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Abstract
Transgenic (Tg) mice expressing chimeras of mouse and human prion proteins (PrP) have shorter
incubation periods for Creutzfeldt-Jakob disease (CJD) prions than mice expressing full-length
human PrP. Increasing the sequence similarity of the chimeric PrP to mouse PrP, by reverting
human residues to mouse, resulted in a Tg line, denoted Tg22372, which was susceptible to
sporadic (s) CJD prions in ~110 days 1. Reversion of one additional residue (M111V) resulted in a
new Tg line, termed Tg1014, susceptible to sCJD prions in ~75 days. Tg1014 mice also has
shorter incubation periods for variant (v) CJD prions, providing a more tractable model for
studying this prion strain. Transmission of vCJD prions to Tg1014 mice resulted in two different
strains, determined by neuropathology and biochemical analysis, which correlated with the length
of the incubation time. One strain had the biochemical, neuropathological, and transmission
characteristics including longer incubation times of the inoculated vCJD strain; the second strain
produced a phenotype resembling that of sCJD prions including relatively shorter incubation
periods. Mice with intermediate incubation periods for vCJD prions had a mixture of the two
strains. Both strains were serially transmitted in Tg1014 mice, which led to further reduction in
incubation periods. Conversion of vCJD-like to sCJD-like strains was favored in Tg1014 mice
more than in the Tg22372 line. The single amino acid difference therefore appears to offer
selective pressure for propagation of the sCJD-like strain. These two Tg mouse lines provide
relatively rapid models to study human prion diseases as well as the evolution of human prion
strains.

INTRODUCTION
Human prion diseases, including Creutzfeldt-Jakob disease (CJD), are invariably fatal
neurological illnesses, which are of sporadic, genetic or acquired origin. Analogous diseases
are known in a number of agriculturally important animal species, including bovine
spongiform encephalopathy (BSE) in cattle, scrapie in sheep, and chronic wasting disease in
deer. In all cases, the host-encoded prion protein (PrP) is converted from its cellular isoform,
PrPC, into the disease-causing PrPSc form by a conformational rearrangement. Subsequent
propagation of PrPSc occurs in an autocatalytic, template-directed manner. Transmission of
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prions, both within and between species, requires the refolding of endogenous PrPC into the
alternative isofom PrPSc 2.

Following the BSE epidemic in the United Kingdom, almost 200 variant (v) CJD cases have
been identified in relatively young individuals, with a novel neuropathological profile 3. An
etiologic relationship between BSE and vCJD was implicated by transmission studies in
monkeys, cats and mice 4–6. Most compellingly, the incubation times, neuropathologic
profiles, and patterns of PrPSc deposition in transgenic (Tg) mice expressing the bovine (Bo)
PrP gene were indistinguishable whether the inocula originated from the brains of cattle with
BSE or humans with vCJD 7–9.

Variant CJD has occurred almost exclusively in individuals homozygous for methionine at
polymorphic PrP codon 129. Therefore, PrPSc found in the brains of these individuals has an
identical sequence to that in the brains of individuals with the most common form of
sporadic (s) CJD. However, the neuropathological profiles, biochemical behavior, and
transmission characteristics clearly define vCJD and sCJD as different strains. The
phenomenon of prion strains has been known for almost 50 years, when “scratchy” and
“nervous” clinical phenotypes of scrapie were distinguished and serially passaged in goats
10. The concept of multiple strains was expanded by the work of Dickinson and colleagues,
who transmitted scrapie prions from sheep and goats to rodents 11–14. Notably, further
investigations revealed that many scrapie strains were actually re-isolations of the same
strains 15, 16. The existence of different strains of scrapie prions argued for the existence of
an independent genome 17, yet none has been found despite numerous efforts 18, 19. From
studies of prion strains in mammals and fungi, considerable data argue that strain-specified
properties are enciphered in the conformation of PrPSc 20–26.

One of the simplest ways to differentiate prion strains is by Western blotting following
limited digestion with proteinase K (PK). For human prion strains, the sizes and intensities
of the PK-resistant PrPSc glycoforms have led to different classification schemes 27, 28.
However, recent reports of multiple strain types within a single brain make this
classification more complicated 29–32. The most obvious difference between strains is the
size of the unglycosylated, PK-resistant fragment. The most common form of sCJD has an
unglycosylated PrPSc band of ~21-kDa, described as “type 1” in the classification system of
Gambetti and colleagues 27. Conversely, all clinical vCJD cases to date are accompanied by
unglycosylated PrPSc band of ~19 kDa, referred to as “type 2.”

Attempts to study the replication of sCJD and vCJD prions have been hampered by their
poor transmission to wild-type mice. Therefore, we and others developed transgenic (Tg)
mice expressing human (Hu) PrP to provide a more efficient replication environment with
sequence similarity between PrPC in the host and PrPSc in the inoculum. Transmission of
sCJD prions was only efficient in the absence of endogenous mouse (Mo) PrP expression 33,
34. Generation of additional Tg mouse lines expressing transgenes chimeric for MoPrP and
HuPrP afforded reduced incubation periods for human prions 1, 34.

In some instances, prion isolates have been biologically “cloned” by limiting dilution and
serial passage, to the point in which a single strain appears to be present. Subsequent
passage to cells or serial passage in the same species has occasionally led to emergence of
alternate strains 35, 36. Drug treatments can also lead to selection of drug-resistant substrains
in both cells and mice 36, 37. Such changes can be explained using the language of evolution,
where strains are converted or “mutated,” or alternatively selected from a pool based on
external pressures. Mutation of prion strains does not imply a hypothetical nucleic acid
component of the prion, and is consistent with the “protein-only” hypothesis of prion
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replication. Such mutations could arise from errors in fidelity of structural conversion
between template PrPSc and substrate PrPC.

Previously, we showed that serial passage of vCJD prions in Tg mice expressing the
chimeric MHu2M transgene resulted in two distinct strains 1. However, the extended
incubation periods in these mice precluded more detailed study. Here we report serial
passage of vCJD prions in two Tg lines expressing different chimeric Mo/Hu PrP
transgenes, with substantially reduced incubation times. In some cases, two distinct prion
strains appeared based on typing by Western immunoblotting and on neuropathogic
analysis. Our data suggest that either vCJD isolates contain low levels of sCJD-like prions,
which can be selected on serial passage, or that conversion occurs between these two strains.
Moreover, the sequence of the transgene can influence the rate of selection or conversion, by
as small a difference as a single conservative substitution.

MATERIALS AND METHODS
Construct nomenclature

The mature sequences of MoPrP and HuPrP differ at 17 residues, with a single residue
insertion in HuPrP preceding residue 55 and a deletion of two residues following residue
226 (mouse numbering). In the chimeric MHu2M constructs, all numbering corresponds to
the mouse sequence. The central region from residues 96 to 167 express the HuPrP
sequence, corresponding to nine differences from MoPrP at residues 96, 108, 111, 137, 142,
144, 154, 165 and 167 34. This is the construct in the Tg(MHu2M)5378 line. Subsequent
reversions of these HuPrP residues to the MoPrP sequence are denoted as mutations
following “MHu2M,” i.e., MHu2M(M165V,E167Q) is the MHu2M transgene with codons
165 and 167 reverted to the respective MoPrP residues, and
MHu2M(M111V,M165V,E167Q) has an additional reversion at residue 111 (Suppl. Fig. 1).
Both Mo/Hu chimeric constructs described here encode M at position 129. All transgenic
lines are on the PrP-ablated (Prnp0/0) background. For simplicity, transgenic lines are
denoted by their line number: for example, Tg(MHu2M,M111V,M165V,E167Q)1014/
Prnp0/0 is referred to as Tg1014.

CJD inocula
All human prion-infected tissues were obtained from neuropathologically confirmed cases,
and in all instances, the full PrP open reading frame was sequenced including the
polymorphism at residue 129. Strain typing was performed by Western blotting as described
below. sCJD cases were all homozygous M129, type 1, denoted MM1. vCJD samples were
obtained from the U.K. National CJD Surveillance Unit. Most samples have been described
previously 1, 8.

Generation and inoculation of transgenic mouse lines
All animal procedures were performed under protocols approved by the Institutional Animal
Care and Use Committee at the University of California San Francisco.

The Tg(MHu2M,M111V,M165V,E167Q)1014/Prnp0/0 mouse line was created as reported
previously 38, 39. Briefly, the DNA construct was generated by site-directed mutagenesis
using the QuickChange II kit (Stratagene, La Jolla, CA), then cloned into the Cos.tet vector
and microinjected into PrP-ablated (Prnp0/0) zygotes. Potential founder mice were identified
by binding of a radiolabeled probe, complementary to the vector sequence, to genomic
DNA. Hemizygous Tg(MHu2M,M165V,E167Q)22372/Prnp0/0 mice, homozygous
Tg(BoPrP+/+)4092/Prnp0/0, and Tg(MHu2M,M165V,E167Q+/+)22372/Prnp0/0 mice were
reported previously 1, 9, 40.
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Weanling mice were intracerebrally inoculated with 30 μl of 1% brain homogenate in
phosphate-buffered saline (PBS) containing 5% bovine serum albumin, and monitored for
onset of disease, as previously reported 41.

Survival analysis
Median incubation periods were calculated using the Kaplan-Meier function 42, and 95%
confidence intervals (c.i.) were determined 43, which more accurately represent the survival
data 40. Any mice with intercurrent illnesses were censored at the time they were euthanized.
For comparison of the serial dilutions inoculated into Tg1014 and Tg22372+/+ mice, we
used the semi-parametric Cox regression models from survival data. We compared the onset
times of disease in Tg22372+/+ mice for each dilution to the serial dilution series for Tg1014
mice to relate the Tg22372+/+ results to an equivalent titer of brain homogenate in the
Tg1014 mice. Specifically, to determine equivalent titers for dilutions into Tg22372+/+, we
used terms for log dilution and transgenic line: λk(t) = λ(t) exp(β log dilution + δk
treatment), for which k denotes the dilution for Tg22372+/+ mice. The equivalent Tg1014
dilution for the kth dilution in Tg22372+/+ is given by = δk/β. We determined 95% ci using
Wald-based confidence intervals. All calculations were performed with Stata10 (Stata Corp.,
College Station, TX).

Sample preparation and Western blotting
Mice were euthanized and brains were frozen on dry ice, then stored at −80 °C. After
thawing, 10% (wt/vol) homogenates were prepared in PBS using a Precellys 24 bead-beater
(MO BIO, Carlsbad, CA). Samples were then treated with 100 μg/ml PK for 1 h at 37 °C,
and digestion was terminated by the addition of 2 mM phenylmethylsulfonyl fluoride.
Samples were resuspended in 2× lithium dodecyl sulfate sample buffer and boiled for 10
min before loading onto precast 10% NuPAGE Novex Bis-Tris gels using the Xcell4
SureLock Midi cell runner system (Invitrogen, Carlsbad, CA), with Novex sharp prestained
protein standard markers (Invitrogen). Proteins were transferred to nitrocellulose using the
iBlot Dry Blotting system (Invitrogen) for 7 min, then blocked with 10% nonfat milk in
Tris-buffered saline with Tween-20, pH 7.5. PrP bands were detected with HuM-P Fab
conjugated to horseradish peroxidase, and immunoreactivity was visualized by enhanced
chemiluminescence (Amersham, Piscataway, NJ) using X-ray film (Eastman Kodak,
Rochester, NY).

Neuropathology
Mice were euthanized and brains were immersion-fixed in 10% (vol/vol) buffered formalin.
Fixed samples were paraffin embedded, sectioned and then stained with hematoxylin and
eosin, or processed by immunohistochemistry for PrP with the R2 monoclonal antibody, as
described previously 44. For each mouse, four sections were studied: caudate nucleus,
hippocampus/thalamus, hippocampus/midbrain, and cerebellum/pons. Seven mice were
analyzed for each round of serial transmission in Tg1014 mice.

To visualize the presence of amyloid plaques, brain tissue sections were stained with 0.05%
Thioflavin S (Sigma, St Louis, MO) in 50% ethanol in the dark for 8 min. Residual
Thioflavin S was removed by a rapid rinse in distilled water.

RESULTS
Transgenic mice susceptible to human prions

Tg22372 mice, expressing the MHu2M(M165V,E167Q) transgene, were susceptible to
human sCJD prions in ~110 and vCJD prions in ~300 days 1. While this represented an
important advance over wild-type mice and other Tg lines, repeated serial passage was still
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time consuming. In an attempt to abbreviate further the incubation times, we generated a
range of Tg lines with either different leveIs of transgene expression or additional reversions
in the MHu2M(M165V,E167Q) transgene (K.G. and S.B.P., in preparation). The MHu2M
transgene encodes the mouse PrP sequence with the central region between residues 96–167
(mouse numbering) expressing the human PrP sequence. Reversions of the human sequence
to mouse are indicated as mutations following “MHu2M.” One Tg line expressing the
MHu2M(M111V,M165V,E167Q) transgene at ~4 × the level of wild-type PrP was
particularly sensitive to inoculation with sCJD, while uninoculated mice did not develop any
neurological signs of disease when monitored for more than 600 days.

Brain homogenates from multiple cases of sCJD were inoculated into the
Tg(MHu2M,M111V,M165V,E167Q)1014/Prnp0/0 line, and mice were monitored for
disease onset. Three isolates gave median incubation periods from 77 days (95% c.i. 74, 81)
to 95 days (95% c.i. 75, 102) (Table 1). sCJD prions passaged in Tg1014 mice resulted in a
PrPSc pattern on Western blot similar to the inoculum, with type 1 PrPSc retained and a
small difference in the relative band intensities (Fig. 1A), as was previously reported for
Tg22372 mice (Fig. 1B) 1.

Because incubation times for each CJD case in Tg1014 mice were consistently ~25% shorter
than in Tg22372 mice, we asked whether Tg1014 mice were more sensitive to sCJD by
endpoint titration. Two different investigators each prepared dilution series consisting of
three independent sets of 10 ten-fold dilutions of sCJD prions; each dilution was inoculated
into a group of four Tg1014 mice. The survivor functions for each independent dilution
series inoculated into Tg1014 mice were compared to confirm consistency of the dilutions.
There were no significant differences either within the replicates of each dilution series
(p=0.85, p=0.72) or between series (p=0.57), as determined by the log-rank test; therefore,
the data were combined for further analysis. From the 10−1 dilution to the 10−6 dilution,
increasing dilutions led to increased incubation periods. Dilutions greater than 10−7 had
<50% of animals succumbing to disease, yet some mice succumbed to disease at these high
dilutions (Fig. 2A). This yielded a titer of 3.5 × 107 ID50/ml from 10% sCJD brain
homogenate for Tg1014 mice, as determined by the Spearman-Kärber method. This titer is
slightly lower than the 7.0 × 107 ID50/ml obtained for the same sCJD case in Tg22372+/+

mice 40, 45

Titers calculated by the Spearman-Kärber method utilize only the highest dilution data,
which is usually more variable than lower dilutions. To understand the apparent discrepancy
between shorter incubation periods in Tg1014 mice, yet lower titer compared to Tg22372+/+

mice, we evaluated the complete dilution series for the two Tg lines. For each dilution of
CJD brain homogenate inoculated into Tg22372+/+ mice, we compared survival data (time
to onset of clinical disease for each mouse inoculated with a given dilution of sCJD prions),
against the serial dilution survival data for the Tg1014 line. Cox proportional hazards
models were used to calculate equivalent dilutions, enabling us to generate a measure of
error in the form of 95% c.i. For example, survival data for the 10−1 (1 log) dilution of sCJD
in Tg22372+/+ mice was equivalent to a 3.9 log dilution (95% c.i. 4.6, 2.9) in Tg1014 mice,
a difference of 2.9 logs, or approximately 800-fold; the 10−2 dilution in Tg22372+/+ mice
was equivalent to a 4.3 log dilution (95% c.i. 5.0, 3.5) in Tg1014 mice, a difference of 2.3
logs, or approximately 200-fold. This calculation was performed for each dilution of sCJD
inoculated into Tg22372+/+ and plotted against the differences between the two lines (Fig
2B). At low dilutions of brain homogenate, the Tg1014 line was much more sensitive to
sCJD prions, but at high dilutions, the sensitivity was similar for both lines.
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Selection and separation of strains on passage of vCJD prions
vCJD isolates from five different patients were each inoculated into Tg1014 mice, resulting
in median incubation periods ranging from 176 days (95% c.i. 147, 242) to 326 days (95%
c.i. 264, 403) (Table 1). As demonstrated by the broad confidence intervals, each case had a
large spread of incubation periods. Western blot analysis of the resulting brains showed
distinctly different strain types depending on the incubation period. Mice succumbing to
disease with shorter incubation periods had type 1 PrPSc, while those with longer incubation
periods tended to have type 2 PrPSc (Fig. 1); a mouse with an intermediate incubation period
contained a mixture of both type 1 and type 2 PrPSc (Fig. 1C, lane 8). Analogous results
were observed for vCJD passaged in Tg22372 mice (Fig. 1D, lane 6). This phenomenon was
not restricted to a single vCJD isolate but was found for other vCJD isolates (Suppl. Fig. 2).

Neuropathological phenotype correlates with biochemical strain type
Analysis of brain tissue from ill Tg1014 mice showed that neuropathology correlated with
strain type. Tg1014 mice inoculated with sCJD had a neuropathology characterized by
vacuolation that was similar in the cerebral cortex (Fig. 3A), the hippocampus and the
caudate nucleus, and substantially less in the thalamus and brainstem (n=6 mice). Punctate
deposition of PrPSc was found in association with the vacuoles (Fig. 3B, C). 0000Tg1014
mice inoculated with vCJD prions, resulting in type 1 PrPSc, exhibited neuropathological
changes similar to those found after inoculation with sCJD prions: moderate vacuolation
was observed in the cerebral cortex (Fig. 3E) and caudate nucleus but substantially less in
the hippocampus, thalamus and brainstem (n=4 mice). Moderate numbers of kuru-type
plaques were seen in the subcallosal region (Fig. 3F–G), which stained positively with
Thioflavin-S, and thus were classified as amyloid deposits (Fig. 3H). In contrast, vCJD-
inoculated Tg1014 mice with type 2 PrPSc had pathology characterized by little or no
vacuolation in any brain region (Fig. 3I), but had moderate numbers of kuru-type, amyloid
plaques, some of which were very large (n=3 mice) (Fig. 3J–L). In a Tg1014 mouse that had
both type 1 and type 2 PrPSc, a third type of pathology was observed. The vacuolation was
moderate in the caudate nucleus, cerebral cortex (Fig. 3M), hippocampus, thalamus and to a
lesser extent in the brainstem. In addition, multiple amyloid plaques were found in the
subcallosal region (Fig. 3N–P). A similar correlation between strain type by Western blot
and neuropathology was observed in Tg22372 mice inoculated with vCJD (data not shown).
Whereas amyloid plaques are found in only 10% of sCJD cases, formation of many PrP-
immunopositive, amyloid plaques is a defining characteristic of vCJD in humans 3.

Transmission characteristics of mouse-passaged vCJD prions correlates with strain type
To determine whether vCJD prions passaged in Tg mice retained the transmission properties
of the original vCJD strain, we prepared brain homogenates from ill Tg22372 mice that
contained type 1 or type 2 prions. We injected these preparations into Tg(BoPrP+/+)4092/
Prnp0/0 mice, which express bovine PrP. Tg4092+/+ mice were previously shown to be
susceptible to human vCJD prions with incubation periods just slightly longer than those for
BSE prions 9, but are resistant to inoculation with sCJD prions (Table 2). We observed
median incubation periods of 277 days (95% c.i.: 239, 294) in Tg4092+/+ mice inoculated
with type 2 PrPSc from the brains of Tg22372 mice after inoculation with vCJD prions.
However, Tg4092+/+ mice inoculated with the type 1 PrPSc from Tg22372 mouse brains did
not develop disease: in over 600 days of observation, only one mouse developed
neurological dysfunction after 469 days (Table 2).

Strain selection on serial passage
Brain homogenates from ill, vCJD-inoculated Tg1014 mice containing type 1 PrPSc, type 2
PrPSc, or a mixture of type 1 and 2 PrPSc were prepared for serial passage. Brains from three
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mice with type 1 PrPSc all resulted in incubation times of ~75 dpi, despite incubation periods
ranging from 147 to 277 days on first passage (Fig. 4, Suppl. Table 1). These mice had a
vacuolation phenotype with few or no PrP amyloid plaques (Fig. 5A and B), similar to
Tg1014 mice inoculated with sCJD prions. When the inoculum contained a mixture of type
1 and 2 PrPSc, the mice also developed neurological dysfunction in ~75 days and their brains
harbored only type 1 PrPSc (Fig. 4). Second passage of the type 2 PrPSc was accompanied
by a substantial reduction in the incubation period from 263 days to a median of 117 days
(95% c.i.: 105, 118), but the type 2 PrPSc pattern persisted (Fig. 4, Suppl. Tables 1 and 2).
Upon neuropathological examination, their brains showed minimal vacuolation
characteristic of the type 2 strain, but an absence of amyloid plaques and sparse PrPSc

deposits in the corpus callosum, which were not typical (Fig. 5E and F).

On third passage in Tg1014 mice, the type 1 PrPSc retained their characteristics (Fig 4, Fig.
5C and D) while the third passage of type 2 PrPSc was accompanied by a further reduction
in the incubation time to 102 days (95% c.i.: 96, 109) as well as the appearance of the type 1
PrPSc pattern (Fig. 4). Brain sections showed numerous vacuoles usually associated with
type 1 PrPSc; only one, kuru-type amyloid plaque was found in 1 of the 3 mice examined
(Fig. 5G and H).

Brains of Tg22372 mice inoculated with vCJD were also serially passaged (Suppl. Tables 1
and 2). On second passage, two distinct strains were present, one with type 1 PrPSc and an
incubation period of ~90 days, the other with type 2 PrPSc and an incubation period of ~300
days. Third passage was performed in the homozygous Tg22372+/+ line, which has slightly
longer incubation periods for CJD prions than the hemizgous line 40. The brain homogenate
from a mouse ill at 84 dpi, with type 1 PrPSc, caused disease with a median incubation
period of ~115 days in Tg22372+/+ mice. Interestingly, two mice had type 1 PrPSc, and two
had a mixture of both type 1 and type 2 PrPSc. We prepared a homogenate from one
Tg22372+/+ mouse harboring type 1 and type 2 PrPSc and passaged it into additional
Tg22372+/+ mice. All the resulting mice had a mixture of type 1 and type 2 PrPSc (Fig. 6).
Third passage of type 2 PrPSc in the Tg22372+/+ line was accompanied by a large reduction
in incubation period, but retention of the type 2 phenotype. Fourth passage of two brains
resulted again in retention of type 2 PrPSc, with similar incubation periods (Fig. 6).

We also reviewed serial transmission of two separate isolates of vCJD in the
Tg(MHu2M)5378/Prnp0/0 line. Although some samples were no longer available to analyze,
a pattern similar to the Tg22372 line emerged, with both type 1 and type 2 strains being
maintained upon serial passage (Suppl. Fig. 3).

DISCUSSION
A wealth of evidence argues that the sole component of mammalian prions is the
conformational isoform PrPSc. To account for the different properties of prion strains, it has
been suggested that variations in the conformation of PrPSc might be site where biological
information for the prion is enciphered 46. There is now a large body of evidence to support
this hypothesis for both mammalian 20, 21, 24 and yeast 23, 47, 48 prions. Varying the
refolding conditions of recombinant PrP led to multiple novel strains of synthetic
mammalian prions 22, 25.

The BSE epidemic was caused by feeding cattle contaminated meat and bone meal (MBM)
prepared from sheep, cattle, pigs and chickens 49. As carcasses of infected but
presymptomatic cattle were rendered into additional MBM, successive rounds of rendering
may have played a role in the selection of a particularly resistant prion strain. To date,
transmission of BSE prions to humans, resulting in vCJD, has to date only shown a single
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phenotype. However, our extensive serial passage data in transgenic mice suggest that prion
strains can occasionally be modified upon serial passage.

Transmission of vCJD prions to Tg1014 or Tg22372 mice expressing a chimeric Mo/Hu PrP
transgene resulted in two distinct strain types. Mice that succumbed to disease more rapidly
had type 1 PrPSc, and neuropathology characterized by widespread vacuolation, with a few
small amyloid plaques. This strain was similar to sCJD transmitted to the same Tg lines.
Mice that had long incubation periods following inoculation with the same vCJD isolate
tended to have type 2 PrPSc, little or no vacuolation, and large amyloid plaques. Mice with
intermediate incubation periods showed both PrPSc strain types by biochemical analysis and
had an intermediate pathology. The resulting type 2 strain not only more closely resembled
the original inoculum but also transmitted to Tg(BoPrP) mice with very similar incubation
periods to vCJD and BSE prions. Conversely, the type 1 strain resulting from passage of
vCJD did not transmit to Tg(BoPrP) mice, analogous to sCJD.

On serial passage in Tg1014 mice, the type 1 strain ultimately predominated. In Tg22372
mice, two strains were clearly differentiated by second passage, and the type 2 strain was
maintained after two additional passages. In contrast, the type 1 strain, in some mice,
resulted in a mixture of type 1 and 2 PrPSc, which was maintained on further passage (Fig.
6). The only difference in the transgene between these two lines is the conservative
substitution M111V, which appears to have a major impact on strain selection.

Changes in strain properties upon transmission to a different host have been known for
many years 50. Indeed, the appearance of both vCJD-like and sCJD-like strains was
observed upon passage of BSE into transgenic mice expressing HuPrP 51. We report here
that changes in strains can also occur on serial passage in genetically identical hosts, and
that the PrP sequence of the host can preferentially determine which strain is propagated.

Two possible mechanisms might account for the apparent changes in prion strain type. One
model argues the strains are rarely clonal and that selected strains are replicated from
mixtures. As another possibility, distinct prion strains may interconvert to alternative
conformations 24. Our transmission data on the appearance of a mixed type 1 and 2
phenotype from passage of type 1 prions support the first hypothesis. Western blotting is
usually performed on brain homogenates and is therefore an average; minor components
may not be observed. Furthermore, neuropathologic analysis revealed occasional amyloid
plaques in “type 1” mice inoculated with vCJD prions. Brain homogenates of these type 1
mice prepared for serial passage would have an uneven distribution of these occasional
plaques, and therefore, some mice would receive more plaques than others. More dramatic
was the strain change from type 2 PrPSc accompanied by limited vacuolation, to type 1
PrPSc with widespread vacuolation, which would appear to be more easily explained by a
transformation to a more rapidly replicating strain. A similar strain transformation was
observed with a synthetic prion strain, denoted MoSP1, upon serial passage independently in
mice and in cell culture. In both cases, MoSP1, a type 2 strain, changed to a type 1 strain
accompanied by shorter incubation periods 52.

The shift of prion strains to more rapidly replicating isolates has been observed previously.
Serial passage of the 87A strain in mice resulted in the more rapidly replicating Me7 strain,
on a number of independent occasions 17. Similar observations were made for prions
passaged in hamsters: the DY strain with a longer incubation time converted to the HY
strain 35, and the long-incubation-time 139H strain 53 has occasionally changed into the
shorter-incubation-time Sc237 strain (D.G. and S.B.P., unpublished data). Conversely,
interference of prion replication has been observed upon co-inoculation of multiple rodent-
adapted strains 54, 55, which has been suggested to be due to competition for PrPC56.
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The reasons are unclear why one prion strain changes whereas another remains stable upon
passage. Assuming strains are distinct conformations, they should each occupy local minima
on the energy folding landscape. Both absolute and relative energies between strains would
likely be influenced by the amino acid sequence of the polypeptide chain. A mutant or
chimeric PrP sequence may infer a different energy landscape compared to a wild-type
species sequence. This might explain why we more readily observe strain changes in the Tg
lines expressing chimeric mouse/human PrP described here, if the two strains have similar
stabilities. Alternatively, if prion isolates are actually mixtures of strains, since prion growth
is exponential, small changes in the replication of certain subtypes at or shortly after
inoculation could have a large impact on the proportions of final strains observed in sick
mice many months later.

Secondary transmission of vCJD has been reported from blood products derived from
donors who later developed vCJD 57–59. The studies reported here suggest that second
transmission of vCJD may not always produce the vCJD phenotype, and could be
indistinguishable from sCJD. The large potential number of asymptomatic vCJD carriers 60

is a major concern to blood transfusion organizations. If second transmission does not
present similar clinical signs and neuropathology as vCJD, it will be difficult to track the full
extent of the epidemic.

In conclusion, the Tg mice described here that express chimeric human/mouse PrP genes
provide a novel set of tools with which to study strains of human prions. These mice also
provide a means of evaluating human prion infectivity relatively rapidly – such bioassays
are likely to play a pivotal role in the development of therapeutics for treating patients dying
of CJD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CJD Creutzfeldt-Jakob disease
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PrP prion protein
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Fig. 1.
Western blotting of brain homogenates after limited digestion with PK shows strain typing
of sCJD (A, B) and vCJD (C, D) prions. (A, B) sCJD prions in the brain of human sCJD
case HU178 (lanes 1) retain type 1 PrPSc after passage in Tg1014 mice (A, lane 2) and
Tg22372 mice (B, lane 2). (C, D) vCJD prions in the brain of human vCJD case RU96/45
before (lanes 1) and after passage in Tg1014 (C, lanes 2–11) and Tg22372 (D, lanes 2–10)
mice. The incubation period, in days, for each mouse is listed above the respective lane.
vCJD prions retained type 2 PrPSc in Tg mice with longer incubation periods, but changed to
type 1 PrPSc in Tg mice with shorter incubation periods. Tg mice with intermediate
incubation periods (190 d in C, 279 d in D) showed a mixture of type 1 and type 2 PrPSc.
Molecular weight markers represent protein standards of 20 and 30 kilodaltons.
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Fig. 2.
(A) Kaplan-Meier survival curves for serially diluted sCJD(MM1) prions (10 tenfold
dilutions of 10% brain homogenate) inoculated into Tg1014 mice. (B) Graph comparing the
sensitivity of Tg1014 and Tg22372+/+ mice to log dilutions of sCJD prions. Survival data
for serial dilutions of sCJD in Tg22372+/+ mice were previously reported 40. To compare the
survival curves for each dilution in the two Tg lines, Cox regression models were used to
calculate equivalent log titers. In Tg22372 mice, the 10−1 dilution resulted in a survival
curve similar to that of the ~10−4 dilution inoculated into Tg1014 mice; this difference is
plotted on the ordinate. An equivalent calculation was performed for each dilution in
Tg22372+/+ mice. The solid line represents the interpolation of each dilution, and dashed
lines represent upper and lower 95% confidence intervals.
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Fig. 3.
Neuropathological characterization of ill Tg1014 mice inoculated with sCJD prions (A–D)
and vCJD prions (E–P). Brain sections were taken from the Tg1014 mouse inoculated with
sCJD prions shown in Fig. 1A, lane 2, and Tg1014 mice inoculated with vCJD prions shown
in Fig. 1C, lanes 3, 8 and 9. Tg1014 mice inoculated with sCJD prions showed moderate
vacuolation (A) and punctate deposits of PrPSc (B, C), which were not amyloid (D). Tg1014
mice inoculated with vCJD, harboring type 1 PrPSc, showed moderate vacuolation similar to
sCJD inoculation (E) and occasional kuru-type amyloid plaques (F–H). In mice with type 2
PrPSc, little vacuolation was observed (I) but the kuru-type amyloid plaques were large (J,
K) and stained positively with Thioflavin S (L). Intermediate neuropathology was observed
in Tg1014 mice with mixed type 1 and type 2 PrPSc: vacuolation was mild to moderate (M)
and a few amyloid plaques were observed (N–P). Sections were stained with H&E to
visualize vacuoles (left column), anti-PrP R2 antibody to visualize PrPSc deposition (middle
column), and Thioflavin S to identify amyloid (right column). Bar in panel O represents 50
μm and applies panels in the three left columns; bar in panel P represents 50 μm and applies
to the right column.
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Fig 4.
Serial passage of vCJD prions in Tg1014 mice. Each box represents a single mouse, with its
incubation period in days and PrPSc strain type indicated in color: type 1 (blue), type 2 (red),
types 1 and 2 (purple), not determined (white). From center, inner ring shows the first
passage with human vCJD brain homogenate, middle ring shows the second passage, and
outer ring shows the third passage. For each serial passage, brain homogenate from the
respective ill Tg1014 mice was prepared and inoculated into other Tg1014 mice.
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Fig. 5.
Neuropathology resulting from serial passage of brain from vCJD-inoculated mice with
either type 1 PrPSc (A–D) or type 2 PrPSc (E–H), in Tg1014 mice. For the type 1 strain,
neuropathologic changes upon second (A, B) and third (C, D) passages were similar to first
passage (Fig. 3E–G): moderate vacuolation (A, C) and few amyloid deposits (B, D) were
observed. For type 2 PrPSc, second passage (E, F) showed little vacuolation (E) similar to
first passage (Fig. 3I), but few amyloid plaques and sparse PrPSc deposits (F). Upon third
passage of type 2 PrPSc (G, H), neuropathology resembled that of type 1 PrPSc with
numerous vacuoles (G) and very few amyloid plaques (H). Sections stained with H & E
(left column), and PrP immunohistochemistry (right column). Bar in panel H represents 50
μm and applies to all panels.
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Fig. 6.
Serial passage of vCJD prions in Tg22372 mice. Each box represent a single mouse, with its
incubation period in days and strain type indicated in color: type 1 (blue), type 2 (red), types
1 and 2 (purple), not determined (white). From center, inner ring shows the first passage
with human vCJD brain homogenate, second ring shows second passage, third ring shows
third passage, outer ring shows fourth passage. For first and second serial passage, brain
homogenates from the respective ill Tg22372 mice were prepared and inoculated into other
hemizygous Tg22372 mice. For third and fourth passage, inoculations were performed in
homozygous Tg22372+/+ mice.
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Table 2

Incubation periods for vCJD prions passaged in Tg(BoPrP+/+)4092 mice.*

Inoculum Case Incubation period n/n0

sCJD
HU108 > 525 0/4

HU178 > 525 0/5

vCJD†
RU96/07 258 (232, 302) 10/10

RU96/45 286 (262, 286) 7/7

vCJD → Tg22372 (type 1) > 600 1/4 ‡

vCJD → Tg22372 (type 2) 277 (239, 294) 6/6

*
Footnotes as for Table 1.

†
Includes previously reported data 9.

‡
One mouse succumbed to disease at 469 days.
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