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Mice to which human prions efficiently transmit in
short incubation periods are valuable not only as
research tools of human prions but also as reliable
diagnostic tools. We recently produced a line of
knock-in mouse expressing a unique human-mouse
chimeric PrP (Ki-ChM mouse), which has mouse-spe-
cific residues practically only at the C-terminal part
after posttranslational modification, and here we at-
tempted transmission of various human prions to
assess the susceptibility profile of the mouse. Suscep-
tibility varied considerably depending on prions in-
oculated: highly susceptible to MM1 and MV1 types of
sporadic Creutzfeldt-Jakob disease (CJD), developing
disease within �150 days, familial CJD with M232R
mutation, and dura graft-associated CJD (dCJD) with-
out amyloid plaque; less susceptible to MM2-type spo-
radic CJD and variant CJD, with some mice lacking
any sign of transmission; and totally resistant to
VV2 type sporadic CJD and dCJD with amyloid
plaque. The rather short incubation time achieved
by Ki-ChM mice suggests new approaches to pro-
duce mice that develop prion disease with very
short incubation periods. We compared the charac-
teristic susceptibility profile of Ki-ChM with those
of other precedent transgenic mice and discussed,
including the prospects in developing genetically
engineered mice susceptible to human prions.
(Am J Pathol 2003, 163:2585–2593)

Prion diseases are a group of neurodegenerative dis-
eases characterized by the accumulation of abnormal
isoform of host-encoded prion protein (PrP).1 They have
sporadic, infectious, and inherited etiologies and are
clinicopathologically diverse. For example, typical
Creutzfeldt-Jakob disease (CJD) is characterized by
subacutely progressive dementia deteriorating to aki-
netic mutism within a few months after the onset and,
neuropathologically, by diffuse brain atrophy, astrocytic
gliosis, and synaptic-type deposits of pathogenic isoform
of PrP (PrPSc); Gerstmann-Straeussler-Sheinker syn-
drome (GSS) is an inherited disease associated with
more slowly progressive ataxia and multicentric PrP amy-
loid plaques; fatal familial insomnia is another inherited
disease characterized by slowly progressive ataxia and
behavior changes and atrophy of thalamic nuclei and
inferior olivery nucleus; a subtype of sporadic CJD, with-
out any mutation in PrP gene, clinicopathologically re-
sembles fatal familial insomnia are often referred to as
sporadic fatal insomnia.2–4 According to the protein-only
hypothesis, all of the properties of prions are enciphered
in the conformation of PrPSc conformations, and the great
diversity of prion diseases reflects the diversity of PrPSc

conformation.1,5 The heterogeneity in physicochemical
properties of PrPSc among prions from different prion
diseases suggests the existence of considerable diver-
sity in PrPSc conformation. With human prions, the sizes
of the protease-resistant core of PrPSc after limited pro-
teolysis (PrPres) on sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis and the relative ratio of three
glycoforms of PrPres are often varied and used for the
classification of human prion diseases.6–8 Not only the
physicochemical properties, the transmission properties
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represented by the incubation periods, occurrence of
clinical disease, neuropathology, and distribution of
PrPSc deposits on experimental transmission are different
between prion strains and also help to distinguish prion
strains.1

Experimental transmission of human prions to animals
still plays the major role in the investigations of human
prion diseases, because the most important feature of
prion, infectivity, cannot be fully reproduced or even eval-
uated precisely in vitro. However, the long intervals be-
tween the inoculation of prions into the animal and the
development of illness have made transmission studies
so time consuming as to hamper efficient investigation of
prion diseases and make screening for prions by bioas-
say impractical. So, attempts to produce mice with short
incubation periods have been incessantly made, and
several lines of transgenic (Tg) mice have been devel-
oped.8–13 By transmitting different kinds of human prion
diseases to such susceptible mice, comparative study of
human prion strains could be efficiently performed and
much about human prions has been revealed: for exam-
ple, the importance of PrPSc conformation for the prion
properties,2,5 and the origin of variant CJD being bovine
spongiform encephalopathy.8,9 On the other hand, as
with the case of chimeric-PrP-expressing Tg mice trans-
mission studies, which indicated the existence of the third
component involved in the prion replication,11 develop-
ing such mice itself may give insight into the molecular
mechanism of prion propagation.

We recently produced a line of knock-in mice express-
ing a unique human-mouse chimeric PrP (ChM) that has
a rather long central human insert and the same length of
C-terminal mouse sequence with the chimeric MHu2M
PrP; in other words, it has mouse sequence practically
only toward the end of the C-terminal part, from codon
215 to codon 231, after posttranslational modifica-
tion,14,15 and herein we transmitted different human prion
diseases to the mice to test its versatility as a research
and diagnostic tool. They proved to be highly susceptible
to some types of human prion diseases and developed
clinical disease within rather shorter incubation periods,
�150 days, compared with the precedent Tg mice, while
less susceptible or totally resistant to other types of prion
diseases. The results of the present study with the novel
genetically modified mouse confirm the importance of the
PrPSc conformation in propagation of prions, and at the
same time provide practical implications for developing
mice with shorter incubation times and constructing sys-
tematic bioassay systems.

Materials and Methods

Human Prion Diseases Inoculated

The frontal cerebral cortical tissues were isolated at au-
topsy, on informed consent for research use, from pa-
tients with sporadic, inherited, and iatrogenic (dura-graft-
associated CJD; dCJD) prion diseases and variant CJD
(vCJD). Parts of the tissues were immediately deep-fro-
zen for biochemical study and the other parts were for-

malin-fixed for pathological assay. The formalin-fixed tis-
sue blocks were then immersed in 90% formic acid for 1
hour at room temperature to attenuate the infectivity.16

The diagnosis of prion disease was confirmed by identi-
fying characteristic neuropathological findings such as
spongiform change, gliosis, and PrP deposition of forma-
lin-fixed brain sections,4,17 and by identifying PrPres ex-
tracted from the brain tissues on Western immunoblots as
described.16 Typing of PrPres was performed based on
the classification proposed by Parchi and colleagues:3,7

for sporadic CJD cases, PrPres of �21 kd was designated
as PrPres type 1, and PrPres of �19 kd as PrPres type 2
(Figure 1A). PrP genotyping of patients was performed by
polymerase chain reaction-direct sequencing using
genomic DNA purified from brain tissues or peripheral
blood leukocytes.18

After characterization of the genotype and PrPres typ-
ing, the brain tissues from different prion disease cases

Figure 1. PrPres from patients with prion diseases and prion-inoculated
Ki-ChM mice A: PrPres type 1 extracted from MM1 sCJD (H-3, lane 1). PrPres

type 2 from MM2-T sCJD (NK, lane 2), and vCJD (96/02, lane 3). B: PrPres

isolated from Ki-ChM mice inoculated with MM1 sCJD (H-3, lane 2), MM2-T
sCJD (NK, lane 4), and vCJD (96/02, lane 6) are shown along with those
from the respective inocula (H-3, lane 1; NK, lane 3; 96/02, lane 5). Ki,
PrPres isolated from Ki-ChM mice; In, PrPres isolated from inocula. C: Deg-
lycosylated PrPres isolated from Ki-ChM mice inoculated with human prion
diseases (the same samples as shown in B): MM1 sCJD, lane 1; MM2-T sCJD,
lane 2; vCJD, lane 3.
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were classified as follows: six sCJD cases [two homozy-
gous for methionine at codon 129 (129M) and PrPres type
1 (MM1), one with valine/methionine at codon 129 and
PrPres type 1 (VM1), two with the thalamic form of sCJD
with methionine/methionine at codon 129 and PrPres type
2 (MM2-T), and one with valine/valine at codon 129 and
PrPres type 2 (VV2)], three vCJD cases, four cases of
dura-graft-associated CJD (dCJD) [ a nonplaque type
case (np-dCJD) and three plaque-type cases (p-
dCJD)],16 and two cases of inherited prion diseases [one
of GSS with the P102L mutation (GSS102) and one of
CJD with the M232R mutation (CJD232)] (Figure 1A,
Table 1). All of the cases of vCJD, dCJD, and inherited
prion diseases were homozygous for methionine at
codon 129; as for the another polymorphic codon, codon
219, all of the cases collected were homozygous for
glutamate, except for GSS102, which had lysine at codon
219 on the allele without P102L mutation.

Transmission Experiments

The production of the knock-in mouse expressing hu-
man-mouse chimeric PrP (Ki-ChM) used in the current
transmission study has been described in detail be-
fore.14,15 Briefly, the chimeric molecule is based on

mouse PrP sequence, in which the sequence between
SmaI site and BstEII site were replaced by the corre-
sponding human PrP sequence with methionine at codon
129. Consequently, after processing of the N-terminal
signal peptide (residues 1 to 22) in the posttranslational
modification, the molecule practically has mouse-specific
PrP residues only at the C-terminus (Figure 2). The rela-
tive expression level of chimeric PrP in the brain of

Table 1. Transmission of Human Prions to Ki-ChM Mice

Inoculum

Polymorphic
codons Mice examined*

Incubation period (days)†

Sacrificed

Alive129 219 Sympt. Pathol. Pathology (�) Pathology (�)

MM1 sCJD
H-3 M/M E/E 6/6 6/6 151 � 6.7
NR M/M E/E 4/4 4/4 134 � 12.0

VM1 sCJD
SM M/V E/E 5/5 5/5 141 � 5.3

MM2-T sCJD
NK M/M E/E 2/6 3/6 386, 539, 558 583, 618, 786
YN M/M E/E 0/5 1/5 575 391, 659, 674,

778
VV2 sCJD

AK V/V E/E 0/5 0/3 636, 684, 772 �750
Variant CJD

96/02 M/M E/E 0/6 6/6 593, 633, 686
686, 692, 943

96/07 M/M E/E 1/5 4/5 587, 893, 896 507
910

96/45 M/M E/E 1/5 3/5 563, 790, 852 329, 584
Dura graft-associated CJD

TM/non-plaque M/M E/E 5/5 5/5 167 � 24.7
TM/plaque M/M E/E 0/6 0/6 518, 768, 821

821, 835, 840
KR/plaque M/M E/E 0/7 0/6 549, 549, 722

829, 836, 885
NT/plaque M/M E/E 0/5 0/3 545, 714, 714 �900

Inherited diseases
GSS102 (NG) M/M E/K‡ 3/3 3/3 365 � 26.6
CJD232 (TM) M/M E/E 4/4 4/4 177 � 4.9

M/M, V/V and E/E; methionine, valine, and glutamate homozygosity, respectively. M/V and E/K; methionine/valine and glutamate/lysine
heterozygosity, respectively.

*The number of mice with symptomatic or pathological evidence of prion disease divided by the number of mice examined symptomatologically or
pathologically: Sympt., symptomatically positive for prion disease; Pathol., pathologically positive. The difference between the numbers of
symptomatologically examined mice and pathologically examined ones indicates the number of mice alive.

†The period from inoculation to sacrifice of mice that became terminally ill with (pathology �) or without (pathology �) pathological evidence of
prion disease: it is shown as mean � SD or by individual numbers. For mice alive (alive), the observation period since inoculation is shown.

‡The polymorphism, lysine at codon 219, is on the allele without the pathogenic mutation P102L.

Figure 2. Comparison of the structures of different human-mouse chimeric
PrP and human PrP The diagrams represent states after posttranslational
modification (N-glycosylation is omitted). The vertical short lines indicate
the mouse-specific residues. Black and white arrowheads indicate methi-
onine and valine at codon 129, respectively.
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Ki-ChM was assessed by Western blot and proved sim-
ilar to that of endogenous PrP in wild-type mice. A 10%
(w/v) homogenate of the brain tissue from frontal cortex of
each human prion disease was prepared in sterile phos-
phate-buffered saline using a disposable glass homoge-
nizer and 20 �l was inoculated. The mice were examined
daily after appearance of central nervous system dys-
function and were sacrificed if any sign of distress ap-
peared or the diagnosis of prion disease was made. The
criteria for clinical diagnosis of mouse prion disease were
as described.19 At autopsy, the whole brain was cut
mid-sagitally into two halves: the right half was immer-
sion-fixed in 10% buffered formalin for histopathological
analysis and the left half was immediately frozen for West-
ern immunoblots.

The Ki-ChM mouse has been shown to be highly sus-
ceptible to a sporadic CJD, case H-3, homozygous for
methionine at codon 129.14 Therefore, we performed
end-point titration study to determine the infectivity of this
prion strain in Ki-ChM mouse. Brain homogenate was
serially diluted and inoculated intracerebrally to Ki-ChM
mice, and the infectivity titer was calculated by the Beh-
rens-Karber method as described.14

Neuropathological Examinations of Ki-ChM
Mice

Formalin-fixed mouse brains were treated with formic
acid to inactivate infectivity, embedded in paraffin, and
then cut into 5-�m sections. Deparaffinized sections were
pretreated with hydrolytic autoclaving before immunohis-
tochemistry to enhance the immunoreactivity.20 PrP-N
antiserum,21 rabbit-derived polyclonal antibodies raised
against synthetic polypeptides corresponding to the N-
terminal residues 25 to 49 of human PrP, was used as the
primary antiserum and anti-rabbit immunoglobulins con-
jugated with peroxidase-conjugated dextran polymer,
Envision (DAKO, Glostrup, Denmark), was used as the
secondary antibody. Hematoxylin and eosin and Congo
red staining was performed with standard techniques.
The mice were judged neuropathologically positive when
fine-granular PrP-immunopositive deposits, so-called
“synaptic-type deposits,” in the gray matter, or plaque-
like PrP-positive deposits are recognized.

Western Immunoblotting of Ki-ChM
Mouse-Derived PrPres

PrPres was extracted from the mouse brain tissues as
described22 with a little modification. Briefly, brain tissues
were homogenized in 50 mmol/L Tris-HCl (pH 8.0), 10
mmol/L NaCl, and 10 mmol/L MgCl2 with glass homoge-
nizers. DNase1 (50 U, Takara, Bio Inc, Otsu, Japan) was
added to the homogenate and incubated at 37°C for 60
minutes. Then 30% N-lauroylsarcosine (Sarcosyl) was
added to final concentration of 10% and rehomogenized.
The homogenate was centrifuged at 22,000 � g for 30
minutes. The supernatant was digested with proteinase-K
(20 �g/ml; Wako Chemicals, Osaka, Japan), at 37°C for

60 minutes, and then centrifuged at 453,000 � g for 60
minutes (CP100H model, RP100AT6; Hitachi Koki Co,
Tokyo, Japan). The final pellet was resuspended in 1�
Laemmli’s sample buffer and boiled. For deglycosylation,
PrPres denatured in 1� Laemmli’s sample buffer was
treated with N-glycosidase F (PNGase F; New England
Biolabs, Beverly, MA) in 100 mmol/L sodium phosphate
(pH 7.5)/2% Nonidet P-40. The 3F4 monoclonal anti-
body23 was used as the primary antibody. Horseradish
peroxidase-conjugated anti-mouse IgG was used as the
secondary antibody. Enhanced chemiluminescence
(Amersham Biosciences, UK) was used to visualize the
blots on Hyperfilm ECL (Amersham Biosciences UK); for
analysis of PrPres glycoform ratios images obtained
through an imaging device, Versa Doc 5000, were quan-
tified with Quantity One software (Bio-Rad Laboratories,
California, USA).

Results

Susceptibility of Ki-ChM Mice to Human Prions

The Ki-ChM mouse was highly susceptible to prions from
patients with MM1-sCJD and MV1-sCJD with all of the
mice inoculated succumbing to disease within quite short
incubation periods, �150 days (Table 1). Ki-ChM mice
proved to be also highly susceptible to prion diseases of
other etiologies; after inoculation of np-dCJD and
CJD232, an iatrogenic CJD and a inherited disease re-
spectively, all of the mice developed clinical disease in
160 to 180 days. Although the incubation period for
GSS102 was relatively long, �360 days, the occurrence
of the clinical disease suggests fair susceptibility of the
mice to this type of inherited prion disease. On the other
hand, the Ki-ChM mouse was much less susceptible to
the prions from MM2-T-sCJD and vCJD, with a few mice
developing clinical prion disease only after more than
500 days after inoculation. Although the occurrence of
clinical disease was rather low, many of the mice inocu-
lated with vCJD prions showed pathological evidence of
transmission as described below. However, among the
mice inoculated with either MM2-T-sCJD or vCJD, there
were individuals that completely lack any sign of trans-
mission. As for VV2-sCJD and p-dCJD, Ki-ChM mice
seemed totally resistant to them with none of the mice
showing clinical or pathological sign of transmission. We
graded the susceptibility of Ki-ChM mouse to a given
human prion as either susceptible (when all of the mice
inoculated developed clinical illness), less susceptible
(when some mice survived without any clinical or patho-
logical signs of prion disease), or resistant (when none of
the mice had even pathological sign of prion disease).

End-Point Titration of MM1-sCJD Prion

After the inoculation with serially-diluted H-3, all mice
developed clinical disease at dilution rates lower than
105: at the dilution of 10�1, the incubation time was 141 �
9.2 days; at 10�2, 153 � 7.3 days; at 10�3, 198 � 12.3
days; at 10�4, 243 � 58.5 days (Table 2). At dilution rates
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more than 105, only a fraction of mice inoculated devel-
oped illness, but the incubation time exceeded 300 days
only toward the end-point: at 10�5, two of five mice
inoculated developed illness with incubation time, 269
days; at 10�6, only one succumbed at 348 days. The
infectivity titer of the brain tissue of the MM1-sCJD, H-3,
was calculated as 7.8 logLD50 U/g.

Neuropathological Examinations of Ki-ChM
Mice

Pathologically, the brains of MM1- and VM1-sCJD-inoc-
ulated Ki-ChM exhibited diffuse spongiform changes typ-
ical of prion disease; iatrogenic CJD, np-dCJD, and in-
herited prion diseases, GSS102 and fCJD232, also
exhibited similar changes (Figure 3B). These involved the
cerebral cortex, caudate/putamen, hippocampus, thala-
mus, substantia nigra, superior colliculus, and to a lesser
extent, the hypothalamus and pons. PrP deposition in the
affected mouse brains was observed as fine granular
synaptic-type deposits in gray matter (Figure 3, A and C).
The intensity of the immunostaining grossly correlated
with the severity of spongiform changes in multiple gray
matter areas.

Brains of the three mice inoculated with MM2-T-sCJD
showed spongiform and synaptic-type PrP deposition
with a distribution similar to those in MM1/VM1-inoculated
mice (Figure 3; D to F). Some coarse granular PrP de-
posits were also observed in gray matter (Figure 3F).

The pathology of vCJD-inoculated mice was unique.
Spongiform changes and synaptic-type PrP deposition
were observed only focally near the inoculation site (hip-
pocampus, thalamus, or septal nuclei) and were much
milder than those in MM1/VM1-inoculated mice (Figure 3;
G, H, I, K, and L). Meanwhile, plaque-type PrP deposits
were found in the periventricular white matter and in the
gray matter near the inoculation site, mainly thalamus and
hippocampus (Figure 3, G and J). When stained by
Congo red dye, at least some of the plaques exhibited
birefringence under polarized light, indicative of amyloid
(data not shown).

Western Immunoblotting of Ki-ChM
Mouse-Derived PrPres

To confirm the successful transmission of vCJD prions to
Ki-ChM mice, PrPres in the brain tissue of vCJD-inocu-
lated mice was examined by Western immunoblot (Figure
1B). Although PrPres was present also in the vCJD-inoc-
ulated Ki-ChM mouse as MM1- or MM2-T-sCJD-inocu-
lated Ki-ChM mice, the unglycoform of the vCJD-inocu-
lated mouse seemed to migrate slightly slower than that
of the inoculated vCJD prion (Figure 1B, lanes 5 and 6).
The molecular mass of deglycosylated PrPres from the
vCJD-inoculated Ki-ChM mouse was estimated as �20
kd because it took a mean position between those of
MM1-inoculated mice (�21 kd) and MM2-T-inoculated
mice (�19 kd) (Figure 1C); PrPres size was preserved
through transmission for MM1- and MM2-T-sCJD but not
for vCJD. The shift of PrPres size of vCJD prion through
transmission to Ki-ChM mice may reflect the influence of
the PrPSc conformation on transmission; a similar phe-
nomenon was observed in transmission studies with Tg
mice expressing PrP with 129V.9 Likewise, the relative
ratio of PrPres glycoform was not always preserved
through transmission. Although the dominance of di- and
mono-glycoform relative to nonglycoform was preserved
for vCJD, the glycoform ratios changed for MM1- and
MM2-T-sCJD (Figure 1, A and B). The ratios of di-, mono-,
and unglycoform of PrPres from MM1-sCJD patient (H-3)
were 15%, 48%, and 37%, respectively, however, in the
PrPres from the recipient Ki-ChM mouse the ratios of di-,
mono-, and unglycoform were 51%, 42%, and 7%, and
the diglycoform was the most abundant (Figure 1B, lanes
1 and 2). Similarly, although the ratio of di-, mono-, and
unglycoform of PrPres from MM2-T-sCJD (NK) was 8%,
44%, and 48%, respectively, diglycoform of the PrPres

from the Ki-ChM accounted for 51% (Figure 1B, lanes 3
and 4). As a possible explanation for the difference in
glycoform ratios between PrPres from inocula and mice,
the contribution of the effects of postmortem glycolytic
changes cannot be ruled out because as for human
samples the antemortem and postmortem conditions
were not constant among cases, in contrast to those of
mouse samples.

Discussion

Ki-ChM mice showed quite different levels of susceptibil-
ity to various human prions: highly susceptible to MM1-
sCJD, MV1-sCJD, np-dCJD, GSS102, and CJD232; while
much less susceptible to MM2-T-sCJD, vCJD, and totally
resistant to VV2-sCJD and p-dCJD. Until today, several
lines of transgenic (Tg) mice highly susceptible to differ-
ent human prions have been reported: Tg mice express-
ing human PrP with 129M, eg, Tg(HuPrP129M�/� Prnp0/

0), 35 mice:12 Tg mice expressing human PrP with valine
at codon 129 (129V), eg, Tg(HuPrP129V�/� Prnp0/0), 152
mice;8,9 and Tg mice expressing human-mouse chimeric
MHu2M PrP and its modified forms, eg, Tg(MHu2M)5378/
Prnp0/0 mice10,11 and Tg(MHu2M, M165V,E167Q)22372/
Prnp0/0,13 respectively. Interestingly, the susceptibility

Table 2. Transmission of Serially Diluted Brain Homogenate
from MM1-sCJD (H-3)

Dilution rate of
the inoculum

Incubation periods*
(days � S.D.)

Occurrence
(diseased/inoculated)

10�1 141 � 9.2 7/7
10�2 153 � 7.3 4/4
10�3 198 � 12.3 5/5
10�4 243 � 58.5 5/5
10�5 269, 269 2/5
10�6 348 1/5
10�7 �377 0/6
10�8 �377 0/6

*Incubation periods: Means � SD days from the inoculation to the
development of disease.
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profiles to various human prion diseases were different
between these Tg mice (Table 3). Briefly, Tg mice ex-
pressing human PrP with 129V were highly susceptible to
all of the human prions examined except for vCJD, al-

though the incubation periods are not very short.8,9

Tg (HuPrP129M�/� Prnp0/0) mice were as susceptible to
prions with 129M as Tg mice expressing PrP with 129V
but seem less susceptible to prions with 129V; as for

Figure 3. Pathological findings in prion-inoculated Ki-ChM mice A–C: VM1 inoculated; D–F: MM2-T (NK) inoculated; G–L: vCJD (96/02) inoculated. B, E, H, and
K are H&E staining and the others are PrP immunostaining. B, C, E, F, H, and I: Cerebral cortex; J: periventricular white matter; K and L: septal area. A and D:
Synaptic-type diffuse deposition of PrP is in cerebral cortex, hippocampus, thalamus, and caudate/putamen. G: Arrows indicate plaque-type PrP deposits in the
periventricular white matter; synaptic-type deposits are only in parts of hippocampus. J: A magnified view of plaque-type PrP deposits in G. Vacuoles of various
size are seen in B and E, but are absent in H. K: Spongiform change with gliosis is evident in the left side of image, while it is much milder in the right side;
its intensity parallels the PrP deposition shown in L. Scale bars: 1 mm (A, D, G); 50 mm (B, C, E, F, H, I, J); 100 mm (K, L).
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vCJD, although they hardly developed clinical disease,
all of the inoculated mice showed pathological signs of
transmission of vCJD.12 Tg (MHu2M) Prnp0/0 mice were
reported to be highly susceptible to some typical CJD
with 129M, eg, MM1-sCJD, with short incubation periods,
�200 days,10,11 and sporadic fatal insomnia as well,2 but
seem less susceptible to prions with 129V5,11 and
vCJD.13 Tg mice expressing another type of chimeric
PrP, Tg(MHu2M, M165V,E167Q)Prnp0/0, which is distinct
from MHu2M PrP in two residues at codons 165 and 167
showed dramatically short incubation periods, �110
days, for MM1-sCJD.13 Compared with those Tg mice,
the susceptibility profile of Ki-ChM mouse is character-
ized by the rather short incubation periods, �150 days,

for some types of prions including MM1-sCJD. The rea-
son for the rather short incubation periods of Ki-ChM
mouse is not obvious. In the above-mentioned Tg mice
expressing MHu2M(M165V, E167Q) dramatically short
incubation periods for MM1-sCJD were achieved by re-
placing the two amino acid residues at the C-terminal end
of the central human sequence part to mouse residues.13

Because these residues are postulated to be involved in
the interface with the third component in the conversion
reaction, protein X, the abbreviated incubation periods
could be presumably attributed to the improved interac-
tion with the third component.24 On the other hand, in the
chimeric PrP of Ki-ChM mouse the corresponding two
residues remain as human residues, instead this chimeric

Table 3. Comparison of the Results of the Transmission Studies of Various Human Prions between Different Genetically Modified
Mice

Transgene ChM MHu2M MHu2M
(M165V,
E167Q)

HuPrP-129M HuPrP-129V

Codon 129 Met Met Met Met Val

Tg mice KiChM Tg(MHu2M)
5378/Prnp0/0

Tg(MHu2M,
M165V, E167Q)
22372/Prnp0/0

Tg (HuPrP129M
Prnp0/0)�35

Tg(HuPrP,M129)
440/Prnp0/0

Tg (HuPrP,V129)152/Prnp0/0

Expression level 1 � Mo 1 � Hu 1�2 � Hu 2 � Hu 2 � Hu 2 � Hu 4–8 � Hu

References Present paper Korth et al13 Korth et al13 Asante et al12 Korth et al13 Hill et al9 Korth et
al13

Incubation Times*
sCJD-MM1 134–153 180–217 106–114 223–237* 155–165 210�4 254�6

-MM2 �650, �680 232 � 5, �580 368–556
-MM2-T 539, 558 221 � 6 303 � 20 699 � 30
-MV1 141 � 5 214–215 124 � 3 241 � 1§ 176 � 2
-MV2 �640 �450 437 � 31§ 307–419 209–231
-VV2 �750 433�531 �450 354§ 248–448 195–223

vCJD �700 563–647 335–380 340–720 228 � 15

Susceptibility¶

Susceptible sCJD-MM1 sCJD-MM1 sCJD-MM1 sCJD-MM1*§ sCJD-MM1 sCJD-MM1§ sCJD-MM1
-MV1 -MM2-T -MV1 -MV1 -VV2 -MM2

np-dCJD vCJD -MV2 -MV2
CJD232 -MM2 -VV2
GSS101

Less susceptible sCJD-MM2-T sCJD-VV2 sCJD-VV2 sCJD-MV2*§ sCJD-MM2-T vCJD
vCJD vCJD -MM2-T -VV2§ -VV2

vCJD vCJD

Resistant sCJD-VV2 sCJD-MM2 sCJD-MV2 sCJD-MM2
p-dCJD -MV2

-VV2

End-point titration for MM1-sCJD‡

LogLD50/g 7.8 N.D. N.D. N.D. N.D. N.D. N.D.
For sCJD-MM1 (case,H-3)

PrPres size through the first passage†

sCJD-MM1 �21 kDa �21 kDa �21 kDa �21 kDa N.D. Some,
shifted

N.D.

-MM2-T �19 kDa �19 kDa N.D. N.D. N.D.
vCJD �20 kDa � 19 kDa �19 kDa �19 kDa N.D. Shifted N.D.

N.D.; not described.
*Incubation times; the mean (and the standard deviation or standard error of mean if available) of the days from the inoculation to the development

of illness. For comparison between different genetically modified mice, results for sporadic CJD cases have been cited.
†PrPres sizes through the first passages; the mobility on SDS-PAGE of the PrPres derived from the mice inoculated with the indicated human prions.
‡End-point titration for sCJD-MM1; this was calculated according to Behrens-Karber’s method based on the results of the transmission studies

using serially-diluted brain homogenates.
§Because the classification of human prion diseases are different, their type-1 and type-2 PrPres were interpreted as our PrPres type 1, and their

type 3 as our PrPres type 2.
¶Susceptible, all mice inoculated developed clinical prion diseases; less susceptible, some of the mice inoculated lacked either clinical or

pathological sign of prion disease; resistant, none of the mice had any sign of prion disease.

Transmission of Human Prions to Knock-In Mice 2591
AJP December 2003, Vol. 163, No. 6



PrP is different from MHu2M PrP in that the N-terminal
part including the octapeptide repeat region is all human
sequence after posttranslational modification. The role of
the octapeptide repeat region in the conversion of PrPC to
PrPSc and its propagation has not been defined. But
given the facts that amplified repeats are associated with
familial prion diseases,1 and the experimental fact that Tg
mice expressing N-terminus-truncated PrP are relatively
resistant to transmission of prions,25 it seems possible
that the octapeptide repeat region plays some role in
prion propagation, and N-terminal human sequence has
contributed to the abbreviated incubation periods of Ki-
ChM mouse. In combination with other mutations that are
known to shorten incubation periods,13 chimeric PrP with
all human sequence in the N-terminal part may further
shorten the incubation.

Another point to note in the present study is the less
susceptibility of Ki-ChM mice to some type of human
prion diseases, such as MM2-T-sCJD and vCJD, and the
total resistance to VV2-sCJD and p-dCJD. The possibility
of smaller amounts of the PrPSc in those inocula than
those of efficiently transmitting prions is not plausible; on
Western immunoblot analysis for molecular typing of
PrPres of the samples, the PrPres of every sample was
recognized as clear blots and the difference in the con-
centration of PrPres between the most abundant and the
least was within 10-fold; in addition, in a transmission
study challenging Ki-ChM mice with serially diluted brain
homogenate from MM1-sCJD (H-3), at a dilution of 10�2,
the incubation periods did not make much difference in
the incubation times, and even at the dilution of 10�4, the
mean incubation time did not exceed 250 days (Table 2).
Whether a mouse more susceptible to some types of
prions becomes unsusceptible all of the more to other
types of prions is a problem of practical importance; if so,
the versatility of genetically modified mice designed to
have short incubation periods may be limited to some
specific prions. In the already reported transmission
studies with Tg mice expressing other kinds of chimeric
PrP, similar tendency was observed, too; they showed
shorter incubation periods for MM1-sCJD prions than Tg
mice expressing human PrP, however the former were
less susceptible to other types of prion diseases than the
latter (Table 3).8–13

The importance of the PrPSc conformation in the trans-
mission is demonstrated in the presented results. Among
the human prion diseases subjected to transmission to
Ki-ChM mice in this study, the five prions, MM1-sCJD,
np-dCJD, MM2-T-sCJD, p-dCJD, and vCJD, had the
identical primary structure of PrP, however, their trans-
missibility varied greatly: MM1-sCJD and np-dCJD trans-
mitted quite efficiently, MM2-T-sCJD and vCJD transmit-
ted inefficiently, and p-dCJD did not transmit at all. Given
that the PrPres sizes reflect the PrPSc conformation to
some degree,26,27 the efficiently transmitting two prions
and the inefficiently transmitting two could have rather
different PrPSc conformation because MM1-sCJD and
np-dCJD prions have PrPres of 21 kd, whereas MM2-T-
sCJD and vCJD have PrPres of 19 kd. This indicates that
the PrPSc conformation has more influence on the trans-
mission efficiency of prions than the primary structure,

being consistent with recently reported experiments.28,29

In addition to the identical primary structure, the PrPres of
the three prions, MM1-sCJD, np-dCJD, and p-dCJD have
the identical PrPres size of 21 kd, being practically indis-
tinguishable from one another;16 despite that, p-dCJD
never transmitted to the Ki-ChM mouse, whereas the
other two prions transmitted very efficiently. Such heter-
ogeneity in transmission properties among prions with
the identical type of PrPres and identical etiology is also
observed in other transmission studies;11,13 this suggests
a considerable heterogeneity among the prions catego-
rized into the same group based on the properties of
PrPres and etiology. According to protein-only hypothe-
sis, this may stem from a subtle structural variation of
PrPSc that does not manifest in the currently recognized
properties of PrPres, but transmission experiments could
detect the difference.

Although much remains to be elucidated about the
mechanism of prion propagation, it seems true that the
infectivity titer of a prion varies among different hosts
depending on the host-encoded PrP, for instance a vCJD
case, 96/02, exhibited quite different transmissibility to
Ki-ChM and Tg(MHu2M, M165V,E167Q)Prnp0/0, and that
each of the many human prion strains has its optimal
host-encoded PrP, which makes the host animal very
susceptible to the prion and develop illness in rather
short incubation periods. Assessing the transmissibility
profile of a given human prion to a panel of Tg or knock-in
mice with different primary structures of PrP, and speci-
fying the optimal host-encoded PrP would facilitate in
developing more accurate classification of human prions.
On specifying the optimal PrP for a prion, quantitation of
the infectivity of the prion for the mouse by end-point
titration should be taken into account as well as the length
of the incubation periods. The present study sets an
example; as for Ki-ChM mouse, the infectivity titer of a
case of MM1-sCJD, H-3, which transmitted to this line of
mice in �150 days, was determined to be 7.8 logLD50

U/g. This parameter is important because such titrated
infectivity would not only allow objective comparison be-
tween different lineages of mice, but also would guaran-
tee the reliability of the mouse as a bioassay tool for the
type of prion. In addition, the accumulation of such sys-
tematic data would help develop genetically engineered
mice suitable for bioassay for various human prions, and,
moreover, advance our understanding of the molecular
mechanism of prion propagation.
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