shown) and no infectivity
was found by inoculating Tg5378 mice, which have remained well
for ⬎524 days.
Tg(MHu2M,M165V)17030兾Prnp0/0 mice inoculated with
sCJD(MM1) (RG) prions had shortened incubation times of
105 ⫾ 2 days (n兾n0 ⫽ 10兾10) on first passage and 92 ⫾ 2 days
(n兾n0 ⫽ 10兾10) on second passage. However, a second line,
Tg(MHu2M,M165V)17000兾Prnp0/0, had an incubation time of
246 ⫾ 3 days (n兾n0 ⫽ 8兾8) when inoculated with sCJD(MM1) (RG)
prions. Both Tg lines express MHu2M(M165V) at 2–4⫻.
Tg mouse lines expressing either MHu2M(S96N) or
MHu2M(S96N,M165V,E167Q) were not fully established. Instead,
individual founders and F1 littermates were inoculated with
sCJD(MM1) (RG) prions. Six inoculated Tg(MHu2M,S96N)
28386兾Prnp0/0 mice developed disease at 285 ⫾ 8 days. Two
Tg(MHu2M,S96N,M165V,E167Q)34098兾Prnp0/0 mice inoculated
with sCJD(MM1) (RG) prions developed disease after 205 and 364
days.
Four Tg mouse founders and their F1 littermates expressing
MHu2M(S96N,M108L,M111V) had incubation times of 160 ⫾ 3
days (n兾n0 ⫽ 4兾4), 170 ⫾ 5 days (3兾3), 229 ⫾ 9 days (3兾3), 195 ⫾
20 days (2兾2) when inoculated with sCJD(MM1) (RG) prions. The
differences in incubation times between groups may be due to
different levels of PrP expression, but in all four experiments, the
Tg(MHu2M,S96N,M108L,M111V)34098兾Prnp0/0 mice showed
shorter incubation times than the 285 days noted above for
Tg(MHu2M,S96N)28386兾Prnp0/0 mice.
Transmission of sCJD Prions to Tg(HuPrP) Mice. Tg5378 and

Tg(HuPrP,M129)440兾Prnp0/0 mice with PrP transgenes encoding M
at position 129 had shorter incubation times for sCJD(MM1) prions
compared with Tg(HuPrP,V129)152兾Prnp0/0 mice (Table 1). Conversely, only Tg(HuPrP,V129)152兾Prnp0/0 mice with a transgene
encoding V at position 129 could be reproducibly infected with
sCJD(VV2) prions (Table 1). Whereas Tg(HuPrP,V129)152兾
Prnp0/0 mice were generally susceptible to human prions with M at
PNAS 兩 April 15, 2003 兩 vol. 100 兩 no. 8 兩 4787
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were virtually indistinguishable on pathologic examination. For
each sCJD inoculum, the vacuolation scores (percentage of an area
occupied by vacuoles) for the inner half of the cerebral cortex were
2⫻ greater than those for the outer half. The degree of vacuolation
in the thalamus, caudate nucleus and brainstem was similar (Fig. 7).
No vacuolation was found in the cerebellar cortex with any of the
sCJD inocula. Immunohistochemistry for PrPSc by hydrolytic autoclaving showed deposits ranging from finely granular (synapticlike) to coarse and primitive (plaque-like); however, differences
among inocula did not seem to be significant (Fig. 7). No differences between first and second passage of sCJD (RG) in Tg22372
mice were found on neuropathological examination (Fig. 7).
The combined findings for six sCJD(MM1) cases suggest that the
prions in each case might be similar or indistinguishable strains.
However, additional studies are required to test this conjecture,
including end-point titrations, which yield dose-response curves.
The slopes of these curves have been used to distinguish different
prion strains (32).

received the same human vCJD inoculum on first passage, produced incubation times ranging between 156 and 308 days on
second passage. On second passage of MHu2M(vCJD) prions, the
incubation times in Tg5378 mice shortened substantially and
showed a biphasic pattern, with mean incubation times of ⬇160
days and ⬇290 days (Fig. 3a), indicating a transmission barrier for
at least two different strains of vCJD prions. On third passage, the
incubation time of the shorter strain (⬇160 days) remained constant, whereas the longer strain (⬇290 days) showed a modest
shortening of ⬇60 days. Of note, all inocula derived from the
frontal lobe of one vCJD patient (RU 96兾02) resulted in short
(⬇160 days) incubation times on third passage, whereas inocula
from the thalamus of another vCJD patient (RU 96兾07) resulted in
both long (250–320 days) and short incubation times on third
passage. Because only a total of eight second-passage mouse brains
inoculated with prions from two vCJD patients were passaged a
third time, we are reluctant to assign strain-specific characteristics
to particular brain regions. In our initial study of vCJD passaged in
Tg5378 mice, we found that on first and second passage, a deglycosylated rPrPSc fragment of 19 kDa was produced (Fig. 1a, lanes
10–12), which has been found in all vCJD cases examined to date.
In third-passage mouse brain homogenates, we were surprised to
find deglycosylated rPrPSc fragments of 19 kDa in some brains and
of 21 kDa in others (Fig. 3b). There was no correlation between the
incubation time and the fragment size. In fact, different Tg5378
mice inoculated with the same second-passage mouse brain homogenate had similar incubation times on third passage but different sizes of deglycosylated rPrPSc fragments (Fig. 3b, compare
lane 5 with 6, and lane 9 with 10).
Fig. 3. Serial transmission of vCJD prions into Tg5378 mice. (a) Survival curve of
Tg5378 mice inoculated with vCJD. The black line with the filled circles represents
the first passage into Tg5378 mice, the black line with the open squares depicts
the second passage, the blue line shows the third passage of the long-incubating
substrain, and the red line illustrates the third passage of the short-incubating
substrain. (b) Immunoblots of deglycosylated rPrPSc in selected brains from the
third passage of vCJD into Tg5378 mice. The three sets of numbers above the
immunoblot represent, from top to bottom, incubation times for first, second,
and third passage. For the third passage, deglycosylated rPrPSc from brains of two
different mice are shown. Deglycosylated rPrPSc from human patients with
sCJD(MM1) (lane 1) and vCJD (lane 2) are depicted. Tg mice that were classified
as short incubation time on second passage (lanes 3– 6, red line in a) and as long
incubation time on second passage (lanes 7–10, blue line in a). Deglycosylated
rPrPSc has the electrophoretic mobility of either 21 kDa (lanes 3–5 and 9) or 19 kDa
(lanes 6 – 8 and 10). The original vCJD prions used to inoculate the mice were
either from the frontal lobe (FL) (lanes 3 and 4) or from the thalamus (TH) (lanes
5–10) of the human patient.

position 129, Tg(HuPrP,M129)440兾Prnp0/0 and Tg5378 mice were
marginally susceptible to human prions with V at position 129
(Table 1, compare MM1, MV2, and VV2). Presumably, these
results reflect the same mechanism that is responsible for the
increased frequency of sCJD in patients that are homozygous for M
or V at position 129 (9). For sCJD(MV2) prions, the incubation
times were shortest in Tg(HuPrP,V129)152兾Prnp0/0 mice. Whether
this reflects the fact that PrPSc in these inocula originated from PrPC
containing V129 (Table 1) is uncertain. sCJD(MV1) prions transmitted to Tg mice with incubation times similar to those found with
sCJD(MM1) prions (Table 1).
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Transmission of vCJD Prions to Tg Mice. Tg22372 mice inoculated

with brain homogenates of two patients with vCJD exhibited
incubation times of 335 ⫾ 23 days and 380 ⫾ 10 days, with the first
mouse showing signs of neurologic dysfunction at 254 days after
inoculation (Table 1). In contrast, vCJD prions inoculated into
Tg5378 mice resulted in prolonged incubation times between 300
and 725 days, with only 25% of the mice becoming ill by 500 days
(Fig. 3a).
Inocula prepared from different mouse brains, all of which
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Discussion
Mutants of Chimeric PrP with Abbreviated Incubation Times. Unable
to shorten the incubation time by increasing the expression of
MHu2M, we asked whether changing some residues encoded by the
transgene might lead to a shortening of the incubation time. Faced
with a very large number of possible mutations that could only be
assessed by construction of Tg mice, we focused on the nine residues
that distinguish MHu2MPrP from MoPrP. Because MHu2MPrP is
converted to PrPSc in the presence of MoPrP but not HuPrP (4), we
decided to revert some of the Hu residues at the N- and C-terminal
ends of Hu2 insert (Fig. 5). Changing the two human residues at
positions 165 and 167 at the C terminus of the Hu2 insert yielded
a transgene product that is responsive to sCJD(MM1) prions, with
incubation times between 106 and 124 days. sCJD(MM1) is the
most prevalent subclass of sCJD, accounting for ⬇68% of cases
(20). sCJD(VV2) prions did not transmit as rapidly as sCJD(MM1)
prions, presumably reflecting the fact that residue 129 in
MHu2M(M165V,E167Q) is M (Table 1). The importance of
homology at codon 129 between the recipient and prions in the
inoculum also seems to be reflected by the differences in
incubation times between Tg(HuPrP,M129)440兾Prnp0/0 and
Tg(HuPrP,V129)152兾Prnp0/0 mice that received the same inoculum (Table 1).
Mutants of Chimeric PrP with Prolonged Incubation Times. The S96N

mutation in MHu2MPrP resulted in a prolongation of the incubation time, which was partially counteracted by introduction of the
M108L and M111V mutations (Fig. 5). When the M165V and
E167Q mutations were combined with the S96N mutation, the
abbreviated incubation times were abolished. This finding suggests
that both the N- and C-terminal domains of the Hu2 insert
modulate prion replication. Because the M108L and M111V mutations counteracted the prolonged incubation time produced by
the S96N mutation, it is reasonable to ask whether either one or
both of these mutations might further shorten the abbreviated
incubation times observed with M165V and E167Q. It is noteworthy that M108L and M111V mutations have been shown to
modulate transmission of prions to Syrian hamsters (33, 34).
Korth et al.
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clear exceptions. The efficient transmission of vCJD prions in
Tg(BoPrP)Prnp0/0 mice and the rather inefficient transmission to
Tg5378 mice (Fig. 3a) argue that the conformation of the BSE
prion strain was maintained on passage from cattle to humans.
In earlier studies, it was recognized that passage of prions
across a species barrier often produced new prion strains (44).
Later, the species barrier was shown to be caused by speciesspecific differences in the PrP sequence of the recipient host and
the donor inoculum (10, 30). In the studies reported here, we
used the transmission barrier for vCJD prions in Tg5378 mice
(Fig. 3a) to isolate multiple strains of prions. On second passage
in Tg5378 mice, at least two distinct strains of vCJD prions were
evident based on the biphasic distribution of incubation times.
On third passage, the two vCJD strains were analyzed by
determining the molecular size of the rPrPSc fragment after
deglycosylation (Fig. 3b). Our findings show no correlation
between the size of the PrPSc fragment and the incubation time,
but clearly indicate that several vCJD prion strains can be
generated under these circumstances.
Concluding Remarks. Our discovery that Tg22372 mice have

incubation times of ⬇100 days for sCJD(MM1) prions represents
a substantial advance in understanding the molecular basis of the
species barrier. In addition, this discovery has practical importance in that end-point titrations of human brain homogenates
can be accomplished in ⬍250 days. Such titrations are critical for
characterizing human prion strains as well as for calibrating
sensitive immunoassays (45).

Species Barriers and Prion Strains. Our results show that homology
of the PrP sequence between the host PrPC and the infecting
prion is an imperfect predictor of prion transmission. For example, some sCJD(MM2) prions transmitted inefficiently to
Tg(HuPrP,M129)440兾Prnp0/0 (Table 1) and vCJD prions also transmitted quite inefficiently to Tg5378 mice (Fig. 3). In contrast, vCJD
prions readily transmit to Tg(BoPrP)Prnp0/0 mice, whereas sCJD
prions do not (18). Our findings emphasize the need to consider the
tertiary structures of PrPC and PrPSc with respect to prion transmission. Although in many cases, homologous PrPC is able to adopt
the conformation of PrPSc, some strains, such as vCJD, are
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Neurodegeneration in Tg Mice Expressing Chimeric PrP. Two Tg lines
expressing MHu2MPrP(M165V,E167Q) at ⬇4⫻ were constructed.
The majority of the offspring from each of these lines developed
ataxia between 120 and 150 days of age. Interestingly, the E167Q
mutation alone in Tg(MHu2M,E167Q)18990兾Prnp0/0 mice expressing the transgene product at ⬇8⫻ resulted in spontaneous
neurodegeneration at ⬇300 days of age.
The neurodegeneration observed in Tg mice expressing high
levels of either MHu2M(M165V,E167Q) or MHu2M(E167Q) is
not unlike some other mutant PrPs expressed at high levels on
the Prnp0/0 background (35–39). Of note, the neurodegeneration
caused by either truncated MoPrP(⌬32–121) or MoPrP(⌬32–
134) could be prevented by coexpression of wt MoPrP (40). This
is reminiscent of the rescue of mice overexpressing the PrP
paralog doppel (Dpl) in the cerebellum; coexpression of either
Mo or SHa PrP prevented neurodegeneration (41–43). Whether
the coexpression of MoPrP in Tg mice expressing high levels of
MHu2M(M165V,E167Q) will prevent neurodegeneration and
still enable abbreviated incubation times is unknown. In earlier
studies with Tg(MHu2M) mice, the incubation times were
similar regardless of whether MoPrP was coexpressed (4, 11).

