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T668-phosphorylated APP cytoplasmic domain
accumulates in the tau Tg mice

The immunohistochemical examination of AD and non-AD
control brains shows that neuronal cells affected by tau
accumulation exhibit co-accumulation of pT668-ACD,
while normal neuronal cells unaffected by tau accumulation
lack accumulation of pT668-ACD. Thus, it appears that
there is an association between neuronal accumulations of
tau and pT668-ACD. To study the relationship between
these abnormal accumulates, we examined the brains of the
old tau Tg mice in which overexpressed transgenic tau
accumulates in a certain population of neuronal cells [14].
The brain sections immunostained by PHF1 displayed
affected neuronal cells and neuropil threads that induce tau
accumulation (Fig. 5a, c). In the adjacent sections immuno-
stained by anti-pT668, a significant proportion of the neuronal
cells with tau aggregates contained accumulated pT668-ACD,
and a less density of the neuropil threads appeared to
contain accumulated pT668-ACD (Fig. 5b, d). Thus, the
neuronal cells affected by tau accumulation induce co-accu-
mulation of pT668-ACD. By analogy, it is also likely that
in AD brain degenerating neuronal cells with tau accumula-
tion may induce co-accumulation of pT668-ACD.

Discussion
The present study has revealed the potential role of APP
cytoplasmic domain with phosphorylated T668 (pT668-

ACD) as a molecular factor that associates with and links
AP and tau accumulating as SPs and NFTs, respectively,
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Fig. 5 Co-accumulation of pT668-ACD with tau in aflected neuronal
cells of the brain from a 32-month-old tau transgenic mousc. Immuno-
histochemistry of the scrial brain scctions using PHF1 (a) and anti-
pT668 (668) (b). ¢. d higher magnification pictures of arcas outlincd by
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the main pathological features of AD. We demonstrate that
pT668-ACD accumulates in the dystrophic neurites of
mature SPs and in the neuronal cells affected by the forma-
tion of NFTs, in accordance with the previous study [19]. In
these pathological entities, accumulation of pT668-ACD
occurs in association, but without colocalization with Af,
while it occurs in colocalization with tau. AB is the proteo-
lytic product of membrane-associated APP and is secreted
into the extracellular space, while APP cytoplasmic domain
is confined to the cytosol, where microtubule-associated
protein tau exists. Thus, under pathological conditions of
AD, intracellular accumulation of pT668-ACD occurs and
is reasonably colocalized with intracellular tau, but not with
extracellular Ap.

Phosphorylation at T668 of APP regulates APP process-
ing in such a way as to increase AP production [1, 3, 19],
indicating that AP production and T668 phosphorylation of
APP are linked. However, T668A mutant of APP still
yields AP, albeit less efficiently, indicating that APP
unphosphorylated at T668 is also available for Ap produc-
tion. Thus, there might be two alternative pathways
whereby APP produces AP, T668 phosphorylation-depen-
dent and -independent A productions. It is likely that these
two different pathways underlie separately the formation of
the mature plaques with surrounding dystrophic neurites
and the diffuse plaques without dystrophic neurites: the
T668 phosphorylation-dependent A} production is associ-
ated with the formation of the mature plaques, where AP
and pT668-ACD co-accumulate; while T668 phosphoryla-
tion-independent AP production is associated with the
formation of the diffuse plaques, where A, but not pT668-
ACD, accumulates. In the APP-SL and Tg2576 mice, AB

squares in a and b, respectively. Arrow and arrowhead denote neuro-
nal cells affected by co-accumutation of tau and pT668-ACD. Asterisk
(*) denotes a landmark vessel to indicate the serial scctions. a, b and ¢,
d arc at the same magnilications, respectively. Scale bars 100 pM (a, ¢)
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plaques formed in the cortex and cerebellum show co-accu-
mulation of pT668-ACD, and therefore the T668 phosphor-
ylation-dependent pathway might be primarily responsible
for the production of Af in these mutant APP Tg mice.

Among the phosphorylated sites described on the cyto-
plasmic domain of APP, T668 is of considerable interest.
This phosphorylation site was suggested to be the target of
protein kinases in common with those involved in the phos-
phorylation of tau, the major constituent of the NFTs and
SP dystrophic neurites in AD, i.e., CDKS, GSK3p and
SPK/INK [4, 8, 12, 13, 32]. In these pathological entities,
tau and pT668-ACD co-accumulate and colocalize with
each other, suggesting mechanistic and functional link
between them. Use of the transgenic models for SPs and
those for NFTs helped to give insight into the relationships
between accumulations of tau and pT668-ACD. In the
APP-SL and Tg2576 mice, deposition of AP is accompa-
nied by co-accumulation of pT668-ACD prior to that of
tau. In the tau Tg mice, neuronal cells affected by tau accu-
mulation show co-accumulation of pT668-ACD. By anal-
ogy of these phenomena seen in the AD models, it is likely
that in AD, the extracellular deposition of AP causes sur-
rounding neurites dystrophic, wherein pT668-ACD accu-
mulation occurs and is followed by tau accumulation
forming the mature SPs, while neuronal cells with tau
aggregates induce co-accumulation of pT668-ACD, form-
ing the NFTs. Thus, there might be reciprocal relationships
between pathological accumulations of pT668-ACD and
tau.

Intraneuronal accumulation of ubiquitinated protein
aggregates is a common feature of the major human neuro-
degenerative disorders, including AD and Parkison’s dis-
ease. The target substrates are the disease-characteristic
proteins that constitute the hallmark lesions, such as phos-
phorylated tau [21, 22] and phosphorylated o-synuclein of
Lewy bodies characteristic to Parkinson’s disease [151.
Herein, we provided evidence for a possibility that T668-
phosphorylated APP cytoplasmic domain co-accumulating
with tau is also ubiquitinated. Indeed the cytoplasmic
domain of APP has several lysine sites potential for ubiqui-
tination, and we observed that B-cleaved C-terminal APP
including the cytoplasmic domain is polyubiquitinated
(unpublished data). As accumulations of ubiquitinated pro-
tein aggregates reflect failed attempts by the ubiquitin-pro-
teasome system to remove pathological proteins [7], the
roles of ubiquitinated pT668-ACD as well as ubiquitinated
tau and o-synuclein in the discase process remain Lo be
determined.
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Surgery in Prion
Diseases

Tsuyoshi Hamaguchi,*

Moeko Noguchi-Shinohara,*
Yosikazu Nakamura,? Takeshi Sato,}?
Tetsuyuki Kitamoto,§2 Hidehiro Mizusawa,[?
and Masahito Yamada*2

Eleven (1.8%) of 597 patients underwent ophthalmic
surgery within 1 month before the onset of prion disease or
after the onset. All ophthalmologists reused surgical instru-
ments that had been incompletely sterilized to eliminate
infectious prion protein. Ophthalmologists should be aware
of prion diseases as a possible cause of visual symptoms
and use disposable instruments whenever possible.

isual impairment occurs in 10% to 20% of patients

with sporadic Creutzfeldt-Jakob disease (sCJD) dur-
ing an early stage of the disease (Heidenhain variant) (/,2).
Some patients with prion diseases may visit ophthalmolo-
gists with visual impairment due to prion diseases or with
coexisting age-related eye diseases (3,4).

Infectious prion protein (PrPS¢) was identified in the
retina and optic nerve in patients with variant CJD (vCID)
and sCJD (3,6), and CJD has been transmitted by corneal
transplantation (7.8). In the World Health Organization
(WHO) guidelines, eyes were classified as highly infec-
tious tissues (9).

Secondary transmission of PrPSe through ophthalmic
surgery could possibly be prevented around the onset of
prion diseases, although surgery that is performed long
before the onset of prion diseases would not have that
potential. It is important to understand the current status of
ophthalmic surgery for patients with prion diseases and to
clarify the clinical features of the patients with prion dis-
eases who undergo ophthalmic surgery. Here, we describe
the relevant data from CJD surveillance in Japan.

The Study

We analyzed the patients with prion diseases who had
been registered by the CJD Surveillance Committee in
Japan from April 1999 through March 2005. We prospec-
tively investigated each patient with a surveillance proto-

*Kanazawa University Graduate School of Medical Science,
Kanazawa, Japan; tJichi Medical University, Shimotsuke, Japan
+National Center for Neurology and Psychiatry, Ichikawa, Japan;
§Tohoku University Graduate School of Medicine, Sendai, Japan;
and {[Tokyo Medical and Dental University, Tokyo, Japan
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col that assembled information about life history, previous
medical history, clinical history, laboratory data, and
results of molecular genetic and pathologic analyses.
Written consent, approved by the Institutional Ethics
Committee, was obtained from all the patients’ families;
members of the Surveillance Committee examined the
patients and collected the data.

We classified the patients into 4 categories: sCID,
infectious prion diseases, inherited prion diseases, and
unclassified prion diseases. sCJD was diagnosed according
to the classical criteria established by Masters et al. (/0).
Infectious prion diseases included CJD associated with
cadaveric dura mater graft (dCJD) or other iatrogenic
opportunities for prion infection, in which the criteria for
sCJD were applied for the diagnosis, and vCJD, in which
the diagnosis was based on WHO criteria (2001) (//).
Regarding the accuracy of the diagnosis of inherited prion
diseases, cases verified by pathology report were defined
as definite, and cases with mutations in the prion protein
gene and neuropsychiatric manifestations compatible with
prion diseases were defined as probable.

Among patients with a history of ophthalmic surgery,
we directed special attention to the patients who had a his-
tory of eye surgery within 1 month before the obvious onset
of prion disease or after the onset. Because the onset of
prion diseases often overlaps with various kinds of prodro-
mal symptoms, determining the precise time point of onset
is difficult; therefore, we included the period of 1 month
before the obvious onset. To gather information about the
ophthaimic surgery, we mailed questionnaires to the oph-
thalmologists who operated on these patients, requesting
the following information: diagnosis of ophthalmologic
diseases, surgical procedures performed, changes in the
symptoms after the surgery, whether the instruments were
reused, and methods of cleaning reused instruments.

To ascertain the clinical features of prion diseases, we
analyzed the patient’s age at onset and duration of disease
course, which was calculated as the interval between the
onset and the appearance of the akinetic mutism state or
death in the patients who died without akinetic mutism.
Among early clinical manifestations of prion diseases,
dementia and visual disturbance are major determinants
that would influence the indication for ophthalmic surgery,
so we grouped the patients according to whether they had
dementia or visual impairment within 2 months after onset
of symptoms.

The sex distribution of the patients who had oph-
thalmic surgery around the time of onset of clinical symp-

1Current affiliation: Ishikawa Prefecture Central Hospital,

Kanazawa, Japan
2Member, Creutzfeldt-Jakob Disease Surveillance Committee,
Japan
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toms and those who did not was compared by Fisher exact
tests, and differences in age at onset and disease duration
were compared by Mann-Whitney U tests. We used %2
tests to compare the distribution of the patients with or
without dementia or visual impairment within 2 months of
onset. Statistical significance was defined as p<0.05.

We found 597 patients with definite or probable diag-
nosis of prion diseases: 468 (78.4%) with sCID; 78
(13.1%) with inherited prion diseases; 48 (8.0%) with
infectious prion diseases, including 47 cases of dCJD; and
1 patient with vCJD and 3 patients with unclassified CJD.

Thirty-seven patients (6.2%) had a history of oph-
thalmic surgery at some time in their lives. Among them,
11 patients (1.8%) underwent ophthalmic surgery within 1
month before the obvious onset of prion disease or after
the onset. Except for 1 patient with Gerstmann-Straussler-
Scheinker disease, all of these patients had sCJD. There
have been no reports of the development of prion diseases
in patients who underwent ophthalmic surgery after the
ophthalmic surgery of patients with prion diseases.

Ten patients with sCJD underwent ophthalmic surgery
within 14 months of symptom onset, and 8 of them had
ophthalmic surgery within 4 months of symptom onset
(Table 1). At clinical onset, 4 patients exhibited visual
symptoms, 5 had dementia, and 1 patient had a gait distur-
bance. All patients underwent surgery for cataracts, except
for 1 patient who underwent surgery for a detached retina.
According to the reports on the surgical outcome by the
ophthalmologists of 7 patients, visual disturbance was
unchanged in 2 patients, deteriorated in 1, and improved to
some extent in 4 after surgery. All ophthalmologists reused
some surgical instruments and cleaned instruments by
either autoclaving or the ethylene oxide gas method, which
have been reported to incompletely sterilize PrPSc (9,72).

Ophthalmic Surgery in Prion Diseases

Clinical features were compared between sCID
patients who did and did not have ophthalmic surgery
(Table 2). The patients who had ophthalmic surgery had a
significantly longer disease duration than those without
(p=0.0004). Regarding early clinical symptoms within 2
months after onset, the subgroup with visual symptoms
without dementia was significantly overrepresented
among the patients who had ophthalmic surgery compared
with those who did not have surgery (p= 0.0004).

Conclusions

Our study showed that, in 1.8% of the patients with
prion diseases, eve tissues were operated on within 1
month before the obvious onset of prion disease or after
the onset. In addition, the sCJD patients who underwent
surgery had a significantly longer duration of the disease
course as well as significant overrepresentation of visual
symptoms without dementia in the early phase, compared
with patients who did not have ophthalmic surgery.

The prevalence of ophthalmic surgery around the time
of clinical onset of prion diseases in our study is similar to
that (2.0%) in a report from the United Kingdom (/3). In
the UK study (/3), patients with Heidenhain variant cases
constituted 40% of sCJD patients who had ophthalmic sur-
gery. Early visual impairment (due to prion diseases)
would prompt ophthalmologists to perform surgery.

Currently, cataract surgery is recommended to
improve physical or cognitive function in elderly patients
(14,15). It should be noted that, after performing eye sur-
gery on patients with prion disease, all ophthalmologists
reused surgical instruments that were sterilized with proce-
dures that are incomplete for the sterilization of PrPse,
although the WHO infection control guidelines for prion
discases (9) strongly recommend single-use surgical

Table 1. Characteristics of sCJD patients and ophthalmic surgery”

Disease Visual

Patient Sex/age, duration, Symptom at Ophthalmic Interval, symptoms Reused

no. yt moi sCJD onset disease mo§ after surgery instruments  Cleaning method

1 M/81 8 Visual Cataract 4 NA NA NA

2 M/61 15 Dementia Cataract 0 Improved Yes Autoclave
(135°C for 9 min)

3 F/64 20 Visual Cataract 14 Not changed Yes EOG

4 F/59 3 Dementia Detached retina -1 Improved Yes EOG

5 F/57 10 Dementia Cataract 10 NA NA NA

6 Fr79 5 Dementia Cataract -1 Improved Yes EOG

7 M/74 16 Visual Cataract 3 Improved Yes Autoclave (132°C
for 10 min), EOG

8 F/63 5 Visual Cataract 1 Deteriorated Yes Autoclave
(132°C for 10 min)

9 M/79 6 Gait disturbance Cataract 2 Not changed Yes Autoclave
(121°C for 60 min)

10 F/66 3 Dementia Cataract 1 NA NA NA

*sCJD, sporadic Creutzfeldt-Jakob disease; visual, visual impairment; NA, not available; EOG, ethylene oxide gas.

TAt sCJD onset.

$Disease duration, the duration from onset to akinetic mutism state or death if the patients never displayed akinetic mutism.

§Between surgery and sCJD symptoms.
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Table 2. Clinical symptoms of sCJD within 2 mo after disease onset”

Ophthalmic surgery

Characteristic No, n = 458 Yes,n=10 Total p value
Female/male 263/195 6/4 269/199 0.57
Age at onset, y; mean ¢ SD 66.8+ 9.9 68.3+9.1 66.8+ 9.9 0.74
Disease duration,t mean + SD 42+48 9.1+60 43+49 0.0004
Clinical symptoms (%)

Dementia (+)/visual impairment (+) 153 (34.2) 4 (40.0) 157 (34.3)

Dementia (+)/visual impairment (=) 239(53.3) 3(30.0) 242 (52.8) 0.0004

Dementia (<)/visual impairment (+) 16 (3.6) 3(30.0) 19(4.1)

Dementia (-)/visual impairment (-) 40 (8.9) 0 40(8.7)

*sCJD, sporadic Creutzfeldt-Jakob disease; SD, standard deviation; +, with; —, without.
{Disease duration, the duration from onset to akinetic mutism or death if patients never displayed akinetic mutism.

instruments for procedures involving highly infective tis-
sues. The fact that no secondary iatrogenic cases that could
be attributed to surgical procedures were found during our
investigation does not diminish the need for ophthalmolo-
gists to be aware of CJD as a cause of visual symptoms
(including symptoms mimicking those of cataracts) and
highlight the importance of using disposable instruments
whenever possible to avoid cross-contamination.
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The genotype (methionine or valine) at polymorphic codon
129 of the human prion protein (PrP) gene and the type (type 1
or type 2) of abnormal isoform of PrP (PrP*°) are major deter-
minants of the clinicopathological phenotypes of sporadic
Creutzfeldt-Jakob disease (sCJD). Here we found that the trans-
mission of sCJD prions from a patient with valine homozygosity
(129V/V) and type 2 PrP5¢ (sCJD-VV2 prions) to mice express-
ing human PrP with methionine homozygosity (129M/M)
generated unusual PrP5¢ intermediate in size between type 1
and type 2. The intermediate type PrP°° was seen in all examined
dura mater graft-associated CJD cases with 129M/M and
plaque-type PrP deposits (p-dCJD). p-dCJD prions and sCJD-
VV2 prions exhibited similar transmissibility and neuropathol-
ogy, and the identical type of PrP5¢ when inoculated into PrP-
humanized mice with 129M/M or 129V/V. These findings
suggest that p-dCJD could be caused by cross-sequence trans-
mission of sCJD-VV2 prions.

Creutzfeldt-Jakob disease (CJD),? kuru, scrapie, and bovine
spongiform encephalopathy are lethal transmissible neurode-
generative diseases caused by an abnormal isoform of prion
protein (PrP%), which is converted from the normal cellular
isoform (PrP%) (1). The genotype (methionine or valine) at
polymorphic codon 129 of the human prion protein (PrP) gene
and the type (type 1 or type 2) of PrP° in the brain are major
determinants of the clinicopathological phenotypes of sporadic
CJD (sCJD) (2-5). Type 1 and type 2 PrP*° are distinguishable
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tific research from the Ministry of Education, Culture, Sports, Science and
Technology of Japan (to A.K. and T.K.). The costs of publication of this
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U.S.C. Section 1734 solely to indicate this fact.
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2 The abbreviations used are: PrP, prion protein; PrP<, normal cellular isoform
of PrP; PrP*¢, abnormal isoform of PrP; PrP"®*, proteinase K-resistant core of
PrP%; 129M/M, methionine homozygosity at codon 129 of the human PrP
gene; 129V/V, valine homozygosity at codon 129 of the human PrP gene;
CJD, Creutzfeldt-Jakob disease; sCJD, sporadic CJD; p-dCJD, plaque-type
dura mater graft-associated CJD; np-dCJD, non-plaque type dura mater
graft-associated CJD; vCJD, variant CJD; dCID, dura mater graft-associated
cJD.
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according to the size of the proteinase K-resistant core of Prp%e
(PrP) (21 and 19 kDa, respectively), reflecting differences in
the proteinase K cleavage site (at residues 82 and 97, respec-
tively) (2, 3). The genotype at codon 129 also influences the
susceptibility to variant CJD (vCJD), iatrogenic CJD, and kuru
(6-11). A transmission study using transgenic mice expressing
human PrP revealed that the congruency of the genotype at
codon 129 between the inoculum and the inoculated transgenic
mice determines the susceptibility to sCJD prions (12). Trans-
mission of sCJD prions to mice with an incongruent genotype
(referred to as cross-sequence transmission) results in a rela-
tively long incubation period.

The potential for cross-sequence transmission should be
considered in the iatrogenic transmission of CJD via cadaveric
pituitary hormones, dura mater and corneal grafts, or contam-
inated neurosurgical instruments. More than half of the
reported cases of dura mater graft-associated CJD (dC]D)
occurred in Japan, where 123 cases have been recognized as of
February 2006 (13-16). The dural grafts used in Japan were
manufactured by German companies (13-15). In Europe,
28.4% of sCJD patients are valine homozygotes (129V/V) or
methionine/valine heterozygotes at codon 129 (129M/V) (5).
Meanwhile, the population data show a high prevalence (91.6%)
of methionine homozygosity (129M/M) in Japanese people
(17). These data raise the possibility that part of the Japanese
dCJD cases might have been caused by cross-sequence trans-
mission of sCJD prions. In fact, there are two distinct pheno-
types in dCJD, with the majority represented by a non-plaque
type of dCJD (np-dCJD) and the minority by a plaque-type
dCJD (p-dCJD) (18-21). The clinicopathological features of
np-dCJD are similar to those of sCJD with 129M/M and type 1
PrPS¢ (sCJD-MM1) (14). In contrast, p-dCJD cases show unique
features characterized by (i) the absence or late occurrence of
myoclonus and periodic synchronous discharges on electroen-
cephalogram; (ii) a long incubation period after grafting and a
clinical course of long duration, and (iii) plaque-type PrP
deposits in the brain (18-25). Although we have classified
p-dCJD cases into MM1, the clinicopathological features of
p-dCJD are quite different from those of sCJD-MM1 or np-
dCJD (18 -21). The reason for the existence of two distinct phe-
notypes in dCJD has remained elusive.

To identify the origin of p-dCJD, we inoculated sC]D prions
into mice expressing human PrP with either 129M/M or
129V/V. Here we report that cross-sequence transmission of
sCJD prions from a patient with 129V/V and type 2 PrP*
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Cross-sequence Transmission of sCJD Prions

TABLE 1
Transmission of sCJD prions to humanized mice with 129M/M or 129V/V
Incubation period
Inoculum Ki-Hul29M/M Tg+Ki-Hul20M/M Tg+Ki-Hul29M,o/M,q Ki-Hul29V/v Tg+Ki-Hul29V/V
ax)* (1.2x) (9.8%) (1x) (2.1x)
days * S.E (n/n°)
sCJD-MM1
H3 467 * 24 (8/8) 429 * 6 (6/6) 175 = 4(9/9) 542, 648 (2/5)° 288 * 9 (4/4)
sCJD-VV2
AK ND¥ 723 + 79 (4/4) 505 * 14 (5/5) 312 =7 (4/4) 183 = 5(11/11)

“ The expression levels of human PrP in the brains.

# 11, number of diseased animals; #n%, number of inoculated animals.
¢ Three animals died of causes other than prion disease.

“ ND, not done.

(sCJD-VV2 prions) caused phenotypes similar to those of
p-dCJD.

EXPERIMENTAL PROCEDURES

Production of Knock-in Mice and Transgenic Mice—The pro-
duction of knock-in mice expressing human PrP with 129M/M
(Ki-Hul29M/M) and Ki-Hul29V/V mice has been reported
previously (8). Knock-in mice expressing human PrP with
129M/M and four octapeptide repeats (Ki-Hul29M,,/M,z),
transgenic mice expressing human PrP with 129M and four
octapeptide repeats (Tg-Hul29M,;), and Tg-Hul29M mice
were generated as described (26, 27). To evaluate the effect of
overexpression of the PrP gene, Ki-Hul29M,./M,;,
Ki-Hul29M/M, and Ki-Hul29V/V mice were crossed with
Tg-Hul29M,;, Tg-Hul29M, or Tg-Hul29V mice (8). The
expression levels of human PrP in the brains from Tg+Ki-
Hul29M,/M,g, Tg+Ki-Hul29M/M, and Tg+Ki-Hul29V/V
mice were 9.8X, 12X, and 2.1X, respectively, the levels
observed in Ki-Hul29M/M or Ki-Hul29V/V mice.

Human Brain Inocula—Brain tissues were obtained at
autopsy from CJD patients after receiving informed consent for
research use. The diagnosis of CJD and the type of PrP>° were
confirmed by neuropathological examination, PrP5¢ immuno-
histochemistry, and Western blotting as described (28, 29). The
genotype and the absence of mutations in the coding region of
the PrP gene were determined by sequence analysis (30).

Transmission Experiments—Human brain homogenates
(10%) and mouse brain homogenates (10%) were prepared as
described (27). Transmission studies were performed using 20
ul of the homogenates for intracerebral inoculation or 50 i for
intraperitoneal inoculation (8, 29). Intracerebrally inoculated
mice were sacrificed after the onset of disease, and their brains
were immediately frozen or fixed in 10% buffered formalin.
Intraperitoneally inoculated mice were sacrificed at 75 days
post-inoculation, and their spleens were immediately frozen or
formalin-fixed.

Immunohistochemistry—Formalin-fixed mouse brains and
spleens were treated with 60% formic acid for 1 h to inactivate
the infectivity and embedded in paraffin. Tissue sections were
pretreated by hydrolytic autoclaving before PrP immunohisto-
chemistry (28). The PrP-N antiserum was used as the primary
antibody (31). Goat anti-rabbit immunoglobulins polyclonal
antibody labeled with the peroxidase-conjugated dextran poly-
mer, EnVision+ (DakoCytomation) were used as the secondary
antibody.

OCTOBER 12, 2007 - VOLUME 282-NUMBER 41

Western Blotting—PrP> was extracted from human brains
or mouse brains and spleens with collagenase treatment as
described (32) with some modifications. For deglycosylation
of PrP, samples were treated with PNGase F (New England
Biolabs). Samples were subjected to 13.5% SDS-PAGE and
Western blotting as described (8). The 3F4 monoclonal anti-
body (Signet Laboratories) and the ChW antiserum (8) were
used as the primary antibodies. Anti-mouse EnVision+
and anti-rabbit EnVision+ were used as the secondary
antibodies.

Statistical Analysis—Incubation times are expressed as
mean * S.E.

RESULTS

Transmission of sCJD Prions to PrP-humanized Mice with
129M/M or 129V/V—To investigate whether strain-dependent
traits of sCJD prions can be inherited through cross-sequence
transmission, we performed intracerebral inoculation of a brain
homongenate from a sCJD-MM1 patient (H3) or that from a
sCJD-VV2 patient (AK) into PrP humanized mice with the 129M/
M or 129V/V genotype. For sC]D-MM1 prions, the incubation
times of Ki-Hu129V/V mice were 542 and 648 days (number of
diseased animals/number of inoculated animals = 2/5), which
were longer than those of Ki-Hu129M/M mice (467 * 24 days,
8/8) (Table 1). For sCJD-VV2 prions, the mean incubation time
of Tg+Ki-Hul29M/M mice was 723 * 79 days (4/4), which was
longer than that of Ki-Hul29V/V mice (312 % 7 days, 4/4).
Immunohistochemical analysis showed diffuse synaptic-type
PrP deposits in the brains from both Tg+XKi-Hul29M/M and
Tg+Ki-Hul29V/V mice inoculated with sCJD-MM1 prions
(Fig. 1A). In contrast, Tg+Ki-Hul29V/V mice inoculated with
sCJD-VV2 prions showed small plaque-type PrP deposits in the
cerebral white matter and granular to diffuse synaptic-type
deposits in the gray matter. The plaque-type PrP deposits
were more prominent in the brains from Tg+Ki-Hul29M/M
mice inoculated with sCJD-VV2 prions, in which larger plaque-
type PrP deposits spread throughout the cerebral gray matter
and thalamus rather than the white matter. Western blot anal-
ysis revealed that the size of PrP™* in the brains was maintained
after cross-sequence transmission of sCJD-MM1 prions but
not sCJD-VV2 prions (Fig. 1, Band C). Tg+XKi-Hul29V/V mice
inoculated with sCJD-MM1 prions produced type 1 PrP™s
(hereafter denoted as VV[MMI]1 PrP™>host genotype([inocu-
lated prions]type of generated PrP™°), which were identical in
size to MM[MM1]1 PrP™ from Tg+Ki-Hul29M/M mice.
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However, Tg+Ki-Hul29M/M mice inoculated with sCJD-VV2
prions produced unusual PrP™ that were larger than
VV[VV2]2 PrP™ from Tg+Ki-Hul29V/V mice but smaller
than MM[MM1]1 or VV[MMI]1 PrP . We designated this
intermediate-sized PrP™ as MM[VV2]25"*, PrP™* with an
upward size shift (Sh+) from the inoculated type 2 template.
The shift in the size of PrP™® and the prominent plaque forma-
tion in Tg+Ki-Hul29M/M mice indicated that the strain-de-
pendent traits of sCJD-VV2 prions were modified through
cross-sequence transmission.

Intermediate Type PrP™ in Human p-dCJD Cases—Tg+Ki-
Hul29M/M mice inoculated with sCJD-VV2 prions showed
plaque-type PrP deposits in the brains despite their 129M/M
genotype. CJD patients with the 129M/M genotype and plaque-
type PrP deposits have been mainly recognized in vCJD and
p-dCJD. To date, we have classified vCJD cases into MM2B and
p-dCJD cases into MM1. However, there has been an excep-
tional case of p-dCJD that showed the accumulation of PrP™
intermediate in size between type 1 and type 2 (20). The occur-
rence of plaque-type PrP deposits and MM[VV2]2°"* PrP™ in

A sCJD-MM1 prions

-Hu120MM
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FIGURE 1. Strain-dependent traits of sCJD-VV2 prions were modified through cross-sequence transmis-
sion. A, immunohistochemical analysis of the brains from Tg-+Ki-Hu129M/M mice inoculated with sCJD-VV2
prions showed prominent plague-type PrP deposits (arrowheads) throughout the cerebral gray matter and
thatamus. In the brains from Tg +Ki-Hu129V/V mice inoculated with sCJD-VV2 prions, plaque-type PrP deposits
were restricted to within the white matter. 8, Western blot analysis of the brains from PrP-humanized mice after
proteinase K digestion. C, proteinase K-digested samples were treated with PNGase F for deglycosylation of
PrPes. Tg-+Ki-Hu129M/M mice inoculated with sCJD-VWW2 prions produced unusual PrP" intermediate in size
between type 1 and type 2 (designated as MMIWV2]2°"* PrP"*:host genotypelinoculated prions]type of gen-
erated PrP™®).
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FIGURE 2. Intermediate type PrP"** (designated as MMi PrP"**) was a common form detected in human
p-dCJD cases. A, Western blot analysis of the brains from dCJD patients or those from sCJD-MM1 patients after
proteinase K digestion. 8, for deglycosylation of PrP™*, proteinase K-digested samples were treated with
PNGase F. PrP"®*in the brains from p-dCJD patients were smaller than MM1 PrP™* from sCJD-MM1 or np-dCJD
cases.
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Tg+Ki-Hul29M/M mice inocu-
lated with sCJD-VV2 prions raised
the possibility that p-dCJD could be
caused by cross-sequence transmis-
sion of sCJD-VV2 prions. To
address this possibility, we re-exam-
ined carefully the size of PrP** in
the brains from three p-dCJD
patients. Western blot analysis
showed that the size of PrP™* from
p-dCJD cases was smaller than that
of MM1 PrP** from sCJD-MM1 or
np-dCJD cases (Fig. 2, A and B).
Therefore, it appeared that the
intermediate type PrP™* reported
by Kretzschmar and colleagues (20)
is not rare but rather a common
form in human p-dC]JD cases. We
designated this intermediate type
PrP** observed in p-dC]D cases as
MMi PrP™s,

Transmission of p-dCJD Pri-
ons to PrP-humanized Mice with
129M/M or 129V/V—To investigate
the transmissibility of p-dCJD prions,
we performed intracerebral inocula-
tion of brain homogenates from
p-dCJD patients (KR, KD, TV) into
PrP-humanized mice with the
129M/M or 129V/V genotype. We
had already established Ki-Hul29M,p/
M, mice expressing human PrP
with 129M/M and four octapep-
tide repeats before we produced
Ki-Hul29M/M mice expressing
human PrP with five octapeptide
repeats. The four or five octapeptide
repeats of human PrP are polymor-
phisms unassociated with CJD
(33). For sCJD-MM1 prions, these
Ki-Hul29M,,/M,; mice showed
long incubation times of >600 days
in our preliminary experiment (data
not shown). Therefore, they were
crossed with Tg-Hul29M,, mice to
overexpress the human PrP gene.
Because these Tg+Ki-Hul29M g/
M, mice were highly susceptible to
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TABLE 2

Transmission of p-dCJD prions or sCJD-VV2 prions to humanized
mice with 129M/M or 129V/V

Incubation period
Inoculum Genotype Tg+Ki- .
Hul20M,./M,o Ki-Hul29V/V
days + S.E. (n/m°F

p-dCJD

KR 129M/M 420 *+ 10 (5/5) 259 * 6 (6/6)

KD 129M/M 398 *+ 10 (5/5) 304 + 13 (6/6)

vV 129M/M 584 = 65 (5/5) ND*
sCJD-VV2

AK 129v/V 505 * 14 (5/5) 312 + 7 (4/4)

4 »1, number of diseased animals; #% number of inoculated animais.
5ND, not done.

sCJD-MM1 prions (175 * 4 days, 9/9) (Table 1), we used them
as PrP-humanized mice with the 129M/M genotype in this
experiment at first. All of Tg+Ki-Hul29M,,/M,, and
Ki-Hul29V/V mice inoculated with p-dCJD prions developed
disease (Table 2). The mean incubation times of Tg+Ki-
Hul29M,/M,; mice were 398 £ 10, 420 * 10, and 584 *+ 65
days. Though the expression level of human PrP in Tg+Ki-
Hul29M,,/M,; mice was 9.8-fold higher than that of
Ki-Hul29V/V mice, the mean incubation times of Tg+Ki-
Hul29M,/M, mice were longer than those of Ki-Hul29V/V
mice (259 = 6 and 304 * 13 days). For np-dCJD, the mean
incubation times of Tg+Ki-Hul29M,,/M,; mice were 161 £ 5
(5/5) and 208 * 2 days (5/5). Immunohistochemical analysis of
the brains from Tg+Ki-Hul29M,;/M,; mice inoculated with
p-dCJD prions showed a few plaque-type PrP deposits similar
to those in Tg+Ki-Hul29M,,/M,; mice inoculated with sCJD-
VV2 prions (Fig. 34). Ki-Hul29V/V mice inoculated with
p-dCJD prions showed small plaque-type PrP deposits in the
cerebral white matter and granular to diffuse synaptic-type
deposits in the gray matter similar to those in Ki-Hul29V/V
mice inoculated with sCJD-VV2 prions. There was no plaque-
type PrP deposits in the brains from Tg+Ki-Hul29M,;/M,¢
mice inoculated with np-dCJD prions (Fig. 3B). Western blot
analysis revealed that Tg+Ki-Hul29M,z/M,; mice inoculated
with p-dCJD prions produced the intermediate type PrP*
(M gM, [ MMi]i PrP™%), which were identical in size to
M, gMp[VV2]25"* PrP™s (Fig. 3, C and D). Furthermore,
Ki-Hul29V/V mice inoculated with p-dCJD prions produced
type 2 PrP* (VV[MMi]2 PrP ), which were identical in size to
VV[VV2]2 PrP™*. Thus, p-dCJD prions and sCJD-VV2 prions
were similar in the transmissibility, the patterns of PrP deposi-
tion, and the size of PrP™* (the intermediate type in Tg+Ki-
Hul29M,/M, or type 2 in Ki-Hul29V/V) in PrP-humanized
mice.

On the basis of the following facts, we considered that the
number of octapeptide repeats of PrP did not affect the size of
PrP®. Tg+Ki-Hul29M4R/M4R mice inoculated with sCJD-
MM1 prions produced MMz [MM1]1 PrP™* identical in size
to MM[MM.1]1 PrP™ from Ki-Hul29M/M mice (Fig. 3E). Fur-
thermore, Tg+Ki-Hul29M,,/M, mice inoculated with sCJ]D-
VV2 prions produced M,zM,p[VV2]25"* PrP* identical in
size to MM[VV2]25"* PrP*s from Tg+Ki-Hul29M/M mice
(Fig. 3E).

We inoculated intracerebrally a brain homogenate from a
p-dCJD patient (KD) into Ki-Hul29M/M mice besides Tg+Ki-

OCTOBER 12, 2007 - VOLUME 282+-NUMBER 41
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Hul29M,;/M,; mice. The mean incubation time of these
Ki-Hul29M/M mice was 500 * 59 days (4/4). These mice pro-
duced MM[MM:i]i PrP™* identical in size to MM, [MMi]i
PrP™* from Tg+Ki-Hul29M,,/M, mice (Fig. 3F).

Intraperitoneal Transmission of p-dCJD Prions or sCID-VV2
Prions to PrP-humanized Mice with 129M/M or 129V/V—To
confirm the similarity in the transmissibility between p-dCJD
prions and sCJD-VV2 prions, we performed intraperitoneal
inoculation of the brain homogenate from a p-dCJ]D patient
(KD) or that from a sCJD-VV2 patient (AK) into PrP-human-
ized mice as described previously (27). Immunchistochemical
analysis of the spleens at 75 days post-inoculation revealed that
Ki-Hul29V/V mice were more susceptible to p-dCJD prions
than Ki-Hul29M/M mice (Fig. 4A). Similarly, Ki-Hul29V/V
mice were more susceptible to sCJD-VV2 prions than
Ki-Hul29M/M mice. In contrast, Ki-Hul29V/V mice intrap-
eritoneally inoculated with sCJD-MM1 prions showed no obvi-
ous PrP deposition in the spleen (0/9). Therefore, we confirmed
that p-dCJD prions and sCJD-VV2 prions exhibited similar
transmissibility to PrP-humanized mice even in peripheral
infection. In addition, Ki-Hul29M/M mice intraperitoneally
inoculated with sCJD-VV2 prions produced MM[VV2]25h*
PrP™* in the spleen (Fig. 4B). Meanwhile, Ki-Hul29V/V mice
intraperitoneally inoculated with sCJD-VV2 prions produced
VV[VV2]2 PrP**. Thus, we confirmed the shift of the PrP*** size
also in the spleens.

Because cross-sequence transmission of sCJD-VV2 prions to
Tg+Ki-Hul29M/M mice caused phenotypes similar to those
of p-dCJD, we also examined the transmissibility of Tg+Ki-
Hul29M/M mouse-passaged sCJD-VV2 prions (designated as
MM[VV2]25"* prions). We performed intraperitoneal inocu-
lation of the brain homogenate from a Tg+Ki-Hul29M/M
mouse that succumbed to sCJD-VV2 prions into PrP-human-
ized mice. All (11/11) of Ki-Hul29V/V mice inoculated with
MMI[VV2]2%"" prions showed PrP deposition in the spleen
despite cross-sequence transmission. Western blot analysis of
the spleens revealed that Ki-Hul29M/M mice produced type
250+ prpres (MMIMM[VV2]25# 71250+ PrP™*) identical in size
to MM[VV2]25** PrP . Meanwhile, Ki-Hu129V/V mice pro-
duced type 2 PrP™ (VVIMM[VV2]25#*]2 PrP") identical in
size to VV[VV2]2 PrP™*(Fig. 4B).

DISCUSSION

Our data comprised of four major findings. First, trans-
mission of sCJD-VV2 prions to Tg+Ki-Hul29M/M mice
generated unusual PrP** (MM[VV2]25"* PrP™) intermedi-
ate in size between type 1 and type 2. Second, the interme-
diate type MMi PrP™* was seen in all examined p-dCJD
cases. Third, Ki-Hul29V/V mice inoculated with p-dCJD
prions showed short incubation times and the accumulation
of type 2 PrP™° with a downward size shift from the interme-
diate type template. Finally, Ki-Hul29V/V mice intraperito-
neally inoculated with MM[VV2]2%"* prions showed high
susceptibility and the accumulation of type 2 PrP™* with a
downward size shift from type 25" * template. These findings
suggest that p-dCJD could be caused by transmission of
sCJD-VV2 prions to individuals with the 129M/M genotype
(cross-sequence transmission).
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FIGURE 3. p-dCJD prions and sCJD-VV2 prions exhibited similar transmissibility and neuropathology
and identically sized PrP"* in PrP-humanized mice. A, immunohistochemical analysis of the brains from
Tg +Ki-Hu129M,/M, mice inoculated with p-dCJD prions or sCID-VV2 prions showed a few plague-type PrP
deposits (arrowheads). Ki-Hu129V/V mice inoculated with p-dCID prions or sCJD-VV2 prions showed small
plaque-type PrP deposits in the cerebral white matter and synaptic-type deposits in the gray matter. B, diffuse
synaptic-type PrP deposits in the brains from Tg+Ki-Hu129M,;/M,, mice inoculated with np-dCJD prions or
sCJD-MM1 prions. There was no plaque-type PrP deposits. C, Western blot analysis of the brains from Prp-
humanized mice after proteinase K digestion. D, for deglycosylation of PrP™*, proteinase K-digested samples
were treated with PNGase F. Tg+Ki-Hu129M,,/M,g mice inoculated with p-dCJD prions or sCJD-VV2 prions
produced the intermediate type PrP™. Meanwhile, Ki-Hu129V/V mice inoculated with p-dCJD prions or sCJD-
VV2 prions produced type 2 PrP™. £, Tg+Ki-Hu129M /M, mice inoculated with sCID-MM1 prions produced
Mar/MocIMMI]1 PrP identical in size to MMIMM 111 PrP™* from Ki-Hu129M/M mice. Tg+Ki-Hu129Mp/Myq
mice inoculated with sCJD-VV2 prions produced M,a/M V2125 PrP" identical in size to MM[W/2]25""
PrP®* from Tg+Ki-Hu129M/M mice. F, Ki-Hu129M/M mice inoculated with p-dCJD prions produced MM[MMili
PrP"es identical in size to Myg/M g [MMIli PrP™ from Tg+Ki-Hu129M,¢/M,; mice.
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Our results clearly demonstrate
that p-dCJD prions and np-dCJD
prions are distinct strains. On care-
ful examination, the intermediate
type PrP™° was found to be a com-
mon form in p-dCJD cases. More-
over, the characteristic features of
p-dCJD including the intermediate
type PrP™°, the long incubation
period, and plaque-type PrP depos-
its in the brain were maintained
after transmission to PrP-human-
ized mice with 129M/M. Mean-
while, the humanized mice with
129M/M inoculated with np-dCJD
prions showed type 1 PrP™*, a short
incubation period, and synaptic-
type PrP deposits in the brain. These
results demonstrate that p-dCJD
and np-dCJD are distinct subtypes
of d-CJD caused by distinct prion
strains. The long incubation times
of the mice inoculated with p-dCJD
prions suggest the frightening pos-
sibility that the numbers of p-dCJD
patients may increase in the future.

sCJD cases with the 129M/V gen-
otype and type 2 PrP%¢ (sC]D-MV2)
and sCJD-VV2 cases account for

- 25% of the total sCJD cases and

show the characteristic neuro-
pathological changes highlighted by
plaque-type PrP deposits (5). To
date, some similarities among sCJD-
MV2, sCJD-VV2, and p-dCJD have
been described in clinicopathologi-
cal, biochemical, and transmission
studies (18-21, 29). Although the
results of the present study show
that cross-sequence transmission of
sCJD-VV?2 prions can cause pheno-
types similar to those of p-dCJD,
further studies are needed to clarify
whether sCJD-MV2 prions can
cause a p-dCJD like phenotype in
humanized mice with 129M/M.

Besides p-dCJD, a few iatrogenic
CJD cases with the 129M/M geno-
type and plaque-type PrP deposits
in the brain have been reported in
human growth hormone-related
CJD (34, 35). The present results
lead us to surmise that the human
growth hormone-related CJD cases
with 129M/M and plaque-type PrP
deposits might be caused by the
cross-sequence transmission of
sCJD-VV2 prions.
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FIGURE 4. Intraperitoneal transmission of p-dCJD prions, sCID-VV2 pri-
ons, or Tg+Ki-Hu129M/M mouse-passaged sCJD-VV2 prions (desig-
nated as MM[VV2]25"+ prions) to PrP-humanized mice. A, Ki-Hu129V/V
mice were highly susceptible to p-dCJD prions and sCJD-VV2 prions even in
peripheral infection. B, Western blot analysis of the spleens after proteinase K
digestion and PNGase F treatment. Ki-Hu129M/M mice intraperitoneally
inoculated with sCJD-VV2 prions produced MM{VV2]2%"* PrP'®s identical in
size to those seen in the brain after intracerebral inoculation. Ki-Hu129M/M
mice inoculated with MM[VV/2]12%"* prions produced type 25" PrP™ identical
in size to MM[W2]25* PrP™, Meanwhile, Ki-Hu129V/V mice inoculated with
MMIW2]25"* prions produced type 2 PrP™s,

Through cross-sequence transmission, sCJD-VV2 prions
acquired new conformational properties as reflected by the
upward shift of the size of PrP**°. A similar shift of the PrP™* size
through cross-sequence transmission has been reported in
mice inoculated with vC]D prions (29, 36) or hamster scrapie
strain Sc237 (37, 38). Moreover, the altered size of mouse-pas-
saged Sc237 PrP™* reverts to those of hamster-passaged Sc237
PrP*** through transmission to hamsters (37). In accordance
with these findings, the intermediate type PrP™* reverted to
type 2 when MM[VV2]25"* prions or p-dCJD prions were
transmitted to the humanized mice with 129V/V in this study.
The most plausible explanation for these findings is that
adaptation to the new host PrP and/or selection of a PrP%*
subpopulation from the whole heterogeneous population result
in the emergence of a new prion strain with altered conforma-
tional properties, and that the emerging prion strain retains the
memory of the parental prions within its conformational prop-
erties and/or its PrP>¢ subpopulation. Therefore, if the emerg-
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Cross-sequence Transmission of sCJD Prions

ing prion strain is transmitted to the original host, the parental
prions may re-emerge and become dominant.

The above concept is supported by the “traceback” phenom-
enon (8), eg knock-in mice and transgenic mice expressing
bovine PrP are highly susceptible to vCJD prions as well as
bovine spongiform encephalopathy prions (8, 39). Consistent
with a report using transgenic mice expressing human PrP with
129M or 129V (12), the humanized mice with 129V/V in our study
were more susceptible to sCJD-VV2 prions than the humanized
mice with 129M/M. Furthermore, the humanized mice with
129V/V showed high susceptibility to MM[VV2]2%"* prions and
p-dCJD prions despite cross-sequence transmission. These phe-
nomena can be explained as follows. Because MM[VV2]25"* pri-
ons and p-dCJD prions retained the memory of the parental sCJD-
VV2 prions, the humanized mice with 129V/V were highly
susceptible to these prions as well as sCJD-VV2 prions. Our results
demonstrate that traceback studies can be a powerful tool to
identify the origin of prions.

In this study, the strain-dependent traits of sCJD-MM1 pri-
ons were inherited through cross-sequence transmission with-
out any modification. The humanized mice with 129V/V pro-
duced type 1 PrP* after inoculation with sCJD-MML1 prions.
Because sCJD-VV1 cases are extremely rare (at most 1-2% of
the total number of sCJD cases) and characterized by early
onset (mean age at onset, 39.3 years) (5), our results raise the
possibility that CJD cases classified as VV1 may include cases
caused by iatrogenic transmission of sCJD-MM1 prions or
food-borne infection by type 1 prions from animals, e.g. chronic
wasting disease prions in cervid. In fact, two CJD-VV1 patients
who hunted deer or consumed venison have been reported (40,
41). The results of the present study emphasize the need for
traceback studies and careful re-examination of the biochemi-
cal properties of sCJD-VV1 prions.

In conclusion, cross-sequence transmission of sCJD-VV2
prions generates a new prion strain with altered conforma-
tional properties and disease phenotypes as p-dCJD prions.
Furthermore, the newly generated prions have unique trans-
missibility including the traceback phenomenon. In the future,
if atypical prion strains emerge through cross-sequence trans-
mission, especially from animals, traceback studies will enable
us to identify the origin of the prions.
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Enhanced Aquaporin-4 immunoreactivity in
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Aquaporin-4 (AQP-4) is a water channel protein located
on the plasma membrane of astrocytes and is regulated
under various conditions. In the present study, a series of
brains with sporadic Creutzfeldt-Jakob disease (sCID)
were investigated to determine the possible contribution of
AQP-4 in the development of sCJD pathology. Six cases of
subacute spongiform encephalopathy (SSE) and four cases
of panencephalopathic (PE)-type sCJD were included.
Increased AQP-4 immunoreactivity compared to that in
controls was observed in all sCJD patients, particularly
in the cerebral neocortex and cerebellar cortex. AQP-4
immunoreactivity was present in the cell bodies and pro-
cesses of protoplasmic astrocytes in SSE and around cell
bodies and processes of hypertrophic astrocytes in PE-type
sCJD. Analysis of serial sections showed the development
of sCJD pathology, particularly in neocortical lesions, as
follows: PrP deposition; spongiform change and gliosis;
enhanced staining for AQP-4; hypertrophic astrocytosis;
and neuronal loss and tissue rarefaction. Strong AQP-4
immunoreactivity was present in burnt-out lesions such as
those of status spongiosus. These results indicate that
increased AQP-4 expression in sCJD is an early pathelogic
event and appears to remain until the late disease stage. We
suggest that increased expression of AQP-4 is a pathologic
feature of sCID.
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INTRODUCTION

Aquaporin {(AQP) family members are water channel pro-
teins located on the plasma membrane of cells in various
tissues. AQPs regulate the water balance at the interface
between different tissues.'”> AQP-1, AQP-4 and other AQP
subtypes have been identified in the central nervous
system.! The distribution of AQP-1 is restricted to the
choroid plexus? and AQP-4 is present in cells lining
the subarachnoid space and ventricles under normal
conditions.*” A double-labeling study showed that AQP-4
immunoreactivity was restricted to astrocytes and was
localized along the entire cell process, including end feet
facing the outer surface of capillaries.® Enhanced expres-
sion of AQP-4 has consistently been reported in astrocytes
in various inflammatory lesions, including those of multiple
sclerosis, human immunodeficiency virus encephalitis and
progressive multifocal leukoencephalopathy.® The distribu-
tion of AQP4-positive astrocytes differs according to
disease and is not necessarily related to brain edema, indi-
cating other functions of AQP-4 in the human brain.?

The neuropathologic hallmarks of sporadic Creutzfeldt-
Jakob disease (sCJD) include spongiform change in the
neuropil, neuronal loss, intense hypertrophic astrocytosis
and abnormal protease-resistant prion protein (PrP)
deposition.>!! Inflammatory reactions and edema are not
generally observed in sCJD.”” Enhanced expression of
AQP-4 in sCJD was first reported by our laboratory' and
has been recently reported by others."” In the present study,
we further examined the relation between enhanced
expression of AQP-4 and sCJD pathology.
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Table 1 Summary of 10 Creutzfeldt-Jakob disease cases
Case Sex Ageat Ageat Disease Myoclonus  PSWCs Brain Brain Codon 129 Codon 219 PrP
onset death duration pathlogy  weight type
(vears) (years) (months) findings (g)
1 M 82 82 2 + + SSE 1240 Met/Met Glw/Glu 1
2 F 74 74 2 + - SSE 1040 Met/Met Glu/Glu 1
3 M 59 59 3 + + SSE 1520 Met/Met Glu/Glu 1
4 M 60 60 4 + + SSE 1200 Met/Met Glw/Glu 1
5 M 89 89 4 + + SSE 1295 Met/Val Gluw/Glu 1
6 F 82 83 5 + + SSE 1110 Met/Met Glu/Glu 1
7 F 58 59 14 + + PE 840 Met/Met Glw/Glu 1
8 F 63 64 16 + + PE 820 Met/Met Glw/Glu 1
9 M 65 67 20 + + PE 700 Met/Met Gluw/Glu 1
10 F 53 58 58 + + PE 800 Met/Met Glu/Glu 1

F, female; Glu, glutamic acid; M, male; Met, methionine; PE, panencephalopathic-type; PSWCs, periodic sharp wave complexes; SSE, subacute

spongiform encephalopathy; Val, valine.

MATERIALS AND METHODS

Cerebrum and cerebellum from 10 patients with sCID (five
men, five women) were obtained from the Department of
Neuropathology, Institute for Medical Science of Aging,
Aichi Medical University, Aichi, Japan. No cases with
inflammatory complications, such as pneumonia or sepsis,
were included in the present study. Clinical information,
arranged in order of disease duration, is listed in Table 1.
The average age at onset was 68.5+12.3 years (range,
53-89 years), with an average disease duration of
12.8 £+ 17.2 months (range, 2-58 months). Average brain
weight was 1056.5+£263.5g (range, 700-1520g). All
patients were Japanese, and none had a family history of
prion disease. There was no evidence of iatrogenic etiology
due to cadaveric dura transplantation or growth hormone
administration. No patient had any other clinical or
neuropathologic disorders. All patients exhibited typical
neuropathologic features of sCJD, including PrP immu-
noreactivity, and all fulfilled the criteria for pathologic diag-
nosis of sCJD.? Disease was classified according to cerebral
pathology findings as either subacute spongiform encepha-
lopathy (SSE), which results predominantly in damage to
the cerebral and cerebellar cortices with relatively well-
preserved cerebral white matter, or panencephalopathic
(PE)-type sCJD,which results in damage to the cerebral and
cerebellar cortices and also in extensive degeneration of the
cerebral white matter.!""* Two normal control brains were
also obtained (from a 40-year-old and a 61-year-old man).
Neither case showed any clinical or neuropathologic disor-
ders; both patients died of acute heart failure.
Formalin-fixed, paraffin-embedded blocks, including
cerebral cortex and white matter and cerebellar cortex and
white matter, were prepared. Eight micrometer-thick sec-
tions were deparaffinized, dehydrated and stained. For
routine microscopic examination, the sections were treated
with hematoxylin and eosin (H&E) stain. AQP-4 immu-
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noreactivity was evaluated with the use of affinity purified
polycional sheep anti-rat AQP-4 antibody raised against
a synthetic peptide (CEKKGKDSSGEVLSSV) homolo-
gous to the C-terminal end of the cytoplasmic domain of
rat AQP-4.51¢ The specificity of the polyclonal AQP-4 anti-
body, which cross-reacts with human AQP-4, has been
reported.'® Sections were incubated with 5 g/mL AQP-4
antibody for 2 h at room temperature and then incubated
for 1 h with horseradish peroxidase-conjugated secondary
goat anti-sheep antibody (1:1000; Dako, Glostrup,
Denmark). Peroxidase labeling was visualized with 3,3'-
diaminobenzidine/peroxidase (Wako Pure Chemical
Industries, Osaka, Japan). To clarify the relation between
AQP-4 immunoreactivity and spongiform change, astrocy-
tosis, neuronal loss and PrP deposition, serial sections were
subjected to H&E staining and immunostaining for AQP-4
and either antihuman glial fibrillary acidic protein (GFAP)
antibody (1:1000; Dako) or anti-PrP (3F4, 1:200; Dako)
antibody. GFAP immunostaining was performed with the
labeled streptavidin-biotin method (LSAB Kit, Dako) as
described previously.”” PrP immunostaining was performed
with the EnVision amplified method (EnVision Plus Kit,
Dako) as described previously.'®

The degree of AQP-4 immunoreactivity was classified as
- (no staining), + (little staining), + (mild staining), ++
(moderate staining) or +++ (strong staining).

Prion protein gene analysis and
Western blot analysis

Genomic DNA was extracted from each frozen sCID cere-
bral cortex sample and was used to amplify the open
reading frame of the PrP gene by polymerase chain reac-
tion. We searched for PrP gene mutations and polymor-
phisms at codons 129 and 219 by restriction fragment
length polymorphism analysis and by sequencing, as
described previously."
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Table 2 Neuropathologic findings and aquaporin-4 immunoreactivity
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Case Neuropathologic findings Aquaporin-4 immunoreactivity
CID Cerebrum Cerebellum Cerebrum
Neocortex White Molecular Purkinje Granule  White Neocortex White matter
1 -
matter ayer neuron layer  cell layer matter  pi pater  Around Parenchyma Around Parenchyma
and subpial  blood blood
zone vessels vessels
1 + - + - + - ++ + ++ + -
2 + - + - + - ++ + + + -
3 + - + + - bt ++ + + -
4 + - + - + - +++ ++ ++ + -
5 ++ - + - + - +++ ++ + + -
6 ++ + ++ - + - +4++ ++ ++ + +
7 +++ ++ ++ + ++ ++ +++ ++ ++ + +
8 +4++ ++ +++ + ++ ++ +++ ++ ++ ++ ++
9 +++ e+ +++ + +4+4+ ++ +4+ ++ +++ ++ ++
10 +++ +++ +++ ++ +++ +++ +++ ++ +++ + +++
Control
N1 - - - - - - + + - + -
N2 - - - - - - + + - + -

Neuropathologic findings: +++, severe; ++, moderate; +, mild; ¥,
4, little: —, no staining. CJD, Creutzfeldt-Jakob disease.

Each frozen sCJD cerebral cortex sample was homog-
enized, and Western blot analysis of protease K-resistant
PrP was performed with PrP monoclonal antibody 3F4, as
described previously."! Typing of PrP was performed on the
basis of the classification system proposed by Parchi et al.’

RESULTS

Prion protein gene analysis and
Western blot analysis

PrP gene analysis showed no mutation in any of the sCJD
patients. Nine patients showed methionine homozygosity
at polymorphic codon 129, and one patient showed valine
heterozygosity. All patients showed type 1 PrP by Western
blot analysis; nine cases were classified as MM1-type sCID,
and one case was classified as MV1-type sCJD (Table 1).

Neuropathologic findings

Six cases were classified as SSE, and four cases were clas-
sified as PE-type sCID. There were no cases with Kuru
plaques or florid plaques in the cerebrum or cerebellum.
All cases fit the sCJD MM(MV)1 pathologic phenotype
described by Parchi etal' which is the typical sCID
pathology and includes a variable degree of spongiform
degeneration with synaptic-type PrP deposition in the
cerebral and cerebellar cortices. Pathology findings in
the cerebrum, including the cortex and white matter, and
the cerebellum, including the molecular, Purkinje neuron
and granule cell layers and white matter, are listed in
Table 2.

few; —, none. Aquaporin-4 immunoreactivity: +++, Strong; ++, moderate; +, mild;

AQP-4 immunoreactivity in the cerebrum

AQP-4 immunoreactivity in control brains was restricted
to the subpial zone (Fig. 1a) and subependymal zone. In
SSE, strong AQP-4 immunoreactivity was observed pre-
dominantly in the cerebral cortex (Fig. 1b). In PE-type
sCJD, widespread AQP-4 immunoreactivity was observed
in the cerebral cortex and in the white matter (Fig. 1c). The
hippocampus showed little AQP-4 immunoreactivity
(Fig. 1d). Mild AQP4 immunoreactivity was detected
around vessels in the control brain (Fig. 2a). AQP-4 immu-
noreactivity in the subpial and subependymal zones was
stronger in sCJD than in the control brain (Fig. 2b,c). With
regard to the cerebral cortex, no apparent AQP-4 immu-
noreactivity was observed in the control brain (Fig. 3a),
whereas in SSE, many positive astrocytes were present
(Fig. 3b). These astrocytes showed diffuse granular staining
of the cell body and processes (Fig. 3c) and were suspected
to be protoplasmic astrocytes due to their tufted morphol-
ogy. In PE-type sCID, numerous hypertrophic astrocytes
were observed, and AQP-4 immunoreactivity was
observed around the cell body and processes (Fig.3d).
Although widespread fine-vacuole type spongiform
change was observed, particularly in the SSE cerebral
cortex, no enhancement of AQP-4 immunoreactivity was
observed in perivacuolar lesions compared to that in the
neuropil. Furthermore, although numerous foamy mac-
rophages were present, particularly in the cerebral white
matter in PE-type sCJD, these macrophages did not
show AQP-4 immunoreactivity. Corpora amylacea showed
AQP-4 immunoreactivity, but neurons, microglial cells and
oligodendrocytes did not.
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Cerebellum
Molecular layer Purkinje Granule cell layer White matter
Pia matter Around Parenchyma neuron layer Around Parenchyma Around Parenchyma
and subpial blood blood blood
zone vessels vessels vessels
+ + + + + + + -
+ + + t + + + -
++ ++ ++ ++ ++ ++ +
++ + + + + + * -
++ + + + + + + -
++ + + + + + + -
++ ++ ++ + + + + +
++ ++ ++ + + + + +
+++ ++ +4++ ++ ++ ++ + -
+++ ++ ++ ++ ++ ++ + +
+ + - - + - x -

Fig.1 Low-magnification images of
cerebrum and immunolocalization of
aquaporin-4 (AQP-4) in normal control,
subacute spongiform encephalopathy
(SSE) and panencephalopathic (PE)-

type sporadic Creutzfeldt-Jakob disease
(sCID). (a) In normal control, AQP-4
immunoreactivity is restricted to superfi-
cial lesions. (b) In SSE, widespread
immunoreactivity is present in the cere-
bral cortex. (c) In PE-type sCID, the
cerebral cortex and white matter show
strong AQP-4 immunoreactivity. (d) The
hippocampal formation shows little
AQP-4 immunoreactivity. Bars: a-—c,
1 mm;d, 5 mm, a—d, AQP-4 immunostain-
ing: a, control; b and d, patient 1 (SSE
case); c, patient 8 (PE-type sCJID case).

In the cerebral white matter, no immunoreactivity was
observed in the control brain (Fig. 4a), weak immunoreac-
tivity was observed only in perivascular lesions in SSE
(Fig. 4b) and many hypertrophic astrocytes were immu-
noreactive in PE-type sCJD (Fig. 4c,d). However, some
astrocytes, even hypertrophic astrocytes, lacked AQP-4
immunoreactivity.
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AQP-4 immunoreactivity in the cerebellum

In the control brain, AQP-4 immunoreactivity was not
observed in the cerebellar cortex or white matter
(Figs 5a,6a). In SSE, the pia mater, subpial zone, molecular
layer, Purkinje neuron layer and granule cell layer showed
strong AQP-4 immunoreactivity (Fig. 5b), whereas the
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cerebellar white matter showed mild immunoreactivity
only around blood vessels (Fig. 6b). In PE-type sCID, mod-
erate to strong AQP-4 immunoreactivity was observed,
particularly in the atrophic molecular layer (Fig. 5c), and
the cerebellar white matter showed no to mild immunore-
activity. Perivascular lesions showed little to mild AQP-4
immunoreactivity (Fig. 6c).

Fig.2 Photomicrographs of superficial
lesions of the cerebral cortex and immu-
nolocalization of aquaporin-4 (AQP-4) in
normal control, subacute spongiform
encephalopathy (SSE) and panencepha-
lopathic (PE)-type sporadic Creutzfeldt-
Jakob disease (sCJD). (a) In normal
control, AQP-4 immunoreactivity is
restricted to the pia mater and around
blood vessels. (b) In SSE, enhanced
AQP-4 immunoreactivity is present in
the pia mater and subpial zone compared
to that in normal control. Moderate
AQP-4 immunoreactivity is also detect-
able in the subpial gray matter and
around blood vessels. (c) In PE-type
sCJID, superficial lesions of the cerebral
cortex show intense AQP-4 immunoreac-
tivity. Bars: a-c, 100 m, a—, AQP4
immunostaining: a, control; b, patient 3
(SSE case); ¢, patient 9 (PE-type sCID
case).

Fig. 3 Photomicrographs of cerebral
neocortex and immunolocalization of
aquaporin-4 (AQP-4) in normal control,
subacute spongiform encephalopathy
(SSE) and panencephalopathic (PE)-
type sporadic Creutzfeldt-Jakob disease
(sCID). (a) In normal control, AQP-4
immunoreactivity is not apparent in the
cerebral neocortex. (b) In SSE, immu-
noreactivity of many astrocyte cell bodies
and processes is observed. (c) AQP-4
immunoreactivity is present in a diffuse
granular pattern and shows tuft-like
structures in the cell bodies and processes
of protoplasmic astrocytes. (d) In
PE-type sCJD, the cerebral neocortex
shows strong AQP-4 immunoreactivity,
although the lesion shows severe tissue
rarefaction and status spongiosus. Bars: a,
b,d, 100 m;c,20 m,a-d, AQP-4 immu-
nostaining: a, control; b and ¢, patient 1
(SSE case); d, patient 9 (PE-type sCID
case).

Relation between AQP-4 immunoreactivity,
spongiform change, astrocytosis and GFAP and
PrP immunoreactivity

Analysis of serial sections showed that spongiform change
and gliosis in sCJD appeared at an earlier stage (Figs 7al
and 8al) than did strong AQP-4 immunoreactivity
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Fig. 4 Photomicrographs of cerebral
white matter and immunolocalization of
aquaporin-4 (AQP-4) in normal control,
subacute spongiform encephalopathy
(SSE) and panencephalopathic (PE)-
type sporadic Creutzfeldt-Jakob disease
(sCJD). (a) In normal control, AQP-4
immunoreactivity is not apparent in the
cerebral white matter. (b) In SSE, weak
immunoreactivity is detectable around
blood vessels. (c) In PE-type sCID, wide-
spread strong AQP-4 immunoreactivity is
observed around hypertrophic astrocytes.
Some astrocytes, even hypertrophic
astrocytes, lack AQP-4 immunoreactivity.
Numerous foamy macrophages are also
observed, but no AQP-4 immunoreactiv-
ity of these macrophages is observed. (d)
AQP-4 immunoreactivity of hyper-
trophic astrocytes is present around cell
bodies and their processes. In cell bodies
and processes of hypertrophic astrocytes,
no apparent AQP-4 immunoreactivity is
observed. This pattern is different from
that of positive astrocytes in SSE (see
Fig. 3c). Bars: a—, 100 m;d,20 m;a—d,
AQP-4 immunostaining: a, control; b,
patient 1 (SSE case); c and d, patient 8
(PE-type sCID case).

Fig. 5 Photomicrographs of cerebellar
cortex and immunolocalization of
aquaporin-4 (AQP-4) in normal control,
subacute spongiform encephalopathy
(SSE) and panencephalopathic (PE)-
type sporadic Creutzfeldt-Jakob disease
(sCID). (a) In normal control, AQP-4
immunoreactivity is not apparent in the
cerebellar cortex. (b) In SSE, widespread
immunoreactivity is present in the pia
mater, subpial zone, molecular layer,
Purkinje neuron layer and granule cell
layer. (c) In PE-type sCID, strong AQP-4
immunoreactivity is observed, particu-
larly in the atrophic molecular layer.
Bars: a—, 200 m; a—, AQP-4 immun-
ostaining: a, control; b, patient 3 (SSE
case); c, patient 7 (PE-type sCJID case).

(Figs 7a3 and 8a3). Neuronal loss and tissue rarefaction in GFAP-positive astrocytes were present mainly in the
sCJD appeared at a later stage (Figs 7bl and 8bl) than superficial cortex in SSE (Fig. 7a2), whereas GFAP-
did strong AQP-4 immunoreactivity. Furthermore, strong positive astrocytes were widespread in the cerebral cortex
AQP-4 immunoreactivity was present in burnt-out lesions and white matter in PE-type sCID (Fig. 7b2). In serial
(Figs 703 and 8b3) such as those in status spongiosus sections, the distribution of GFAP-positive astrocytes in
(Figs 7b1 and 8b1). sCJD was different from that of AQP-4 immunoreactivity
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(Fig. 7a2,a3,b2,b3). Strong AQP-4 immunoreactivity
appeared at an earlier stage than did hypertrophic astro-
cytosis or GFAP-positive astrocytosis (Fig. 7a2,a3).

Widespread PrP deposition was observed in the cere-
bral and cerebellar cortices and appeared as fine granular
and dot-like deposits (so-called synaptic-type accumula-
tion®?%). No plaque-like deposits were identified, and the
degree of PrP deposition varied between patients. In SSE,
PrP deposition in the cerebral and cerebellar cortices was
heavy (Fig.8a2), and in PE-type sCJD, it was lighter
(Fig. 8b2). PrP deposition in the cerebral white matter and
cerebellar white matter was sparse or absent. In serial sec-
tions, the distribution of PrP deposition in sCJD was
different from that of AQP-4 immunoreactivity
(Fig. 8a2,a3,b2,b3). PrP deposition appeared at an earlier
stage than did spongiform change or gliosis (Fig. 8al,a2)
and at an earlier stage than did strong AQP-4 immunore-
activity (Fig. 8a2,a3).

DISCUSSION

Increased AQP-4 immunoreactivity compared to that in
controls was identified in all sCJD patients, as previously
reported by our laboratory.” Rodriguez et al. reported
increased AQP-4 expression in the cerebral cortex of 10
CJD patients (disease duration,2-14 months) compared to
that in age-matched controls by Western blot analysis.??
The findings of the present study indicate that increased
AQP-4 immunoreactivity is not restricted to the early stage
of sCJD but also occurs at later stages. We speculate that

Fig. 6 Photomicrographs of cerebellar
white matter and immunolocalization of
aquaporin-4 (AQP-4) in normal control,
subacute spongiform encephalopathy
(SSE) and panencephalopathic (PE)-
type sporadic Creutzfeldt-Jakob disease
(sCJD). (a) In normal control, AQP-4
immunoreactivity is not apparent in the
cerebellar white matter. (b) In SSE, weak
immunoreactivity is present around
blood vessels. (c¢) In PE-type sCID, mild
AQP-4 immunoreactivity is observed
around blood vessels, but little AQP4
immunoreactivity is observed in the cer-
ebellar white matter. Bars: a—c, 100 m,
a—c, AQP-4 immunostaining: a, control; b,
patient 3 (SSE case); ¢, patient 7 (PE-type
sCJID case).

the enhanced expression of AQP-4 in the sCJD brain
reflects the intense astrocytosis associated with sCID
pathology. Enhanced expression of AQP-4 in patients with
sCID may not be a distinct pathologic entity but rather a
secondary degenerative condition associated with sCJD
pathology.

Intense astrocytosis is a pathologic feature of sCID." It
is interesting that increased AQP-4 staining was observed
in short disease duration SSE cases as well as prolonged
disease cases of PE-type sCID. Astrocytes are classified as
protoplasmic or fibrous based on morphologic criteria, the
former being found in normal gray matter, and the latter
being found in normal white matter.?' Interestingly, proto-
plasmic astrocytes showed AQP-4 immunoreactivity in
SSE, whereas hypertrophic astrocytes showed AQP-4
immunoreactivity in PE-type sCJD in the present study.

Although the formation of and localized accumulation of
abnormal PrP is considered to be a primary pathologic
event in early stage sCJD,” the mechanism of neurodegen-
eration that accompanies this PrP accumulation remains
unknown. Our results show that AQP-4 immunoreactivity
occurs in the early stage of sCID and remains until the
prolonged disease stage. Investigation of AQP-4 immunore-
activity in the sCJD brain may aid in elucidating the relation
between PrP deposition and the evolution of sCJD pathol-
ogy. Although increased AQP-4 staining in the sCJD brain
was observed, its relation to sCJD pathology is unknown.
However, increased AQP-4 staining occurred after PrP
deposition and before GFAP-positive hypertrophic astro-
cytosis. According to the results obtained with serial sec-
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