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Figure 5. Characteristics of PrP oligomers at the terminal
disease stage. (A) Another experiment of PrP fractionation
for the sample at 120 days post-inoculation, which reproduces
the results shown in Figure 3B. Note that PrP oligomers in
fractions 1-4 involved PrP™-like fragments, of which the
non-glycosylated form was around 2} kDa (grey arrow), as
also shown in Figure 6. (B) The fractions were treated with
PK to detect PrP"* in each fraction. (C) PTA precipitation was
conducted for each fraction. M, molecular weight markers. PK
digestion and PTA precipitation were conducted for the same
amount of each fraction applied in (A). PrP oligomers in fractions
| -4 were PK-resistant and PTA-precipitable, even though the
retrieved PrP molecules by PTA precipitation were apparently
less than those in the original fractions. PK, proteinase-K
treatment; PTA, phosphotungstic acid precipitation

than the peak observed by western blot analyses (cf.
Figures 4B and 3B). Fractions 2 and 3 could also
contain highly aggregated fibrils; however, substantial
quantities of PrP fibrils might have been trapped in the
gel beds, because smaller amounts of PrP molecules
were retrieved from the fractionated samples by PTA
precipitation than expected. Therefore, a further exper-
iment to measure the molecular size of PrP molecules
in these fractions is required. Although sucrose gradi-
ent sedimentation could be more suitable for detecting
total PrP fibrils [8,9], the more easily applicable gel-
filtration method described in this study would benefit
research on protein oligomers. This method is also
applicable to human materials [31] and may be useful
in addressing regional differences in the brain.
Levels of PrP oligomers increase with disease pro-
gression in the NZW/Fukuoka-1 mouse model of
TSE, which precedes the appearance of PrP™. In
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Figure 6. Comparison of the migration pattern and glycoform
pattern of PrP between the terminal stage and the preclinical
stage. A western blot is shown for PrP treated with or
without PK or PNGase at the indicated time points. Total
PrP in preclinical stages consisted of full-length molecules
(black triangles) and the smaller fragments whose molecular
size was different from PrP™ (open triangles). PNGase
deglycosylation unambiguously showed the non-glycosylated
form of each PrP molecule. PrP™*.like fragments were also
detected at the terminal stage, of which the non-glycosylated
form was around 21 kDa (grey arrow). Three glycoform
bands of PrP™® at 120 days post-inoculation (d.p.i.) showed
almost even densities, whereas the di-glycosylated band was
prominent in PK-sensitive PrP in preclinical stages. PNGase,
peptide-N-glycosidase treatment; PK, proteinase-K treatment

the early disease stage, PK-sensitive, PTA-soluble PrP
oligomers might affect the disease pathology, such
as spongiform change and abnormal PrP deposition.
Although biochemical analyses for the whole brain
homogenates may not exactly correlate with local
pathological changes, the increase of oligomeric PrP
was related to the exacerbation of spongiform change.
PrP oligomers subsequently develop PK resistance and
insolubility in PTA precipitation, and PrP™-like frag-
ments derived from putative endogenous proteolysis
are also evident in the terminal stage. It is known that
the turnover of PrPC and of PrP™ are quite differ-
ent [32] and, accordingly, developing PrP oligomers
would have intermediate half-lives, dependent upon
their degree of protease resistance. In- addition, the
shift of glycosylation ratio is associated with the devel-
opment of PK resistance. The ‘underglycosylated PrP
species’ as an early biochemical fingerprint of PrPS¢
infection has been reported by Pan ez al [33]; however,
highly glycosylated PrP could also form abnormal
oligomers at 90 days post-inoculation in our study.
This suggests that PrP oligomers are not clearly dis-
tinguished from PrPC or PrP™ but may overlap in a
continuous spectrum.

The PrP bands differed in patterns among the three
time points, as shown in Figure 3B.. It should also be
noted that the major band in 90 day samples was sim-
ilar in size to the monoglycosylated form of PrP™.
However, PNGase deglycosylation revealed that the
major molecules at 90 days should be the diglyco-
sylated form of endogenously truncated PrP. These
truncated fragments were also seen in 45 day and con-
trol samples, which were certainly PK-sensitive. The
reason why the proportion of truncated fragments dif-
fered among each time point is still unclear; although
it is possible that endogenous protease activity and/or

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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protease sensitivity of PrP may vary according to the
age and/or disease progression.

Size-exclusion gel chromatography measures the
dimensions of molecules and also their degree of poly-
merization, which is dependent on detergent solubility.
PTA precipitation also determines the solubility of
PrP molecules in a detergent-containing buffer (2%
sarkosyl in phosphate-buffered saline) [28], which was
originally described as a highly sensitive immunoblot-
ting assay for the detection of PrPS¢ because this
method involves the enrichment effect. In the present
study we avoided the enrichment of PrPS¢ so that PTA
solubility of fractionated PrP could be simply deter-
mined. The extracted oligomers in this gel-filtration
method showed a certain degree of PTA solubility,
which might be due to the relatively intense detergent
conditions in PTA-precipitation procedures. Indeed,
varying SDS concentrations may influence the con-
formation and polymeric state of PrP [34]. Although
these experimental conditions are certainly different
from physiological states, PrP oligomers retained the
acquired property of detergent insolubility even after
freeze—thaw cycles (Figures 3B, 5A).

The definition of PrPS¢ should differ depending on
whether PrP molecules are classified based on their
polymeric state or on PX resistance. Moreover, deter-
gent solubility can be affected by different experi-
mental conditions and, in particular, PTA precipitation
might be insufficient to detect PrP oligomers in some
cases. Further investigations, including transmission
and neurotoxicity studies, are required to determine
which property is critical for the pathogenesis of PrPS¢.
Protein misfolding cyclic amplification assay (PMCA)
might be also useful to examine whether prepared
PrP molecules are capable of promoting conversion
of PrP® into PrPS¢ [35,36].

In conclusion, the novel spin-column gel filtra-
tion method was able to detect PrP oligomers in
a TSE mouse model preceding the accumulation of
PrP™, and clearly demonstrated the development of
PrPS¢. Not only the polymeric state but also both
PK resistance and PTA insolubility of PrP oligomers
were intensified with disease progression. It would
be highly recommended that the abnormality of PrP
molecules should be determined from various perspec-
tives more than protease resistance. Our study casts
light on the ambiguity of the definition of PrPS¢, which
requires further investigations of disease-associated
PrP isoforms that result in neurodegeneration and
prion propagation.
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Incidence and survival of dementia in a general
population of Japanese elderly: the Hisayama study

Y Matsui,"? Y Tanizaki,' H Arima," K Yonemoto,' Y Doi,® T Ninomiya,' K Sasaki,*

M lida,® T lwaki,* S Kanba,? Y Kiyohara'

ABSTRACT

Objective: To estimate the incidence and survival rates
of total and cause specific dementia in a general
Japanese population.

Methods: A total of 828 subjects without dementia,
aged 65 years or over, were followed-up prospectively for
17 years. Dementia was subdivided into cause specific
subtypes: namely, Alzheimer's disease {AD), vascular
dementia (VD), dementia with Lewy bodies {DLB),
combined dementia and other types of dementia. During
the follow-up, 275 subjects developed dementia; of these,
251 {91.2%) were evaluated morphologically, with 164
subjected to brain autopsy examination and the remaining
87 to neuroimaging.

Results: The incidences of total dementia, AD, VD, DLB,
combined dementia and other types of dementia were
32.3 {n=275), 14.6 {124), 9.5 (81), 1.4 (12), 3.8 (33),
and 3.1 (16) per 1000 person years, respectively. The
incidences of AD, combined dementia and other types of
dementia rose with increasing age, particularly after the
age of 85 years, but this tendency was not observed for
VD or DLB. The survival curve of dementia cases aged
65-89 years was significantly lower than that of age and
sex matched controls (10 year survival rate, 13.6% vs
28.3%; hazard ratio 1.67; 95% confidence interval 1.31 to
2.13). The 10 year survival rates were not significantly
different among dementia subtypes.

Conclusions: Our findings suggest that the Japanese
elderly population has a high risk for the development of
dementia, specifically AD and VD, and once dementia is
established, the risk of death is considerable.

Approximately 24.3 million people suffer from
dementia globally, and this number is expected to
double every 20 years to 81.1 million by 2040
because of the rapid increase in the number of
elderly worldwide.! Effective prevention requires a
strategy based on information about morbidity and
mortality from dementia in general populations.

Several population based studies have investigated:

the incidence®™ and fatality rates™" of total and
cause specific dementia but the current knowledge
about the incidence and prognosis of dementia has
derived mainly from studies done in Western
populations, and it is unclear to what extent these
findings apply to Japanese elderly populations. Here
we present the incidence and survival of cause
specific dementia in a 17 year follow-up study
conducted in a Japanese community.

METHODS

Study population

Since 1985, a follow-up survey of dementia among
individuals aged 65 years or older has been ongoing

in the town of Hisayama, Japan’® The screening
and assessment processes of the present analysis
are shown in fig 1. In 1985, a total of 887 subjects
aged 65 years or older (participation rate 94.6%)
underwent a screening examination that included
Hasegawa’s dementia scale (HDS),"* which is a
neuropsychological test widely used in Japan
comprised of 11 questions regarding orientation,
memory function, common knowledge and calcu-
lation capacities, and questionnaires regarding
psychological and medical symptoms, medical
conditions and activities of daily living. Subjects
with possible cognitive impairment underwent
comprehensive investigations. After excluding 59
subjects with dementia at baseline, the remaining
828 subjects were enrolled in this study.

Follow-up survey

Subjects were followed prospectively from
November 1985 to October 2002 (fig 1). Detailed
information about the follow-up survey of dementia
has been described elsewhere.” Briefly, we established
a daily monitoring system among the study team
and local physicians or members of the town’s
Health and Welfare Office. Regular health checks
were given annually to obtain information on any
stroke or dementia missed by the monitoring net-
work. Health status was also checked yearly by mail
or telephone for any subject who did not undergo a
regular examination or who had moved out of town.

Follow-up screening surveys of cognitive func-
tion were conducted in 1992, 1998 and 2005. The
screening surveys included neuropsychological
tests (HDS,"” HDS revised version (HDS-R) or
Mini-Mental' State Examination (MMSE)Y) and
questionnaires similar to those used at the first
screening. For subjects whose test scores were
below the cut-off points (22/32.5 for HDS, 21/30
for the HDS-R and MMSE), comprehensive inves-
tigations, including interviews of the families or
attending physicians, physical and neurological
examinations, and a review of the clinical records
were conducted.

When a subject died, an autopsy was performed
at the Department of Pathology of Kyushu
University. During the follow-up period, 553
subjects died, 439 of whom (79.4%) were subjected
to autopsy. For dementia subjects with autopsy,
detailed neuropathological evaluation was per-
formed. No subject was lost to follow-up.

Diagnosis of dementia
The diagnosis of dementia was made clinically
based on the guidelines of the Diagnostic and
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Figure 1 Flow chart for screening and
diagnostic procedures.

I 887 subjects at screening examination in 1985 l

]
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l

Daily monitoring system from 1985 to 2002

and
repeated screening examination

|

]

275 subjects with incident dementia I ‘

553 subjects without incident dementia

[

] [ |

Statistical Manual of Mental Disorders, revised third edition
(DSM-III-R).*®

Alzheimer's disease (AD), vascular dementia (VD) and
dementia with Lewy bodies (DLB) were diagnosed based on
the criteria established by the National Institute of Neurological
and Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-
ADRDA),” the Neuroepidemiology Branch of the National
Institute of Neurological Disorders and Stroke with support
from the Association Internationale pour la Recherche et
UEnseignement en Neurosciences (NINDS-AIREN)* and the
revised consensus guidelines described in the third report of the
DLB consortium,” respectively.

For neuropathological evaluation of AD, the frequency of
senile plaques and neurofibrillary tangles (NFT) was evaluated
using the Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) criteria®” and Braak stage.™ The CERAD score

175 subjects 100 subjects 378 subjects 175 subjects
died by 2002 alive by 2002 died by 2002 alive by 2002

I [

| ] i 1
164 subjects 11 subjects 305 subjects 73 subjects
with autopsy without autopsy with autopsy without autopsy

and Braak stage were combined using the National Institute on
Aging-Reagan Institute (NIA-RI) criteria, and dementia cases
with a “high likelihood” of AD pathology were defined as
definite AD. Definite VD was defined as dementia with
causative stroke or cerebrovascular change in neuroimaging
and no neuropathological evidence of other forms of dementia.
According to the DLB guidelines,” dementia cases with “high
likelihood™ criterion of DLB pathology were defined as definite
DLB. Senile dementia of the neurofibrillary tangle type (tangle
only dementia: SD-NFT) was diagnosed neuropathologically
using Yamada's guideline.” **

During the 17 year follow-up period, 275 subjects developed
dementia. Of these, 175 cases died and 134 (76.6%) of these

Tahle 2 Frequency of each type of dementia among 275 incident
dementia cases: the Hisayama Study, 19852002

Type of dementia n {%)

Table 1 Comparison of the clinical diagnosis of dementia subtype and AP 124 {45.1)

the final diagnosis using neuropathological findings among 164 incident V0 81 {20.5)
dementia cases with autopsy: the Hisayama Study, 1985-2002 DLB 12 (4.4)

Clinical diagnosis Combined dementia 33 (11.6)
AD+VD 13 (4.7
Fina_l diagnosis using neuropathological AD vD Other AD+DLB 9 (3.3)
findings =71 (n=47} [n=46) VD4DLB 5 (1.8)
Pure AD 35 16 11 AD+VD+DLB 2{0.7)
Pure VD 17 21 12 AD+chronic subdural haematoma 1{0.4)
D8 2 1 6 DLB+SO-NFT 1{0.4)
Combined dementia 12 7 10 AD+VD+hypothyroid 1(0.4)
AD+VD 6 3 4 SD-NFT+carbon monoxide poisoning 1{0.4)
AD+DLB 3 2 1 Other 16 (6.2)
VD+DLB 2 1 1 SD-NFT 8{2.9)
AD+VD+DLB 0 0 2 Chronic subdural haematoma 21{0.7)
AD+chronic subdural haematoma 0 1 0 Brain tumour 2{0.7)
DLB+SO-NFT 0 0 1 Head trauma 2{0.7)
AD+VD-+hypothyroid 1 0 0 Pick’s disease 1(0.4)
SD-NFT+carhon monoxide poisoning 0 0 1 Hypoxic ischemic encephalopathy 11{0.4)
Other 2 7 Unknown 9(3.3)

AD, Alzheimer's disease; DLB, dementia with Lewy bodies; SD-NFT, senile dementia
of the neurofibrillary tangle type; VD, vascular dementia.

J Neural Neurosurg Psychiatry 2009,80:366~370. doi:10.1136/nnp.2008.155481

AD, Alzheimer's disease; DLB, dementia with Lewy bodies; SD-NFT, senile dementia
of the neurcfibrillary tangle type; VB, vascular dementia.
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Figure 2 Incidence rates of cause specific dementia by age group.

cases underwent brain autopsy examination (fig 1). The brains
were evaluated neuropathologically in an additional 30 subjects
with dementia who died after the end of the follow-up period,
from November 2002 to October 2005. A total of 164 of the 275
subjects with dementia (59.6%) were examined neuropatho-
logically. We performed evaluation with neuroimaging on 248
subjects with dementia (90.2%); among the 111 subjects with
dementia who did not have an autopsy examination, 87
underwent a neuroimaging examination. Therefore, 251 sub-
jects with dementia (91.2%) were evaluated morphologically.

In the present analysis, we used the final diagnosis of
dementia subtypes, which was made based on the clinical and
neuropathological information for dementia subjects with
autopsy and clinical information, including neuroimaging only
for those without autopsy. Table 1 shows a comparison of the
clinical diagnosis of dementia subtype, which was made
without information on neuropathological findings, and the
final diagnosis, which was made using neuropathological
findings, among 164 incident dementia cases with autopsy.
Although the clinical diagnosis was not necessarily the same as
the final diagnosis, moderate agreement was observed between
the clinical and final diagnoses (agreement rate = 60%, kappa
coefficient = 0.48 for  AD; agreement rate = 59%, kappa coeffi-
cient = .53 for VD). Table 2 shows the frequency of each type
of dementia among 275 incident dementia cases. We found 124
pure AD cases (definite 62; probable 52; possible 10), 81 pure
VD cases (definite 50; probable 31) and 12 pure DLB cases
(definite nine; probable two; possible one). When causes of
cognitive impairment were attributed to two or more types of
dementia, we classified the dementia as “combined dementia”.
This category accounted for 33 cases. There were 16 cases of
other types of dementia.

The date of onset of VD was determined as the date when the
responsible stroke occurred but the final diagnosis of VD was
made more than 3 months after the stroke. The tentative time
of onset, when the family or attending physician first noticed
abnormal behaviour by the subject, was used for other types of
dementia.
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Figure 3  Survival rates and 95% confidence intervals for new onset
dementia cases and for age and sex matched control participants
without dementia onset.

Statistical analysis

The incidence of dementia was estimated using a person year
approach. We estimated survival curves for the first 10 years
after the onset of dementia for 221 new onset dementia cases
with ages at dementia onset ranging from 65 to 89 years, and
for 221 age and sex matched control subjects randomly selected
from 553 subjects without incident dementia by the Kaplan-
Meier product limit technique. We excluded subjects aged
90 years or over from this analysis because the number of
control subjects for this age group was too small. Comparison of
survival rates was done by log rank test. We also compared age
and sex adjusted cumulative survival rates among cases with
different types of dementia using Cox’s proportional hazards
model.

RESULTS

The incidence of total dementia was 32.3 per 1000 person years.
With regard to type, AD ‘was the most frequent type of
dementia (14.6 per 1000 person years), followed by VD (9.5) and
then DLB (1.4). The incidences of AD, combined dementia and
other types of dementia rose with increasing age, particularly
after the age of 85 years, but this tendency was not observed for
VD or DLB (fig 2).

Figure 3 shows the 10 year survival curves for new onset
dementia cases and control subjects without dementia onset.
The survival curve of dementia cases was significantly lower
compared with that of the control subjects (10 year survival
rate, 13.6% vs 29.2%; hazard ratio 1.67; 95% confidence interval
1.31 to 2.18; p<0.0001). Median survival time was 3.5 years in
subjects with dementia and 5.8 years in those without
dementia.

The age and sex adjusted survival curves for cases with
different types of dementia are shown in fig 4. The survival rate
of subjects with DLB tended to be lower than that of subjects
with other types of dementia but the differences were not
significant, probably because of the small number of subjects
with DLB (10 year survival rates, 18.9% for AD, 13.2% for VD,
2.2% for DLB, 10.4% for combined dementia, 14.4% for other
types of dementia).

J Neurol Neurosurg Psychiatry 2009;80:366-37C. doi:10.1136/jnnp.2008.155481
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Figure 4 Age and sex adjusted survival rates of cause specific
dementia.

DISCUSSION

The present analysis from a prospective cohort study has clearly
demonstrated that the incidence of dementia was as high as
32.3 per 1000 person years in a general population of Japanese
elderly, aged 65 years or older. We diagnosed dementia subtypes
based on clinical and neuropathological examinations and found
that AD, VD and DLB were the three major subtypes of
dementia in this population. Another important finding was
that the median survival time of subjects with new onset
dementia was shorter than that of those without dementia
onset.

Several population based cohort studies have reported the
incidence of dementia for elderly populations.”® The incidence
of dementia of our study (32.3 per 1000 person years) was
relatively higher than that obtained from the majority of other
follow-up studies (13.5-25.5)>* and similar to that of an Italian
study (37.8)° and an African American study (32.4).° Possible
reasons for the relatively higher incidence of dementia in our
study were the frequently repeated screening surveys for
dementia and the high follow-up rate.

In our subjects, DLB was the third most frequent type of
dementia after AD and VD, with an incidence of 1.4 per 1000
person years. Although there have been several prevalence
studies of DLB in general populations, little is known about the
exact incidence of DLB.¥ Meich et al estimated the incidence of
DLB as 0.57 per 1000 person years in a US population.? In
contrast, no case of DLB was observed in the 4 year follow-up
study of an Italian population” It is possible that the higher
incidence of DLB in our study resulted from a higher rate of
neuropathological evaluation among subjects with dementia.
Further cohort studies are needed to investigate the precise
incidences of DLB.

In the present analysis, all types of dementia were associated
with higher mortality, and the estimate of median survival time
for subjects with total dementia was 3.5 years. This is shorter
than that obtained from other population based cohort studies
(5.2-7.6 years)."™ Most previous cohort studies estimated
median survival time in follow-up surveys of subjects having
dementia at the baseline examination. Therefore, it is possible
that severe dementia cases with poor prognosis may not have

J Neuro! Neurosurg Psychiatry 2009;80:366-370. doi:10.1136/jnnp.2008.155481

been included, and that the survival time of patients with
dementia may have been overestimated (“length bias”). In the
Canadian Study of Health Aging, the crude median survival
time was 6.6 years but the estimated survival time from the
onset of dementia after controlling for “length bias” was
3.3 years.” This finding is comparable with the median survival
time from the onset of dementia observed in the present
analysis.

The strengths of our study include its longitudinal population
based study design, long duration of follow-up, sufficient
number of dementia events, 100% follow-up of subjects and
examination of the brains of most dementia cases with autopsy
and neuroimaging. A limitation of our study is that relatively
low cut-off points of neuropsychological tests for comprehen-
sive investigations of dementia in the follow-up examinations
may have caused us to miss subjects in the early course of
dementia. This limitation may have led to an underestimation
of the incidence of dementia and survival time. Another
limitation is that we compared the survival rates among
subjects matched by age at dementia onset ranging only within
65-89 years because the number of control subjects aged
90 years or older without dementia was too small. However,
subjects aged 90 years or older are not likely to live long,
irrespective of the existence of dementia, and inclusion of
subjects of this age group is not likely to have changed the
findings of this study.

In conclusion, relatively more Japanese elderly suffer from
dementia than the proportion expected based on the results of
other follow-up studies. Once dementia is established, the risk
of death is 1.7-fold higher compared with subjects without
dementia. It is important to elucidate risk factors for each type
of dementia and establish dementia prevention strategies,
especially in countries such as Japan where the elderly
population is increasing rapidly, as dementia places a burden
on families and communities.
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Although the major component of the prion is believed to be the oligomer of PrP5¢, little information is available
concerning regions on the PrP*® molecule that affect prion infectivity. During the analysis of PrPS® molecules from
various prion strains, we found that PrP5° of the Chandler strain showed a unique property in the conformational-
stability assay, and this property appeared to be useful for studying the relationship between regions of the PrPS°
molecule and prion infectivity. Thus, we analyzed PrP5° of the Chandler strain in detail and analyzed the infectiv-
ities of the N-terminally denatured and truncated forms of proteinase K-resistant PrP. The N-terminal region of
PrP*° of the Chandler strain showed region-dependent resistance to guanidine hydrochloride (GdnHCI) treatment,
The region approximately between amino acids (aa) 81 and 137 began to be denatured by treatment with 1.5 M
GdnHCI. Within this stretch, the region comprising approximately aa 81 to 90 was denatured almost completely by
2 M GdnHCI. Furthermore, the region approximately between aa 90 and 137 was denatured completely by 3 M
GdnHCI. However, the C-terminal region thereafter was extremely resistant to the GdnHCI treatment. This
property was not observed in PrPS® molecules of other prion strains. Denaturation of the region between aa 81 and
137 by 3 M GdnHCI significantly prolonged the incubation periods in mice compared to that for the untreated
control. More strikingly, the denaturation and removal of this region nearly abolished the infectivity. This finding
suggests that the conformation of the region between aa 81 and 137 of the Chandler strain PrPS® molecule is directly

associated with prion infectivity.

Prion diseases, such as scrapie, bovine spongiform enceph-
alopathy (BSE), and Creutzfeldt-Jakob disease, are fatal neu-
rodegenerative disorders characterized by the accumulation of
a disease-specific, abnormal isoform of the prion protein,
PrP%, in the central nervous system, astrogliosis, neuronal
vacuolation, and neuronal cell death. PrP%¢ is believed to be
generated from a cellular form of prion protein, PrPS, by a
posttranslational modification including conformational trans-
formation. Although the prion entity, the causative agent of
prion diseases, remains to be elucidated, PrP%° is believed to be
a major component of the prion.

Direct interaction between PrP® and preexisting PrPS° pre-
cedes the transformation of PrP© into newly generated PrPSe,
Data on the regions of PrP€ that are indispensable for PrPse
formation and prion propagation have been accumulated using
neuroblastoma cells persistently infected with prions and trans-
genic (Tg) mice expressing mutant PrPs. Although the extreme
N-terminal region, amino acids (aa) 23 to 32, modulates prion
propagation (8, 9, 34), the region between aa 32 and approxi-
mately aa 90 is not essential for the production of PrP® and the
propagation of the prion (9, 18, 22, 39). The region of residues
114 to 121, the most amyloidgenic region of PrP, is essential for
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the conversion of PrP€ into PrPS° (11, 23). A deletion mutant
lacking residues 23 to 88 and 141 to 176 can convert into PrP5°
and support prion propagation in Tg mice, suggesting that the
region of residues 141 to 176 is not essential for prion propagation
(22, 34). The cysteine residue at 178 that forms an intramolecular
disulfide bond with another cysteine residue at 213 is essential for
PrP5® formation (22). Additionally, amino acid substitutions at
167 and 218 prevent PrP>° formation and show a dominant-
negative effect on prion propagation (15, 28). Due to the difficulty
of direct manipulation of PrP%, the regions of PrP> that are
important for prion infectivity have not been elucidated. It is well
accepted that not the removal of the protease-sensitive N-termi-
nal domain (aa 23 to around aa 90) from PrP% but the denatur-
ation of the remaining C-terminal domain diminishes prion in-
fectivity. However, the relationship between prion infectivity and
the regions of PrP° is largely unclear.

From the analysis of biochemical properties of PrPS® mole-
cules of various prion strains, we found that PrPS¢ of the
Chandler strain has region-dependent resistance to denatur-
ation by guanidine hydrochloride (GdnHCI). This property
allows for the denaturation and removal of specific regions of
PrP5°, In this study, we describe the unique conformational
stability of PrPS of the Chandler strain and demonstrate that
the region approximately between aa 81 and 137 of PrPS° is
important for the infectivity of the Chandler prion strain.

MATERIALS AND METHODS

Mouse and prion strains. Mouse-adapted prion strains 22L (7), Chandler (17),
Fukuoka-1 (35), G1 (unpublished data), and Obihiro (31) were used in this study.
These mouse-adapted strains were propagated in female JCLICR mice (CLEA
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Japan) except where otherwise specified. In some cases, C56BL/6J mice (CLEA
Japan) and RII/J and ¥/LnJ mice (Jackson Laboratories) were used for prion
propagation. In addition, mouse-adapted BSE prion strains, designated KUS-m
and TE-m, which were derived from samples obtained in Japanese BSE cases
KUS and TE by a third serial passage in RIII/J and C57BL/6J mice, respectively,
were used. All procedures for animal experiments were carried out according to
protocols approved by the Institutional Committee for Animal Experiments.

Antibodies. Anti-PrP monoclonal antibodies (MAbs) 110, 118, 147, 31C6,
43C5, and 44B1 (16) were used. In addition, B103 rabbit polyclonal antibodies
(pAb) raised against the bovine PrP synthetic peptide comprising aa 103 to 121,
which corresponds to aa 90 to 109 of mouse PrP, were used (13).

Confermational-stability assay. Conformational-stability assays were carried
out as described by Legname et al. (19, 20) with some modifications. The brains
of mice infected with prions were homogenized in phosphate-buffered saline
(PBS) to make 10% homogenates. Aliquots of the homogenates were stored at
~30°C until use. The 10% brain homogenates (50 pl) were mixed with equal
volumes of various concentrations of GdnHCI (0 to 8 M) and incubated at 37°C
for 1 h. Samples were then diluted by the addition of 850 pl of NTS buffer (10
mM Tris-HCI [pH 8.0}, 150 mM NaCl, 0.5% Triton X-100, and 0.5% sodium
deoxycholate). To adjust the final GdnHCI concentration to 0.4 M, 50 pl of
various concentrations of GdnHCI (0 to 8 M) were added to the samples. The
samples were then digested with proteinase K (PK; Roche) at 20 pg/ml for 30
min at 37°C. After the termination of PK activity by adding Pefabloc (Roche) to
obtain a final concentration of 2 mM, 500 ! of a 5:1 mixture of 2-butanol and
methanol was added and the samples were mixed well and kept for 10 min at
ambient temperature. PrPS¢ was pelleted by centrifugation at 20,000 X g for 10
min at 20°C. The resulting pellet was dissolved in 1X sodium dodecyl sulfate
(SDS) sample buffer (62.5 mM Tris-HC [pH 6.8], 5% glycerol, 3 mM EDTA, 4%
B-mercaptoethanol, 0.04% bromophenol blue, 5% SDS, 4 M urea) by being
boiled for § min. SDS-polyacrylamide gel electrophoresis and immunoblotting
were carried out as described elsewhere (38). The chemiluminescence intensities
of bands of PrP* were measured with a LAS-3000 chemiluminescence image
analyzer (Fujifilm). Quantitative analyses of the blots were carried out with
Image Reader LAS-3000 software, version 1.11 (Fujifilm). The sigmoidal pat-
terns of denaturation curves were plotted using a nonlinear least-squares fit. The
concentrations of GdnHCI required to denature 50% of PrPS® ([GdnHCI],,,
values) were estimated from the denaturation curves, and statistical analysis was
carried out by a one-way analysis of variance followed by a Newman-Keuls test.

Deglycosylation. The 10% brain homogenates (250 pl) were mixed with equal
volumes of the NTS buffer and digested with PK at 20 pg/ml for 1 h at 37°C.
Proteolysis was terminated by the addition of Pefabloc to a final concentration of
4 mM. Samples were then mixed with 1/5 volume of 5X denaturation buffer (20
mM Tris-HCl [pH 7.5}, 150 mM NaCl, 2 mM EDTA, 5% SDS, 10% {-mercap-
toethanol) and 5 U of N-glycosidase F (Roche) and incubated for 16 h at 37°C.
Proteins were precipitated by the addition of 1/2 volume of a 5:1 mixture of
2-butanol and methanol followed by centrifugation at 20,000 X g for 10 min at
20°C.

Preparation of cell lysates. A Neuro2a mouse neuroblastoma subclone per-
sistently infected with the Chandler strain (ScN2a-5) (38) was used. ScN2a-5 cells
grown in 10-cm dishes were collected by using a cell scraper and pelleted by
centrifugation at 300 X g for 5 min. The cells were washed once with PBS and
pelleted again by centrifugation. The resulting pellets were lysed with 1'mi of lysis
buffer (10 mM Tris-HCl [pH 7.5], 0.5% Triton X-100, 0.5% sodium deoxy-
cholate, 150 mM NaCl, 5 mM EDTA) for 30 min on ice. Nuclei and cell debris
were removed by low-speed centrifugation at 300 X g, and supernatants were
further centrifuged at 100,000 X g for 30 min at 4°C. The resulting pellets were
suspended in 50 pl of PBS and used for conformational-stability assays as the
PrPS°-enriched fraction.

Bioassay. The 10% brain homogenates (540 1) were mixed with equal vol-
umes of various concentrations (0 to 6 M) of GdnHCI solution and then incu-
bated at 37°C for 1 h. Samples were then diluted by the addition of 9.18 ml of
NTS buffer, and 540 ul of various corcentrations of GdnHCI solution were
added to adjust the final concentration of GdnHCI to 0.4 M. The mixtures were
ultracentrifuged at 197,000 X g for 2.5 h at 4°C, and the resulting pellet was
resuspended in 540 pl of PBS and used for the bioassay. Small aliquots of the
samples were digested with PK and analyzed by immunoblotting to confirm the
existence of PrP%¢, To prepare the PK-treated inoculums for the bioassay, 540-ui
aliquots of 10% brain homogenates were treated with GdnHC as described
above. After the GdnCHI treatment, samples were digested with 10 pg/ml of PK
for 1 h at 37°C, and digestion was stopped by adding Pefabloc to a final concen-
tration of 2 mM. Samples were ultracentrifuged, and the resulting pellets were
resuspended in PBS as described above. Samples (20 pl) were intracerebrally
inoculated into 4-week-old female JehICR mice.

INFECTIVITY OF N-TERMINALLY TRUNCATED PrP% 3853

RESULTS

Conformational stabilities of PrPS® molecules of the mouse-
adapted prion strains. To examine the biochemical differences
of PrP5¢ molecules from various mouse-adapted prion strains,
conformational-stability assays were carried out to assess the
resistance of PrP%° to denaturation by GdnHCl (Fig. 1A).
When immunoblots were probed with pAb B103 and MAb
44B1, which recognize aa 90 to 109 and aa 155 to 231 of mouse
PrP, respectively, the amounts of PrPS¢ molecules of the G1,
Obihiro, and Fukuoka-1 strains were found to be nearly un-
changed by treatment with up to 2 M GdnHCI. The treatment
with 2.5 M GdnHCI led to the first decrease in the amount of
PP, and only a trace amount of PrP5° was detected after
treatment with 3 M GdnHCL. The [GdnHCI],,, was estimated
from the denaturation curve for each prion strain (Fig. 1A).
The [GdnHCl},,, values for the G1, Obihiro, and Fukuoka-1
strains based on the results obtained with MAb 44B1 ranged
from 2.0 to 2.1 M, and there was no significant difference
among them (Table 1). This finding indicates that these strains
have similar levels of resistance to GdnHCl treatment. In con-
trast, the [GdnHCl}, , for the 22L strain was significantly lower
than those for the G1, Obihiro, and Fukuoka-1 strains, indi-
cating that PrPS° of the 22L strain is less stable than those of
other strains. Moreover, the [GdnHCI],, values for BSE
strains KUS-m and TE-m were higher than those for other
mouse-adapted prion strains except the Chandler strain. The
incubation period for each prion strain and the [GdnHCl],,,
values are summarized in Table 1. Although the [GdnHCl],,,
values for the G1, Obihiro, and Fukuoka-1 strains are compa-
rable, the G1 strain had an extremely long incubation period.

Among the PrP5¢ molecules of the prion strains used in this
study, PrPS* of the Chandler strain showed a unique alteration
in molecular mass with the increase of the GdnHCI concen-
tration. When the blots were probed with pAb B103, the PrP%°
bands detected in the samples treated with 2.0 and 25 M
GdnHCl were approximately 1 to 2 kDa smaller than those in
samples treated with lower concentrations, and PrP5° was al-
most undetectable after the 3 M GdnHCl treatment. When the
blots were probed with MAb 44B1, the PrPS° bands detected in
samples treated with more than 2.0 M GdnHCI were approx-
imately 6 to 7 kDa smaller than those in samples treated with
lower concentrations, and these bands were still detected even
after the treatment with 3.5 M GdnHCL. The [GdnHCl],, for
PrP5¢ of the Chandler strain was estimated to be 3.2 M from
the results obtained with MADb 44B1.

Further characterization of the GdnHCl resistance of PrPS
of the Chandler strain. The results of the conformational-
stability assays suggested that the N- and C-terminal regions of
PK-resistant PrPS¢ of the Chandler strain have different levels
of resistance to GdnHCI treatment. Thus, we analyzed PrP*° of
the Chandler strain more precisely with six additional MAbs
(Fig. 2). By using MAb 110, recognizing repetitive amino acid
sequences at positions 59 to 65 and 83 to 89, PrP5° was unde-
tected after treatments with more than 2 M GdnHCI. The
major N terminus of the PK-resistant core of PrP5® molecules
(designated PrP27-30) of the ME7 and Obihiro strains is re-
ported to be Gly at position 81 (10, 12). Moreover, the molec-
ular mass of deglycosylated Chandler PrP is identical to that
of the Obihiro strain PrP>° (Fig. 1B). Taken together, these
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FIG. 1. Conformational stabilities of PrPS* molecules of various prion strains. (A) Immunoblots for the conformational-stability assay. Brain
homogenates from prion-infected mice (prion strains are indicated to the left) were treated with 0 to 4 M GdnHCl (as indicated at the top) and
subjected to PK digestion. PrP° was detected by either pAb B103 (left column) or MAb 44B1 (right column). Epitopes for antibodies are indicated
in parentheses. Independent assays of each strain with MAb 44B1 were carried out at least three times (the number of assays is indicated in
parentheses to the right of the graphs), and based on the quantitative results for the blots probed with MAb 44B1, the denaturation curves were
plotted using a nonlinear least-squares fit. [GdnHCl},, values (means * SD) are indicated for each graph. Numbers in the top right corners of
the blots probed with pAb B103 are the [GdnHCl],;, values (in molars). (B) Molecular masses of PrP>° molecules. Brain homogenates from
prion-infected mice (prion strains are indicated at the top) were treated with PK, and the immunoblot was probed with pAb B103. To compare
the molecular masses of the PK-resistant cores of PrPS¢ molecules more precisely, PK-treated samples were further treated with peptide-N-
glycosidase F (PNGase F) (right). —, absent; +, present.
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TABLE 1. Conformational stabilities and incubation periods of prion strains

Prion Mouse strain for No. of serial {GdnHCl],, (M) determined with: Mean incubation period No. of
strain® propagation passages” pAb B103 MAb 44B1 or 31C6¢ (days) = SD mice®
Gi slc:ICR 4 2.1 21x01 326 = 53 5
Obihiro JckICR >5 23 20+00 153 =7 24
Chandler” Jcl:ICR >3 1.8 32 +£0.2*% 150 =2 15
ILn] 2 22 >3.5% 22717 4
CS57BL/6) 3 23 35t 153 =6 6
221 JekICR 2 15 1.7 £ 0.0** 144 =3 5
Fukuoka-1 JckICR 2 21 20+00 146 = 8 8
KUS-m RIIIJ 3 24 2.5+02* 165 = 11 6
TE-m C57BL/6J 3 2.2 2.6 = 0.2* 168 = 4 6

2 Strain G1 was obtained from sheep with experimental scrapie; the 22L and Fukuoka-1 strains were derived from prions passaged in mice carrying Prmp®” but
different from Jcl:ICR mice; and KUS-m and TE-m were obtained from BSE field cases KUS and TE.

b History (number) of serial passages in the mouse strain listed to the left.

¢ Chandler strain prions passaged in JckICR mice were then passaged in I/LnJ or CS7BL/6] mice.
4 The [GdnHCI}, , values were estimated from the denaturation curves plotted by using blots probed with MAD 44B1 (values shown are means % SD of results from
at least three independent assays) and MAb 31C6 (values determined with this MADb are indicated by 1). %, higher than value for G1 (P < 0.05); #, lower than value

for G1 (P < 0.05).
¢ Number of mice used for the calculation of the incubation period.

observations indicate the major N terminus of the PK-resistant
core of the Chandler PrP®c to be at position 81. We assumed,
therefore, that the 1- to 2-kDa-smaller PrPS° bands detected
with pAb B103 after 2.0 and 2.5 M GdnHCI treatments re-
sulted from the denaturation and removal of the region from
aa 81 to a residue around aa 90 (herein referred to as aa 90) of
mouse PrPS¢, The PrP%° patterns detected by MAb 132 ap-
peared to be almost identical to those detected by pAb B103,
indicating that the region between aa 90 and the epitope for
MADb 132 (aa 119 to 127) was almost denatured by treatment
with more than 3 M GdnHCI. After treatments with more than
2 M GdnHC], the presence of the approximately 6- to 7-kDa-
smaller PrPS¢ bands was evident on the blots probed with MAb
31C6 (recognizing aa 143 to 149) and MAbs recognizing the
C-terminal region thereafter (MAbs 43CS5, 44B1, and 147).
Wwith 2.0 and 2.5 M GdnHCI treatments, the 6- to 7-kDa-
smaller PrP% bands are thought to overlap with: the 1-'to
2-kDa-smaller PrPS¢ bands that were detected with pAb B103
and MADb 132. Therefore, the presence of the 6- to 7-kDa-
smaller PrPS° was more obvious after treatment with more
than 3 M GdnHCI, at which the N-terminal region of the
PK-resistant core of PrP5® between aa 81 and the epitope for
MADb 132 was denatured and undetectable after PK digestion.
MAD 118, which recognizes aa 137 to 143 of mouse PrP, also
reacted with the 6- to 7-kDa-smaller PrPS® bands (Fig. 2). This
result suggests that the truncated PK-resistant PrP>® lacks the
N-terminal region up to around aa 127 to 137, although the
exact N terminus (hereinafter referred to as aa 137) remains to
be determined. Taken together, these results indicate that the
PK-resistant core of PrPS® (aa 81 to 231) of the Chandler strain
has region-dependent conformational stability under condi-
tions of GdnHCI treatment, The region of aa 81 to 90 of PrP%°
is the most sensitive to GdnHCl and is denatured almost com-
pletely by 2 M GdnHCL. The region between aa 90 and 137 is
denatured almost completely by more than 3 M GdnHCI, while
the remaining C-terminal region of PrP5¢ is highly resistant to
GdnHCI. The N-terminally truncated nonglycosylated PrP5°
was detectable after 1.5 M GdnHCI treatment (Fig. 2, blots

probed with MAbs 31C6, 43CS5, 44B1, and 147), suggesting that
the region between aa 81 and 137 begins to be denatured with
1.5 M GdnHCl treatment. In contrast to PrPS° of the Chandler
strain, PrPS° of the Obihiro strain was nearly undetectable
after 3 M GdnHCI treatment, regardless of the antibodies
used, and the [GdnHCl],, values estimated from the different
blots were comparable (Fig. 2).

The 6- to 7-kDa-smaller unglycosylated PrPS° was occasion-
ally detected by MAbs recognizing the C-terminal region of
PrP without GdnHCI pretreatment, but usually at a very low
level. On the other hand, this band was not detected by anti-
bodies recognizing the N-terminal region of PrP (MAbs 110
and 132 and pAb B103). These findings suggest that processing
of the region up to aa 137 of the Chandler PrP> occurs in the
brain tissues, albeit at a very low level. Alternatively, the pro-
cessing may occur during the sample preparation or autolysis.

Conformational stability of PrP5® in cells infected with the
Chandler strain. Next, we examined whether PrPS¢ in cells
persistently infected with the Chandler strain shows the region-
dependent conformational stability. PrP5°-enriched fractions
obtained from ScN2a-5 cell lysates were subjected to confor-
mational-stability assays (Fig. 3). MAb 110 detected the PK-
resistant PrPS° bands with up to 1.5 M GdnHCl treatment, and
the 1- to 2-kDa-smaller PrP> bands were detected by pAb
B103 with 2 and 2.5 M GdnHCI treatments. Furthermore, the
6- to 7-kDa-smaller N-terminally truncated PrP5 bands were
detected by MAb 44B1 even after 3 and 3.5 M GdnHCl treat-
ments. These results were consistent with those for PrP5° ob-
tained from the brains: of mice infected with the Chandler
strain, indicating that the unique conformational stability was
maintained in cultured cells.

Conformational stability of the Chandler PrPS¢ in mice with
different PrP genotypes. To examine whether the region-de-
pendent conformational stability was maintained in mice with
different genotypes, assays were carried out using brains of
CS7BL/6] (Prnp®™) and I/LnJ (Prmp®®) mice infected with the
Chandler strain (Fig. 4). The patterns of PrPS¢ from C57BL/6J
mice were almost identical to those of PrPS¢ from Jcl.ICR
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FIG. 2. Region-dependent conformational stability of PrPS° of the
Chandler strain. Brain homogenates from mice infected with the
Chandler (left) and Obihiro (right) strains were subjected to the con-
formational-stability assay, and immunoblots were probed with the
various anti-PrP antibodies indicated to the left. Epitopes for antibod-
ies are indicated in parentheses. Due to relatively weak reactivity, five
times the tissue equivalents of those for the blots for the other MAbs
were loaded for MAb 118. Numbers in the top right corners of the
blots are the [GdnHCl],, values (in molars). Arrows, the N-terminally
truncated nonglycosylated PrPSe,

mice. In contrast, the N-terminal region of PrP5° from I/LnJ
mice was less resistant to GdnHCl than those of PrP5° mol-
ecules from Jcl:ICR and C57BL/6J mice; the [GdnHCl],,,
value for PrP%¢ from I/LnJ mice (1.2 M) was lower than
those for PrP3° molecules from Jcl:ICR and C57BL/6] mice
(1.5 and 1.4 M, respectively), and PrP5 from I/LnJ mice was
undetected by MAD 110 after the 1.5 M GdnHCI treatment.
In addition, the C terminus of PrP° from I/LnJ mice ap-
peared to be more stable than those of PrPS° molecules from
Jcl:ICR and C57BL/6J mice. Although a slight difference in
the sensitivity to GdnHCl was observed, it should be em-
phasized that the sequential shift in molecular mass with an
increase of GdnHCI concentration was reproduced for the
Chandler PrP®° propagated in mice with the Prmp®® geno-
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FIG. 3. Region-dependent conformational stability of PrPS¢ in cells
persistently infected with the Chandler strain. PrPS°-enriched fractions
obtained from ScN2a-5 cells were subjected to the conformational-
stability assay. The antibodies used are listed to the left, and epitopes
for antibodies are indicated in parentheses.

type; the 1- to 2-kDa-smaller PrP®® bands were detected
with pAB B103 after 1.5 and 2 M GdnHClI treatments, and
the intensity of the 6- to 7-kDa-smaller unglycosylated PrP>°
bands detected with MAb 31C6 increased remarkably after
treatment with GdnHCI at 1.5 M or higher. These results
suggested that the region-dependent conformational stabil-
ity of the PrP%° from the Chandler strain was maintained in
mice with different PrP genotypes.

Effect of denaturation and removal of the N-terminal region
of PrPS¢ on prion infectivity. To examine whether the dena-
turation of specific regions of PrP° affects the prion infectivity,
brain homogenates from mice infected with the Chandler
strain were treated with GdnHCI and subjected to bioassays.
Small aliquots were analyzed by immunoblotting to confirm
the region-specific denaturation of PrP5° in the inoculums (Fig.
5A). Survival times of mice inoculated with samples treated
with 1 and 1.5 M GdnHCI were equivalent to those of mice
inoculated: with: the non-GdnHCl-treated control (Table 2).
Compared to the survival time of mice receiving the control (0
M; mean survival time * standard deviation [SD], 159 = 14
days), the survival time of mice receiving samples treated with
2 M GdnHCI seemed to be prolonged (176 * 12 days); how-
ever, the difference was not statistically significant (P > 0.05).
In contrast, significant prolongation of the survival time (206 =
25 days; P < 0.01) after the 3’ M GdnHCI treatment was
observed. These results suggest that the denaturation of aa 81
to 137 of PrPS greatly influences the prion infectivity. To
confirm the involvement of aa 81 to 137 in the prion infectivity
more precisely, this region was removed by treatment with 3 M
GdnHCI followed by PK digestion. The expected size shift of
PrP% in the inoculums was confirmed prior to the bioassay.
Furthermore, the intensities of the PrPS bands in samples
treated with 0 and 3 M GdnHCI were relatively equivalent,
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FIG. 4. Region-dependent conformational stability of the Chandler PrP> in mice with different genetic backgrounds. Brain homogenates from
JCLICR (Prap®™), CSTBL/6] (Prp™), and I/LaJ (Prup”®) mice infected with the Chandler strain were subjected to the conformational-stability
assay. The antibodies used and their epitopes (in parentheses) are indicated. Numbers in the top right corners of the blots are the [GdnHCI}, ,

values (in molars).

indicating that equal molar amounts of PK-resistant PrP5° ex-
isted in the inoculums (Fig. 5B). These samples were intrace-
rebrally inoculated into mice to examine the prion infectivity
(Table 2). In contrast to mice receiving the non-GdnHCI-
treated control (survival time, 170 + 11 days), mice inoculated
with the sample treated with 3 M GdnHCI exhibited an attack
rate of 40% and a mean survival time of 235 days (n = 2).
Furthermore, two of five mice were still alive at 365 days
postinoculation (dpi) (Table 2). These results suggest that the

A GdnHC! (M) (8
i 1
GdnHCI (M)
0 15 25 35 [
03 0 3

(kDa) (kDa)

Chandler Chandier Ovt:;lhnro

FIG. 5. Region-specific denaturation or removal of PrP in inocu-
lums for the bioassay. (A) Confirmation of region-specific denatur-
ation. Brains of mice infected with the Chandler strain were treated
with various concentrations of GdnHCl (without PK treatment), and
the fraction containing PrPS° was recovered by ultracentrigation. Small
aliquots of the inoculums were treated with PK and analyzed by im-
munoblotting with MAb 44B1. (B) Confirmation of the removal of aa
81 to 137. Brain homogenates from mice infected with the Chandler
and Obihiro strains were treated with 0 or 3 M GdnHCI and subjected
to PK digestion. After the termination of proteolysis, samples were
ultracentrifuged to collect the fraction containing PrP%°. Small aliquots
of the inoculums were analyzed by immunobloting with MAb 44B1.
Equal amounts of brain tissues were loaded into the lanes.

infectivity of the N-terminally truncated PK-resistant PrPSc
lacking aa 81 to 137 was extremely low.

The immunoreactivity of PK-resistant PrP5° of the Obihiro
strain, in contrast to that of PrP5 of the Chandler strain,
decreased less than 1% from that in the original samples when
the samples were treated with 3 M GdnHCI and subjected to
PK digestion (Fig. 5B). Consistent with the decrease in the
amount of PrP%, the survival time was prolonged for 34 days
by treatment with 3 M GdnHCI (Table 2). From the dose-
survival time standard curve for the Obihiro strain in ICR

TABLE 2. Effects of GdnHCl treatment and PK digestion on
prion infectivity

Stram  OdOHCL P No- of /i:ff)‘fed Mean survival time
concn (M)  digestion mice in group? (dpi) = SD
Chandler (] - 4/4 159 + 14
1 — 5/5 150 =9
1.5 - 17 165 + 12
2 - 4/4 176 = 12
3 - 5/5 207 = 25
0 + 6/6 170 11
3 + 2/5¢ 234, 236, >365
Obihiro 0 + 515 152 + 7
3 + 5/5 186 = 11

¢ +, performed; —, not performed.

® Number of mice which showed typical clinical manifestations of scrapie
and/or were positive for PrPS° by immunoblotting/number of mice used in the
bioassay.

€ Two mice showed typical clinical manifestations and were positive for Prp>©
(at 234 and 236 dpi), and one mouse was found dead without having shown any
symptoms at 336 dpi and was negative for PrPS¢. The remaining two mice were
still alive without any symptoms >365 dpi.
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FIG. 6. Schematic representation of region-specific denaturation of
the Chandler PrP®°, The PK-resistant core of the Chandler PrP (from
aa ~81 to 231) is depicted, with the locations of two B-strands (81 and
B2), three a-helices (al to a3), two N glycosylation sites (CHO), and
an intramolecular disulfide bond (S-S). The locations of epitopes are
indicated by thick lines labeled with amino acid positions (in paren-
theses). The epitope for MAb 44B1, which recognizes a discontinuous
epitope, is indicated by a dashed line, while those for other antibodies
that recognize linear epitopes are indicated by solid lines. Region I (aa
81 to 90), indicated above, was denatured almost completely by treat-
ment with up to 2 M GdnHC], and the removal of this region generates
the 1- to 2-kDa-smaller PK-resistant PrP%¢, Region II (aa 90 to 137)
was denatured almost completely by treatment with up to 3 M
GdnHC], and the removal of regions I and II consequently generates
the 6- to 7-kDa-smaller PK-resistant PrPS° (region I, aa 137 to the C
terminus) that is highly resistant to denaturation but lacks prion in-
fectivity.

mice, the 34-day prolongation was estimated to represent more
than a 2-log reduction in infectivity.

DISCUSSION

Prion strains have been distinguished by their biological
properties, including incubation periods and neuropathologi-
cal lesion profiles in mice experimentally inoculated with test
samples (3, 4, 6, 7). However, these types of experiments are
time-consuming, and the results are difficult to standardize
among laboratories. Biochemical properties of PrPS°, such as
molecular mass, glycoforms, PK resistance, and sensitivity to
denaturants, often differ among prion strains (2, 5, 14, 25-27,
29), although relationships between the biochemical and bio-
logical properties are unclear. Elucidating the strain-specific
biochemical properties as well as direct relationships between
biochemical and biological properties will facilitate the distinc-
tion of prion strains without time-consuming bioassays and an
understanding of the mechanisms involved in prion strains.
From our analyses of the stabilities of PrPS¢ molecules to the
treatment of GdnHCI with a panel of anti-PrP antibodies, we
found that PrP%° of the Chandler strain possesses unique re-
gion-dependent conformational stability. The region of aa 81
to 137 of PrP%° begins to be denatured by 1.5 M GdnHCI and
is almost completely denatured and becomes PK sensitive with
3 M GdnHCI treatment. In contrast, the C-terminal region
(after aa 137) is extremely resistant to denaturation (Fig. 6).

When the blots in Fig. 2 were carefully examined, in the
Chandler PrP® sample treated with 2 and 2.5 M GdnHCI, the
1- to 2-kDa-smaller diglycosylated PrPS¢ was detected with
MAbs 31C6 and 44B1 while the corresponding bands were
unclear with MAbs 147 and 43C5. This result suggests that the
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C-terminal region is also truncated in certain fractions of
PrP5°. However, we think that the C-terminal truncation is not
a major effect for the following reasons. First, the affinity of the
MAbs and the amount of the 1- to 2-kDa-smaller PrP>¢ influ-
enced the result. The affinity of MAb 147 is lower than that of
MAbs 31C6 and 44B1 (K. Sakata and M. Horiuchi, unpub-
lished results); therefore, it is possible that MAb 147 could not
visualize the relatively small amount of the 1- to 2-kDa-smaller
PrP%° in the samples treated with 2 and 2.5 M GdnHCL. Sec-
ond, the conformation of the particular region of PrP on the
blot may influence the interpretation of the results. The im-
munoreactivity of the 6- to 7-kDa-smaller PrP%® increased
when MAbs recognizing the middle part of PrP (MAbs 31C6
and 43C5) were used; this tendency was especially obvious with
MADb 43C5 (Fig. 2). We cannot explain the exact reason for this
effect at the moment. However, the results suggest that the
epitope of MAb 43C5 on the 6- to 7-kDa-smaller PrPS on the
blot may be more easily accessible than that on the regular and
the 1- to 2-kDa-smaller PrP5° molecules. If these two types of
molecules exist in the limited area of the blot, the reaction of
the MAD to the easily accessible epitope will be pronounced.
Although we do not exclude the possibility of the C-terminal
truncation, further fine-detail experiments will be required to
address the C-terminal truncation.

The sequential size shift of PK-resistant PrP5 according to
the denaturation profile was not observed in our study of other
mouse-adapted prion strains, natural and experimental sheep
scrapie and Japanese BSE cases (data not shown). Addition-
ally, this property was maintained in mice with different Prap
genotypes and in cells persistently infected with the Chandler
strain. Therefore, these results suggest that the region-depen-
dent conformational stability is specific to PrPS° of the Chan-
dler strain. In contrast, the conformational-stability assay of
the RML prion, which is thought to be synonymous with or
very close to the Chandler strain, showed no region-dependent
conformational stability (19, 36). One possibility that explains
this discrepancy is the use of different antibodies for PrpS®
detection; Legname et al. (19) and Thackray et al. (36) used
the Fab fragment HuM-D18, which recognizes aa 132 to 156,
and MAb 683, which. recognizes aa 168 to- 172, respectively.
Both antibodies recognize the C-terminal region after the
epitope for MAb 132 and thus should detect the molecular size
changes in PrP%° molecules that possess region-dependent con-
formational stability, as found in the Chandler strain. As these
molecular size changes were not detected in those studies, it is
unlikely that the difference in antibodies accounts for the dis-
crepancy. Alternatively, genetic backgrounds of mice used for
prion propagation may cause the difference in the conforma-
tional stability. It has been reported previously that the bio-
chemical propeities of PrP5® vary depending on the cell and
tissue types for prion propagation without changing biological
properties (1). Indeed, the mice used for the propagation of
the RML prion in the previous study (CD-1 Swiss mice) were
different from those used in this study (Jel:ICR and C57BL/
6J). Thus, further analysis of the Chandler strain propagated in
various mouse strains, as well as analyses of other mouse-
adapted prion strains, especially those of the lineage of the
Chandler strain, such as 139A (6), will be required to conclude
that the region-dependent conformational stability is specific
to the Chandler strain.
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Legname et al. (20) reported linear correlation between the
[GdnHCI],,, values and incubation periods. In contrast, no
linear correlation was observed in our results (n = 9; r =
0.007). We think that the sample size in our study was too small
to make any conclusion. In particular, few data are available
for strains showing longer incubation periods or higher
[GdnHCl],,, values at present. Therefore, further accumula-
tion of data will be required to assess the correlation between
incubation periods and conformational stabilities of PrPSe,

PrPS¢ includes PK-sensitive and PK-resistant molecules (2,
29, 30, 37). Both types of PrP5° are infectious, and PK digestion
alone decreases prion infectivity to some extent (2, 32). How-
ever, it is well known that the PK-resistant core of PrPS,
PrP27-30, which is produced by the removal of the PK-sensi-
tive N-terminal region of PrP>° (from aa 23 to around aa 90),
possesses prion infectivity. Prions propagated in Tg mice ex-
pressing PrP that lacks aa 23 to 88 can propagate in mice
expressing wild-type PrP (18). These previous results indicate
that this N-terminal region of PrPS¢ is not essential for the
infectivity of the prion. However, analyzing the relationship
between other regions of PrP® and infectivity by making de-
letions or mutations has been difficult. In this study, we utilized
the region-dependent conformational stability of the Chandler
PrP5¢ and truncated the PrP5° directly at the N-terminal region
up to around aa 137 to produce the N-terminally truncated
PK-resistant PrP>%; this approach allowed us to then analyze
the influence of this region on prion infectivity. Compared to
the regular PK-resistant core of PrP>° that is produced by PK
digestion without GdnHCI treatment, the N-terminally trun-
cated PK-resistant PrP5° had extremely low infectivity despite
the existence of the C-terminal region as PK-resistant frag-
ments (Table 2). Since we have not produced a dose-incuba-
tion period standard curve for the Chandler strain in JchICR
mice, we cannot estimate the exact reduction in infectivity.
However, the attack rate and the survival time suggested that
the infectivity decreased to nearly the detection limit in the
bioassay. This result provides direct evidence that the region of
aa 81 to 137 of PK-resistant PrPS¢ is critical for prion infectiv-
ity, although evidence for other prion strains remains to be
elucidated. However, PK treatment alone reduced the infec-
tivity of the Chandler strain (mean survival times, 159 and 170
days for mice receiving samples without and with PX treat-
ment, respectively) (Table 2), indicating that the PK-sensitive
PrPS° fraction possessing prion infectivity was present in the
brain homogenates of the Chandler strain-infected mice. Our
results clearly showed that the region of aa 81 to 137 of the
PK-resistant core of the Chandler PrP> is important for in-
fectivity; however, it remains unclear whether the same con-
clusion is applicable t6 the infectivity of the PK-sensitive PrPS°
fraction.

The denaturation of this region by 3 M GdnHCI treatment
appeared to be less effective than the removal of this region in
reducing prion infectivity. However, considering the effect of
GdnHCl on PrP° aggregates, the denaturation itself appears
to result in a substantial loss of infectivity (Table 2). The
GdnHCl treatment has two expected effects: the dissociation of
large PrP®° aggregates into small aggregates and the denatur-
ation of the PrP%° molecules. Hence, without PK digestion,
small aggregates consisting of PrP5° with incompeletely dena-
tured aa 81 to 137 may remain and infectivity may be observed.

INFECTIVITY OF N-TERMINALLY TRUNCATED PrP%® 3859

Such small PrP5° aggregates should be PK sensitive, and there-
fore, the infectivity should be diminished after PK digestion
(32). Alternatively, this region may have been somewhat re-
folded after the GdnHCI treatment, which would lead to in-
fectivity.

Several distinct domains of PrP€ are reported to be involved
in the direct interaction with PrPS° (21, 33), whereas domains
on PrP*° that are involved in binding to PrP€ remain undeter-
mined. The N-terminally truncated PrPS° may be useful for the
analysis of the PrP© binding domain on the PrP5 molecule.
Here, we showed an example of a possible biochemical ap-
proach to PrP5® manipulation, in which we directly produced
the N-terminally truncated PrP5° from native PrPS°, It has
been reported previously that some conditions (e.g., pH) in
protease digestion affect the N-terminal truncation of the PK-
resistant core of PrPSc (24), Thus, further investigation of re-
gion-specific denaturation and proteolysis may be useful not
only for the analysis of prion strains but also for the manipu-
lation of PrP5°,
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Bone marrow-derived mesenchymal stem ceils (MSCs) have been reported to migrate to brain lesions in
experimental models of ischemia, tumers, and neurodegenerative diseases and to ameliorate functional defi-
cits. In this study, we attempted to evaluate the therapeutic potential of MSCs for treating prion diseases.
Immortalized human MSCs (hMSCs) that express the LacZ gene were transplanted into the unilateral
hippocampi or thalami of mice, and their distributions were monitored by the expression of f-galactosidase.
In mice infected with prions, hMSCs transplanted at 120 days postinoculation (dpi) were detected on the
contralateral side at 2 days after transplantation and existed there even at 3 weeks after transplantation. In
contrast, few hMSCs were detected on the contralateral side for mock-infected mice. Interestingly, the migra-
tion of hMSCs appeared to correlate with the severity of neuropathological lesions, including disease-specific
prion protein deposition. The hMSCs also migrated to a prion-specific lesion in the brain, even when
intravenously injected. Although the effects were modest, intrahippocampal and intravenous transplantation of
hMSCs prolonged the survival of mice infected with prions. A subpopulation of hMSCs in the brains of
prion-infected mice produced various trophic factors and differentiated into cells of neuronal and glial
lineages. These results suggest that MSCs have promise as a cellular vehicle for the delivery of therapeutic
genes to brain lesions associated with prion diseases and, furthermore, that they may help to regenerate

neuronal tissues damaged by prion propagation.

Prion diseases are fatal neurodegenerative disorders of hu-
mans and animals that are strongly associated with the conver-
sion of normal prion protein {(PrP%) to a disease-specific iso-
form of prion protein (PrP%¢). Many inhibitors of PrP%
formation, investigated by using cells persistently infected with
prions or an in vitro conversion reaction, have been reported as
candidates for therapeutics (55). Several compounds or active/
passive immunization with PrP showed a prophylactic effect
when administered before, simultaneously with, or just after
inoculation with prions (14, 19, 43, 50, 52). However, only a few
compounds, such as amphotericin B and its derivative pento-
san polysulfate, porphyrin derivatives, and certain amyloido-
philic compounds, have been shown to be effective at prolong-
ing survival when administered in the middle or late stage of
prion infection (10, 13, 25, 27). In clinical trials, pentosan
polysulfate seems to extend the survival of several patients
beyond the mean but appears unable to arrest the progression
of the disease (4, 45).

Recently, we demonstrated that intraventricular infusion of
an anti-PrP monoclonal antibody (MAb) could antagonize dis-
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ease progression even when initiated after clinical onset, al-
though the distribution of the MAb was largely restricted to
the hippocampus and thalamus (53). Thus, improved delivery
of the MAb may enhance its beneficial effects. Additionally,
because antagonizing PrP> formation is not sufficient to re-
store degenerated lesions, it is necessary to pursue ways to
regenerate degenerated neuronal tissues.

Bone marrow-derived mesenchymal stem cells (MSCs) are
multipotent adult stem cells of mesodermal origin. They can
differentiate into mesenchymal lineages, such as osteoblasts,
adipocytes, and myocytes (15, 41, 44). Remarkably, they also
trans-differentiate into nonmesodermal cell types, including
neuronal and glial lineages (48, 61). A number of studies have
shown that MSCs migrate to damaged neuronal tissues follow-
ing cerebral or systemic transplantation in animal models of
ischemia (2, 7), spinal cord injury (23), brain tumors (37),
Parkinson’s diseases (21, 30), and Niemann-Pick disease (24).
The introduction of MSCs in these model contexts resulted in
functional recovery; however, the precise mechanisms for res-
toration remain to be elucidated (36, 38).

In this study, we investigated the therapeutic potential of
MSC:s for prion diseases. Although the use of mouse MSCs is
suitable for studying the effect of MSCs on mice infected with
prions, we used immortalized human MSCs (hMSCs) here
because of the lack of appropriate methods for the isolation of
mouse MSCs at the beginning of the study. In addition, hMSCs
can be readily expanded in cell culture; their phenotypes re-
main similar to those of the primary human MSCs (26); and
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hMSCs are reported to avoid allogeneic rejection when they
are transplanted into rat brains in a model of ischemia (38).
Here we show that the hMSCs can migrate to neuropatholog-
ical lesions in prion-infected mice and that their transplanta-
tion prolongs the survival of such mice. In addition, we also
show that hMSCs that have migrated to prion-specific lesions
secrete trophic factors and differentiate into cells of neuronal
and glial lineages.

MATERIALS AND METHODS

MSCs. A retroviral vector, Rx-LacZ-bsr, containing the expression units of the
lacZ gene and a gene conferring blasticidin resistance, were generated as de-
scribed elsewhere (63). The recombinant retrovirus was used to transfect human
bone marrow-derived MSCs that had been immortalized with the human telom-
erase catalytic subunit gene (26), and hMSCs were selected in the presence of 10
wg/ml of blasticidin. hMSCs stably expressing B-galactosidase (B-Gal) were cul-
tured with Dulbecco’s modified Eagle medium (DMEM) (Sigma Chemical Co.,
St. Louis. MO) containing 10% fetal bovine serum under a humidified atmo-
sphere of 5% CO, at 37°C.

Mice and prion inoculation. Animal experiments were performed according to
protocols approved by the Institutional Committee for Animal Experiments.
Four-week-old female Jcl:ICR mice were purchased from CLEA Japan, and all
mice were acclimatized for a week prior to use. Mice were intracerebrally inoc-
ulated with 20 .l of a 10% (wt/vol) brain homogenate from Jcl:ICR mice infected
with the scrapie strain Obihiro or Chandler. Mice assigned to the mock-infected
group were intracerebrally inoculated with 20 pl of a 10% (wt/vol) brain homog-
enate from age-matched uninfected Jcl:ICR mice. All mice were maintained on
ad libitum feed and water with a 12-h light/dark cycle.

Transpiantation of hMSCs. For transplantation of cells into the hippocampus
or thalamus, mice were anesthetized by intramuscular injection of xylazine (10
mg/kg) and ketamine (50 mg/kg) and were placed on a stereotaxic apparatus
(Narishige, Japan). After a linear scalp incision, burr holes were drilled to
accommodate stereotaxic placement into the left hippocampus (2.0 mm caudal
and 2.1 mm lateral to the bregma; depth, 2 mm) or thalamus (2.0 mm caudal and
1.5 mm lateral to the bregma; depth, 3.2 mm). hMSCs (1 % 10° cells in 2 pl
phosphate-buffered saline [PBS]) were transplanted over a period of 15 min
using a Hamilton syringe with a 31-gauge needle set in a micromanipulator. For
transplantation of hMSCs via a peripheral route, 1 X 10° hMSCs were injected
intravenously through the tail vein.

Immunehistochemistry. Mouse brains were frozen in Tissue-Tek OCT com-
pound {Sakura, Japan). and cryosections {10 wm thick) were prepared as de-
scribed elsewhere (53). Coronal sections were dried and fixed with ice-cold
methanol for 15 min. A mouse anti-B-Gal MADb (catalog no. Z3783; Promega,
Madison, W1} was conjugated with Alexa Fluor 488 by using a protein labeling
kit (Molecular Probes, Eugene, OR) for the detection of hMSCs by direct
staining. The following antibodies were used for the detection of various tropic
factors: rabbit polyclonal antibodies against nerve growth factor (NGF) (Santa
Cruz Biotechnology, Santa Cruz, CA), brain-derived neurotropic factor (BDNF)
(Chemicon, Temecula, CA), neurotrophin 3 (NT3) (Chemicon), and neurotro-
phin 4/5 (NT4/5) (Santa Cruz Biotechnology); a rabbit MAb against vascular
endothelial growth factor (VEGF) (clone EP1176Y; Abcam, Cambridge, MA);
and a mouse MAD against ciliary neurotropic factor (CNTF) (clone A-11; Santa
Cruz Biotechnology). As neuronal markers, we used a mouse MAb against
microtubule-associated protein 2 (MAP2) (clone HM-2; Sigma Chemical Co.)
for neurons, rabbit polyclonal antibodies (Dako, Denmark) against glial fibrillary
acidic protein (GFAP) for astrocytes, and a mouse MADb against cyclic nucleotide
phosphodiesterase (CNPase) (clone 11-5B; Chemicon) for oligodendrocytes. All
sections were incubated with primary antibodies for 1 h at 37°C. To detect
trophic factors and neural markers, the sections were subsequently incubated
with an Alexa Fluor 546-conjugated anti-mouse antibody or an Alexa Fluor
555-conjugated anti-rabbit antibody (Molecular Probes) for 1 h at room temper-
ature. After a wash with PBS, sections were mounted with Vectashield contain-
ing propidium iodide or 4',6-diamidino-2-phenylindole (DAPI; Vector Labora-
tories, Burlingame, CA) and were examined with a Nikon C1 laser confocal
microscope. To exclude the possibility of nonspecific reactions between the
Alexa Fluor 546-conjugated anti-mouse antibody and mouse tissues, we carried
out the immunostaining without primary antibodies and confirmed that the level
of nonspecific binding of the Alexa Fluor 546-conjugated anti-mouse antibody
was negligible.

For the detection of PrP% accumulation and astrocytosis, mouse brains were
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fixed in 10% formalin and embedded in paraffin. Coronal sections (thickness, 4
wm) were subjected to hematoxylin-eosin (HE) staining or immunohistochem-
istry as described elsewhere (17, 53).

Proliferation assay. To detect proliferating cells in the brain, 50 mg of bro-
modeoxyuridine (BrdUrd; Sigma Chemical Co.) per kg of body weight in PBS
with 0.007 M NaOH was administered to mice intraperitoneally twice a day for
a week. BrdUrd administration was initiated soon or 2 weeks after the trans-
plantation of hMSCs into the hippocampus. Mice were sacrificed 24 h after the
last BrdUrd administration, and the brains of these mice were then prepared for
cryosectioning. The sections were pretreated with 2 M HCI for 30 min at 37°C,
followed by a neutralization step with 0.1 M borate buffer for 15 min at room
temperature. BrdUrd in nuclei was detected using a fluorescein isothiocyanate-
conjugated anti-BrdUrd MADb (clone B33.1; Abcam).

Cell migration assay. Prion- or mock-infected mice were sacrificed at 120 days
postinocuiation (dpi), and the brains of these mice were homogenized to 20% in
DMEM (Sigma Chemical Co.). The homogenates were centrifuged at 10,000 X
g for 10 min at 4°C, and the resulting supernatants were filtered (pore size, 0.22
wm). The brain extracts were aliquoted and stored at —80°C until use. Migration
of hMSCs to brain extracts was analyzed using a QCM 24-well colorimetric ceil
migration assay kit (Chemicon). The hMSCs (approximately 80% confluent)
were starved by incubation with serum-free medium 1 day before use. Then
hMSCs were harvested, and a cell suspension (5 X 107 cells) was added to the
insert well. The lower chambers were supplied with serum-free DMEM contain-
ing 1.0 or 0.1% brain extract. Twenty-four hours after incubation, hMSCs that
had migrated through the polycarbonate membrane were extracted, and the
absorbance at 560 nm was measured according to the manufacturer’s instruc-
tions.

RESULTS

Distribution of hMSCs to the neuropathological lesions of
prion disease. To test if hMSCs migrate to brain lesions caused
by prion infection, we transplanted hMSCs into the left hip-
pocampi of prion- or mock-infected mice at 120 dpi and mon-
itored the distribution of B-Gal-positive hMSCs at 2 days and
1, 2, and 3 weeks after transplantation. In mock-infected mice,
hMSCs were detected in the left hippocampus (transplanted
side), but few hMSCs were detected in the contralateral hip-
pocampus at 2 days to 3 weeks after transplantation (Fig. 1a).
In contrast, hMSCs were detected both on the transplanted
sides and on the contralateral sides of the hippocampi of mice
infected with strain Chandler even 2 days after transplantation.
Thereafter, hMSCs were constantly observed on both sides of
the hippocampus during the observation period (every week
after transplantation up to 3 weeks [Fig. 1a]). For each exper-
imental group, we examined three mice at each time point and
confirmed the similar results. One to 3 weeks after transplan-
tation, hMSCs were also detected in the cortices, cerebella,
medullae oblongatae (see Fig. 3b), and thalami (data not
shown) of mice infected with prions, where intense PrPS¢ ac-
cumulations and astrocytosis were observed (see Fig. S1 in the
supplemental material). Ramified hMSCs were observed in the
corpus callosum; their morphologies differed from those ob-
served in the contralateral hippocampus (Fig. 1b).

Transplantation of hMSCs into the left thalamus led to sim-
ilar results. In mock-infected mice, hMSCs remained in the
transplanted area, and few hMSCs migrated to the contralat-
eral thalamus or to other regions. In contrast, many hMSCs
were detected in the contralateral thalami (Fig. 1c) and hip-
pocampi (data not shown) of mice infected with prions by 3
weeks posttransplantation.

We noticed a striking difference in the neuropathology of
the hypothalami of mice infected with strain Obihiro versus
strain Chandler. Specifically, PrP5¢ accumulations, astrocyto-
sis, and spongiosis in the hypothalami of mice infected with
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FIG. 1. Distribution of hMSC:s to the neuropathological lesions of prion disease. At 120 dpi, hMSCs (1 X 10° cells) were transplanted into the
left hippocampi or thalami of mice infected with strain Chandler and into those of age-maiched mock-infected mice. Mice were sacrificed at 2 days
or at 1, 2, or 3 weeks posttransplantation. Cryosections were stained with an Alexa Fluor 488-conjugated anti-B-Gal MAb (green) and counter-
stained with propidium iodide (red). (a) hMSCs in the hippocampus. Ipsilateral (left) and contralateral (right) hippocampi 2 days (2d) and 3 weeks
(3w) posttransplantation are shown. The rightmost panels show magnified images of the regions boxed in the panels immediately to the left. Bar,
200 pm. (b) Morphology of hMSCs in the corpora callosa (CC) and contralateral hippocampi (Hc) of mice infected with strain Chandler at 2 days
and 3 weeks posttransplantation. Bar, 20 um. (¢) hMSCs in the thalamus. Ipsilateral (left) and contralateral (right) thalami 3 weeks gosnran&
plantation are shown. Bar, 200 um. (d) Migration of hMSCs to the hypothalamus. (Top and center) Results of immunostaining for PrP>¢ and HE
staining of the hypothalami of mice infected with strain Obihire or Chandler are shown at 150 dpi. Bar, 100 pm. (Bottom) The hMSCs were
detected in the hypothalamus (B-Gal) 3 weeks after transplantation into the left hippocampus. Bar, 200 pm.

strain Obihiro are more severe than those for mice infected Migration of hMSCs in response to prion-specific lesions.
with strain Chandler (Fig. 1d; see also Fig. S in the supple- To confirm the migration of hMSCs to lesions where PrpS¢
mental material). Consistent with the severity of neuropatho- accumulates, we transplanted hMSCs into the left hippocampi

logical lesions, more hMSCs migrated to the hypothalami of  of mice infected with strain Chandler at 73, 100, and 120 dpi,
mice infected with strain Obihiro than to those of mice in- and we analyzed their migration to the contralateral (right)
fected with strain Chandler (Fig. 1d; B-Gal). These results side a week after transplantation. When hMSCs were trans-
suggest that hMSCs are capable of migrating to brain lesions planted at 73 dpi, many hMSCs were detected on the trans-
caused by prion infection. planted side but fewer hMSCs were detected in the contralat-
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