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Abbreviations

AB: amyloid

AD: Alzheimer’s disease

AGD: argyrophilic grain disease
ApoE: apolipoprotein E

APP: amyloid precursor protein

BB: Berlin blue

CAA: cerebral amyloid angiopathy
CBD: corticobasal degeneration

CL: ceroid-lipofuscin

FA: formic acid

HE: hematoxylin and eosin

HRP: horseradish peroxidase

LFB: luxol fast blue

LOAD: late onset Alzheimer’s disease
MAPT: microtubule-associated protein tau
MBP: myelin basic protein

MCI: mild cognitive impairment
MRI: magnetic resonance imaging
MS: multiple sclerosis

MVAA: microvascular amyloid angiopathy

NA: normal aging



NEP: neprilysin

NFT: neurofibrillary tangle

PAM: periodic acid methenamine silver
PAS: periodic acid-Schiff

PBS: phosphate buffered saline
PiD: Pick’s disease

PSEN: presenilin

PSP: progressive supranuclear palsy
RT: room temperature

SP: senile plaque

TBS: Tris-buffered saline

VD: vascular dementia

WM: white matter



Preface

The number of dementia patients is rapidly increasing in accordance with
aging of the global population [Abbott 2011]. It is becoming a social problem due to
its economical impact to the nations and a burden of care welfare to the family with a
dementia patient. There are more than 30 dementing disorders in human. AD and
vascular dementia VD covers more than 90% of the dementia cases. There is a
substantial overlap between the pathology of AD and VD and thus there are patients
with mixed type dementia in which lesions of both AD and VD are observed in their
brain [Attems J 2014]. Though some risk factors of AD have been indicated, the most
critical cause of this disease is aging. Curative treatment for AD is yet to be
established, and once the pathological cascade starts, the disease will slowly progress
until the patient dies.

The definitive diagnosis of AD relies on histopathological examination of
postmortem brain tissues. SPs and NFTs are the two major lesions observed in the AD
brain together with severe neuronal loss. The major components of SP and NFT are 3
amyloid (AP) and hyperphosphorylated tau, respectively. These lesions, especially SP
that is considered to be the initial step of AD pathogenesis, are also seen in cognitively
normal elderly people. However recent studies have revealed that the deposition of
N-terminal subtype of AP is different between AD and normal aging brains. Various
transgenic mouse strains that harbor the mutated gene responsible for the familial form
of AD have been developed, although the familial form of AD accounts for less than

1% of AD cases. These mice develop numerous SPs within one year. In many



non-transgenic animal species, SPs develop age-dependently. For instance, SPs are
often seen in dogs over 10 years old. However, neither in transgenic mouse models
nor in non-transgenic animals, NFTs and subsequent neuronal loss had been reported
before.

VD can be caused by various vasculopathies, such as arteriosclerosis,
thrombosis and also AP angiopathy. Cerebral arteriosclerosis and thrombosis rarely
occur in animals, while AP deposition in the cerebral blood vessel wall have been
observed in various animal species. As mentioned above, cerebral accumulation of A
is also responsible for the pathogenesis of AD. Age-dependent accumulation of AP is
attributed to a decrease in cerebral AP excretion or degradation rather than an increase
in AP production. Therefore, a recent strategy for developing therapeutic application
is focused on enhancing cerebral AP excretion and degradation.

In the present study, the author examined AD- and VD-related lesions in
brains of various animal species, not only to seek for a suitable animal model, but also
to compare the age-related changes in the brain among different animal species and to
reveal common aging changes and species-specific changes of the aging brain in
mammalian species. In chapter 1, the N-terminal subtypes of AP is examined in the
brains of various animal species in order to determine whether AP deposition in the
animal brains are normal aging phenomenon or related to AD pathology. In chapter 2,
the pattern of vascular deposition of AP subtypes is discussed in association with the
perivascular drainage system of the brain in squirrel monkeys. Also, the distribution

of neprilysin (NEP), a major AP degradation enzyme, is demonstrated. In chapter 3,



WM lesions that are related to VD in humans, are examined in dogs in relation with
capillary AP angiopathy. In chapter 4 and 5, pathogenesis of the felid-type A

deposition and NFTs are studied in the domestic cat and the leopard cat.



Chapter 1
Characterization of ABpN3 Deposition in the Brains of Dogs of Various Ages and

Other Animal Species

1. Introduction

SPs are argyrophilic aggregates of AP fibrils formed in the brain parenchyma
and are characteristic histopathological manifestations of AD [Masters 1985; Selkoe
1991]. However, SPs also develop in non-AD senescent brain tissues; i.e., “normal
aging (NA)” brains [Aizenstein 2008; Armstrong 1996]. Recent studies have
clinically described individuals in the non-AD group that displayed MCI, and whether
MCI is a pre-AD state or a pathologically independent event is yet to be elucidated
[Gauthier 2006; Petersen 1999].

AP deposits have been detected in the brains of dogs [Czasch 2006; Shimada
1991; Uchida 1991], cats [Brellou 2005; Nakamura 1996], monkeys [Nakamura 1995;
Struble 1985; Walker 1990; Wisniewski 1973], bears [Cork 1988; Uchida 1995],
wolverines [Roertgen 1996], camels [Nakamura 1995], and woodpeckers [Nakayama
1999]. In dogs, partial histopathological changes of AD are observed [Papaioannou
2001; Rofina 2003; Rofina 2004], but these animals do not develop the full pathology
of AD of the human type including numerous NFTs and progressive neuronal loss,
which cause concomitant dementia. Hence, transgenic mouse strains are usually used
as experimental models of AD [Janus 2001; Wisniewski 2010]. Although the

usefulness of transgenic mice is undisputed, these animals only replicate some aspects



of the disease and do not represent its systemic pathological features, especially the
effects of aging [Philipson 2010; Sarasa 2009]. On the other hand, AP is deposited in
the dog brain during aging at regions similar to those seen in aging humans [Head 2000].
Although dogs do not exhibit AD pathology in toto, some researchers think that aged
canines display a pre-AD state and are therefore suitable models for studying
age-dependent AP deposition [Papaioannou 2001; Cummings 1996; Nakayama 2004;
Pugliese 2006].

Several subtypes of AP, which differ in the lengths of the peptides at their C-
and N-terminals, are found in SP [Saido 1996]. Although AD and NA SP cannot be
differentiated from each other using the C-terminal properties of their AP peptides
[Fukumoto 1996], the AP species with an N-terminal pyroglutamate residue at position
3 (APpN3) is the dominant N-terminal subtype in AD, and so can be used to
discriminate AD from NA [Piccini 2005; Schilling 2008]. Hence, APpN3 has recently
received attention as a diagnostic marker and a therapeutic target for AD treatment
[Gunn 2010; Marcello 2011]. In Down’s syndrome, a congenital disease that leads to
AD-like pathology early in life [Reeves 2001], the ratio of ABpN3 to APN1 increases
with age [Russo 1997]. However, the shift from ABN1-dominant to ABpN3-dominant
deposition is under-represented in transgenic mouse models of AD [Gunn 2010].

In the present chapter, the author characterized ABN1 and ABpN3 deposition
in canine brains of various ages in order to clarify whether the appearance of ABpN3 is
an age-dependent phenomenon also in non-human animals and to examine brain

pathology of human NA is detected in these animals. Furthermore, by comparing the
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ABpN3 deposition observed in some species that are known to develop AP deposits
(namely, cats, monkeys, bears, and woodpeckers) this study shows that Af N-terminal
truncation at amino acid residue 3 is common among various animals and discuss the

relevance of this peptide and the age-dependent formation of SP in vertebrates.

2. Materials and Methods
Canine Brains

Retrospective analysis was performed using paraffin-embedded tissues from
47 canine brains. The frontal cortex was selected for examination because this area is
initially and consistently affected by AP deposition in an age-dependent manner in dogs
[Yoshino 1996]. Dogs of various breeds and ages (ranging from 1 to 20 years old)
were included in the materials (Table 1). The animals were euthanized or died
spontaneously from various disorders. Brains were obtained from routine necropsies
performed at the Department of Veterinary Pathology, Graduate School of Agricultural
and Life Science, the University of Tokyo, or at the Department of Veterinary
Pathology, Faculty of Agriculture, Kagoshima University. Individuals with major
brain lesions, such as neoplasia or inflammatory disease that had been confirmed
grossly or microscopically using hematoxylin and eosin (HE)-stained sections were
excluded from the study. All brains were fixed in 10% phosphate-buffered formalin,

coronally sliced, and then conventionally embedded in paraffin.

Brains of Other Species and AD
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Additionally, paraffin-embedded brain tissue samples from a cat (Felis catus),
an American black bear (Ursus americanus) [Uchida 1995], a greater spotted
woodpecker (Dendrocopos major) [Nakayama 1999], and a Japanese macaque (Macaca
fuscata), were examined (Table 2). The brains were obtained from routine necropsies
performed at our laboratory. The brain tissue of an AD patient (73-year-old female,
generously provided by Dr. Takao Makibuchi of the Saigata National Hospital) and a
B6SJL APP-Tg mouse harboring human APP gene with the Swedish, Florida, and
London familial AD mutations and human Presinilinl gene with two familial AD
mutations (purchased from the Jackson Laboratory, Bar Harbor, MA, USA) were also

used.

Histopathology

The paraffin-embedded tissues were cut into 4-um-thick serial sections. The
deparaffinized sections were then stained with HE and PAM. The severity of SP
formation was evaluated in the PAM-stained sections by counting the number of
argyrophilic plaques under a microscope in 10 randomly chosen fields in the cortex
(X100 power field). The mean number of plaques per field was graded into four: none
(no argyrophilic plaque); mild (1-10 argyrophilic plaques); moderate (11-20

argyrophilic plaques); or severe (more than 21 argyrophilic plaques) (Table 1).

Immunohistochemistry

Consecutive sections were stained using the immunoenzyme technique to
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examine the deposition of various C-terminal and N-terminal AB subtypes in each brain
(Table 3). To inactivate endogenous peroxidase, deparaffinized sections were
immersed in 1% hydrogen peroxide in methanol for 20 minutes and then washed with
Tris-buffered saline (TBS). For A antigen retrieval, the sections were immersed in
99% FA for 5 minutes. The sections were then incubated with primary antibodies
listed in Table 3 at 4 °C overnight. Immunolabeled antigen was visualized using the
Dako Envision+ System (Dako, Carpenteria, CA, USA). Shortly, the sections were
incubated with the HRP Labeled Polymer at 37°C for 40 minutes, reacted with 0.05%
3’3-diaminobenzidine plus 0.03% hydrogen peroxide in tris-hydrochloric acid buffer,
and then counterstained with hematoxylin. Negative controls were obtained by

omitting the primary antibodies.

Indirect immunofluorescence double-staining

The immunofluorescence double-staining technique was also performed to
determine the coexistence of the N-terminus and C-terminus varieties of AP peptide.
The four combinations of primary antibodies listed in Table 3 were used; i.e.,
ABNI/ABC42, ABNI1/ABC40, ABpN3/ABC42, and ABpN3/ABC40. After incubation
with the primary antibodies at 4°C overnight, the sections were washed with TBS. As
secondary antibodies, ALEXA488-conjugated goat anti-mouse IgG (Invitrogen, Eugene,
OR, USA) and ALEXAS594-conjugated goat anti-rabbit IgG (Molecular Probes, Eugene,
OR, USA) were mixed in TBS, each at a dilution of 1:100. The sections were then

incubated with the secondary antibody mixture at 37°C for one hour, mounted with
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Vectashield (H-1500, Vector Laboratories, Burlingame, CA, USA), and examined
under a Leica DMI 3000B fluorescence microscope (Leica Microsystems, Tokyo,

Japan).

Evaluation of ABNI1 and APpN3 deposition in the canine brains

The immunoreactivity of ABN1 and ABpN3 in the brain parenchyma was
examined throughout the whole circumference of the cortex under a microscope (x100)
and was semiquantitatively scored as 0 (no staining), 1+ (few positively stained areas
were detected), 2+ (positive staining was scattered less than half of the cortical
circumference), 3+ (positive staining was scattered more than half of the cortical
circumference), or 4+ (immunoreactive deposits were observed throughout the entire
cortical circumference) (Table 1). Spearman’s rank correlation coefficient (rs) with
two-tailed P-value was performed to determine the significance of correlation between

age and the mean ABN deposition score (Figure 1A).

3. Results
Parenchymal APpN3 deposits in the canine brains

APBpN3 deposition in the cortical parenchyma was observed in the canine
brains as early as 8 years of age and was observed in almost all dogs (15/18) over 13
years of age (Table 1). On the other hand, ABN1 was deposited as early as 7 years of
age (Table 1). Both APpN3 and APNI1 deposition increased significantly in an

age-dependent manner (APpN3 rs=0.999, P<0.01; ABNI rs=0.589, P<0.05), although
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the ABN1 deposition score showed a lower correlation coefficient, apparently due to the
cessation of the increase in its levels in the second decade of life (Figure 1A). In fact,
ABNI was not detected in some of the very old dogs (Table 1, Nos. 35 and 42). Hence,
the deposition of these two AP subtypes shifted from APNI1-dominant to
APBpN3-dominant in the canine brains between the first decade and the second decade of
life (Figure 1A). As the argyrophilic plaques developed, ABpN3 immunoreactivity
was increased. The immunoreactivity of ABN1 did not exceed that of ABpN3 (Figure
IB). Even in the very old dogs, no SP developed when no ABpN3 was deposited
(Table 1, Nos. 39 and 41). Furthermore, the dogs that displayed severe SP formation
had a high ABpN3/ABNI ratio (Figure 1B). In such dogs, APpN3 was the main
component of the SP (Figure 2A), and the centers of the SP were strongly
immunopositive for APpN3 (Figure 2B). However, the margins of the SP were

negative for ABpN3 and ABNI1 (Figures 2B and 2C).

Vascular APpN3 deposition in the canine brains

Microvascular amyloid angiopathy (MVAA) was observed in the canine
brains as early as 7 years of age, even in cases with no parenchymal deposition (Table
1). MVAA was distributed focally, frequently in the deep cortex and occasionally in
the WM (Figure 3). The AP deposits in the vascullar wall consisted of both ABpN3

and ABN1 species, regardless of age (Figure 3A).

AP components of the SP observed in dogs and other animal species
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As it has been previously described, ABpN3 was the predominant N-terminal
AP species that composed the SPs of the AD patient (Figures 4 and 5). In the canine
brains, the diffuse plaques contained C-terminal ABC42 but not ABC40 (Figure 5).
Beside the dogs, SP also developed in the Japanese macaque, American black bear, and
APP-transgenic mouse. No PAM-positive SP were detected in the cat or woodpecker,
whereas AP deposits and AP angiopathy, respectively, were immunohistochemically
confirmed in the two species. In the feline brain, weak diffuse AB42 deposition was
observed in the deep cortex. However, these deposits were not recognized by either of
the N-terminal antibodies used in this study. In the woodpecker brain, numerous
APBpN3 and ABNI1 positive MVAA were observed, similar to the results seen in dogs
(Figure 3).

The SPs in the brains of the monkey and bear showed roughly equal
immunoreactivity o the antibodies used in this study (Figure 5). The APP-transgenic
mouse (B6SJL-Tg) was 14 weeks old, which corresponds to the initial phase of amyloid
deposition in this mouse strain [The Jackson Laboratory,
http://jaxmice.jax.org/strain/006554.html]. At this age, the mouse had not developed

any ABpN3 deposits (Figure 5).

4. Discussion
AP protein is conserved among various animal species, and the amino acid
sequence of canine full-length AP is identical to that of humans [Johnstone 1991;

Selkoe 1987]. AP that have been truncated at the N-terminal position 3 is catalyzed by
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glutaminyl cyclase, which produces abundant ABpN3 in the AD brain, but not in NA
brain tissue [Schilling 2008; Schilling 2008]. Glutaminyl cyclase is also conserved
among plants and animals and is widely distributed in the mammalian brain [Pohl 1991;
Schilling 2008; Stephan 2009; Sykes 1999]. Therefore, as it has been recently
demonstrated in monkeys [Hartig 2010], ABpN3 is presumably produced and deposited
in the brain of many animals such as dogs, bears, woodpeckers and TG mice shown in
this chapter.

Several questions are raised in consideration of common phenomena of brain
aging among mammalian species. Is the formation of ABpN3-dominant SP specific to
human AD? Furthermore, does APpN3 production iduce AD pathogenesis (i.e.
progressive neurodegeneration and neuronal loss) in non-human animals? In this
chapter, the age-dependent deposition of ABpN3 was confirmed in canine brains.
ABpN3 immunoreactivity was detected whenever argyrophilic plaques developed in
dogs (Table 1). Also APpN3 occupied the center of the SP (Figure 3). These
findings may support the assertion that the production of APBpN3 enhances the
aggregation of AP fibrils during the initial phase of SP formation in vivo [Schilling
2008; He 1999; Sanders 2009]. On the other hand, the margins of the SPs were
negative for both ABpN3 and ABN1 (Figures 2B and 2C). This can be explained by
the existence of other N-terminal-modified AP species (such as APp11-42 and APB17-42
[Portelius 2010; Tekirian 2001]) or by the relatively low sensitivity of the N-terminal
antibodies compared to the C-terminal antibodies used in this study. The author

concludes that the APpN3 deposition is associated with SP formation in dogs.
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However, since the dogs with severe APpN3 deposition does not show NFTs and
neuronal loss, the shift from ABNI-dominant to ABpN3-dominant deposition in the
brain by itself is not likely to be the key event in AD onset; i.e., progression to marked
neurodegeneration. Rather, as has been demonstrated in DS, ABpN3 production
occurs in an age-dependent manner [Russo 1997]. This is also suggested by the
absence of ABpN3 plaques in the young transgenic mouse. Since the only factor that
is conclusively known to affect AD onset is aging, ABpN3 deposition may occur
parallel to AD pathogenesis. However, it is evident that APpN3 is specifically
deposited in AD brains compared with age-matched control human brains [Schilling
2008]. The author assumes that ABpN3 is partially involved in AD pathogenesis; i.e.,
AP aggregation, although there may be other factors that make humans vulnerable to
AD.

One of the current therapeutic strategies for AD is to suppress or dissolve
fibrillar amyloid proteins using specific antibodies against A [Citron 2004; Solomon
2004]. The N-terminal of the AP peptide is considered to be a significant target of
such immunotherapy since the site is exposed to antibody binding even in its aggregated
form [Bard 2003; Solomon 1997]. However, the immuno-dominant epitope within the
AP peptide is likely to differ among mammalian species. AB-immunized mice and
guinea pigs predominantly produce antibodies against the EFRH epitope, whereas
rabbits and humans effectively produce antibodies against ABpN3 [Acero 2009;
Britschgi 2009; Frenkel 2000]. It has been also reported that dogs immunized with

full-length AR (AP1-42) produce antibodies specific to the N-terminal region [Head
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2008]. In the report, the APB1-42 and AP1-40 levels in the frontal cortex were
significantly decreased during a vaccination program (the dogs were 8.4 to 12.4 years
old), although the recovery from their cognitive decline was very limited. The results
of the present study indicate that dogs over the age of 10 are affected by APpN3
deposition rather than deposition of the full-length AP peptide. Thus, it is possible that
APBpN3, rather than ABPNI, plays an important role in the Ap-related neural and
cognitive impairment in aged dogs [Bernedo 2009; Cummings 1996; Head 1998;
Rofina 2006; Tapp 2003; Tapp 2003]. Indeed, recent studies have demonstrated the
neurocytotoxicity of ABpN3 in vitro and in vivo [Russo 2002; Wirths 2009].

In this chapter, characteristic differences in AP deposition in the brain
between each animal species were also examined. The aged dogs often developed
MVAA composed of both ABpN3 and ABNI in their WM (Figure 2). These lesions
were distributed focally, suggesting the involvement of the vascular system in the
development of these lesions. One possible explanation is a local drop in the
perivascular drainage system [Weller1998]. Capillaries in the WM are at the distal
extremities of this drainage system. In the feline brain, ABC42 deposits were detected
in the deep cortex. However, these deposits were not recognized by any of the
N-terminal antibodies used.

In conclusion, ABpN3 is deposited in the brains of many animal species, from
birds to non-human primates, and in dogs this deposition is likely to be an
age-dependent phenomenon. Although ABpN3 aggregation is inadequate for the onset

of AD of the human type by itself, the impact of APpN3 peptides on cognitive
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deterioration in aged dogs should be determined to differentiate AD-related dementia
from other kinds of cognitive decline, including mild cognitive impairment (MCI)
[Vanderstichele 2005]. Further investigation on ABpN3 deposition in mammals in
connection with age-related cognitive symptoms may elucidate the genuine pathology

of AD.
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5. Tables and Figures

Table 1. Breed, age, gender, severity of SP formation and AP N-terminal

immunoreactivity scores of dogs

Age Immunoreactivity score**  Focal MVAA
No. Breed (year) Gender SP(PAM) ABpN3 ABN1 ABpPN3***

1 Beagle 1 ND* - 0 = 0 -
2 Beagle 1 ND - 0 = 0 -
3 Beagle 1 Female - 0 = 0 -
4 Beagle 1 Female - 0 = 0 -
5 Mixed breed 2 Male - (0] = 0 -
6 Siberian Husky 3 Female - 0 = 0 -
7 Beagle 3 Male - 0 = 0 -
8 Shiba 5 ND - 0 = 0 -
9 Jack Russell Terrier 5 Castrated male - 0 = 0 -
10 Welsh Corgi 7 Female - 0 = 0 -
11 Yorkshire Terrier 7 Female - 0 < 1 +
12 Beagle 7 Male - 0 = 0 -
13 Golden Retriever 7 Castrated male - 0 = 0 -
14 Shih Tzu 8 Female - 0 = 0 +
15 Yorkshire Terrier 8 Male - 1 > 0 +
16 Labrador Retriever 8 Male - 1 < 2 -
17 Unknown 9 ND - 0 < 1 -
18 Golden Retriever 9 Spayed female - 0 = 0 -
19 Whippet 9 Male - 0 = 0

20  German Shepherd Dog 10 Male - 0 < 1 -
21 Mixed breed 10 ND - 0 < 1 -
22 Unknown 10 ND - 1 < 2 -
23 Welsh Corgi 10 Female mild 1 > 0 -
24 Shiba " ND - 0 = 0 -
25 Shih Tzu " Female - 0 = 0 -
26  Shetland Sheepdog 1 Male - 1 > 0 -
27 Beagle 12 Female - 0 = 0 -
28 Beagle 12 Female - 0 = 0 +
29 Beagle 12 Male - 0 = 0 -
30 Beagle 13 Male moderate 1 > 0 +
31 Miniature Dachshund 13 Female mild 1 > 0 +
32 Miniature Dachshund 13 Female - 1 > 0 -
33 Chihuahua 13 Female - 3 > 1 +
34 Yorkshire Terrier 14 ND - 0 = 0 +
35 Mixed breed 14 Female severe 3 > 0 +
36 Unknown 14 ND moderate 4 = 4 +
37 Italian Greyhound 14 Castrated male - 2 > 1 +
38 Pomeranian 15 Spayed female - 3 > 2 +
39 Mixed breed 15 Female - 0 < 1 +
40 Yorkshire Terrier 16 ND moderate 3 = 3 +
41 Pomeranian 16 Female - 0 < 1 +
42 Shih Tzu 16 Male severe 3 > 0 +
43 Mixed breed 16 Male mild 2 > 1 +
44 Maltese 18 ND mild 3 > 1 +
45 Yorkshire Terrier 18 Male - 1 = 1 +
46 Yorkshire Terrier 20 Castrated male mild 2 > 1 +
47 Unknown 20 ND severe 3 > 1 +

*Not determined; **Scoring of ABpN3 and ABN1 immunoreactivity 0: no staining, 1: little positive staining was detected,
2: positive staining was scattered in less than half of the cortical circumference, 3: positive staining was scattered
throughout more than half of the cortical circumference, 4: immunoreactive deposits were observed throughout the entire
cortical circumference; ***Focal MVAA: 5 or more capillaries were affected by ABpN3 deposition in a x400 power field.
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Table 2. Age and gender of the animal species other than the dog used in the present study

Species Age Gender
Human: sporadic AD patient (Homo sapiens) 73y* Female
APP-transgenic mouse: B6SJL-Tg hemizygote (Mus musculus) 14w**  Male

Japanese macaque (Macaca fuscata) >26y  ND***
American black bear (Ursus americanus) 20y Female
Cat (Felis catus) >18y  Female
Greater spotted woodpecker (Dendrocopos major) >16y Male

*Years. **Weeks. ***Not determined.
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Table 3. Primary antibodies used in the present study

Specificity Clone Dilution Manufacturer
C-terminus AP peptide ending at amino acid residue 42 Mouse monoclonal antibody (clone12F4) 1:1000 Millipore, Temecula, CA, USA
ApB peptide ending at amino acid residue 40 Mouse monoclonal antibody (clone11A5-B10) 1:1000 Millipore, Temecula, CA, USA
N-terminus AP peptide starting at amino acid residue 1 Rabbit polyclonal antibody 1:100 IBL, Gunma, Japan
AB peptide starting at amino acid residue 3 (pyroglutamate) Rabbit polyclonal antibody 1:100 IBL, Gunma, Japan
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Figure 1. (A) Deposition of AP N-terminal species in different aged dogs. Both
APpN3 and ABN1 deposition significantly increased in an age-dependent manner
(ABpN3 rs=0.999, P<0.01; ABNI rs=0.589, P<0.05). The APNI deposition score
showed a lower correlation coefficient than that of ABpN3, apparently due to the
cessation of the increase in its levels in the second decade of life. (B) Comparison of
APpN3 and APNI deposition between groups displaying different degrees of SP
formation. ABpN3 deposition increased with the progression of SP formation, whereas
ABNI deposition did not. Note that the severe SP formation group displayed a high
APBpN3/ABNTI ratio.
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Figure 2. SPs in a dog brain (No. 47). Immunofluorescence double-staining for
ABC42/ABpN3 (A and B) and ABC42/ABN1 (C). (A) APpN3 was the main
component of SP. (B and C) The center of the SP is strongly immunopositive for
APBpN3. However, the margin of the SP is negative for ABpN3 and ABNI. b and c

show the same SP in serial sections. Scale bars are 200 um for A; 50 um for B and C.
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Figure 3. Microvascular A deposits in a dog (A, No. 44) and a woodpecker (B). Both

APBpN3 and ABN1 are deposited in the vascular walls.

focally, mainly in the deep cortex and occasionally in the white matter.

200 pm.
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Figure 4. AP N-terminal subtypes in the cebral cortex of AD patient. SPs are mostly
composed of ABpN3 while ABN1 deposition is subtle. Scale bar, 100um.
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Figure 5. Serial sections of SPs in an AD patient, a macaque, a dog (No. 36), a bear, and
a B6SJL-Tg mouse stained with PAM and immunostained for ABC42, ABC40, ABpN3
and ABN1. Scale bar, 40 pm.
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6. Abstract

Senile plaques are characteristic histopathological manifestations of AD, but
are also found in NA. Recent studies have demonstrated that AP proteins that have
been truncated at the N-terminal position 3 are the predominant component of SPs in
AD, but not in NA. The study in this chapter revealed that ABpN3 was deposited in an
age-dependent manner in canine brains. Moreover, ABpN3 was the main component
of the SPs that developed in very old dogs. The deposition of APpN3 increased in
accordance with the number of SPs, but that of N-terminally intact AR did not. In
addition, APpN3 was also deposited in the SPs of a Japanese macaque and an American
black bear, but not in a feline brain. Focal microvascular cerebral amyloid angiopathy
was also observed in the deep cortices and the white matter of the dogs and a
woodpecker.  Those were always composed of both ABPpN3 and ABNI1. In
conclusion, though non-human animals do not develop full pathology of AD of the

human type, ABpN3 is widely deposited in the brains of senescent vertebrates.
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Chapter 2

Vascular Deposit Patterns of Ap Subtypes in the Brains of Aged Squirrel Monkeys

1. Introduction

AP aggregates in the brain parenchyma and blood vessel walls with aging,
and forms microscopic lesions termed SPs and cerebral amyloid angiopathy (CAA)
[Hardy 2002; Revesz 2003]. In AD patients, excessive amounts of A accumulate in
the brain, with development of numerous SPs, and cause progressive cognitive
deterioration due to neuronal impairment [Hardy 2002; LaFerla 1997]. AD is a major
dementing disorder of humans, and CAA is known to aggravate the cognitive deficits of
AD [Esiri 1999; Goedert 2006], making AP the principal factor in dementia in humans
[Walsh 2004]. AD is becoming a social problem, due to the increasing number of
patients with it and the lack of an effective cure for it.

An increase in production or decrease in clearance may cause accumulation of
AP in the brain. However, it is known that excessive production of A does not occur
in more than 99% of AD patients, and decrease in AP clearance is considered the cause
of the majority of AD cases [Farris 2007]. This common type of AD is termed
late-onset AD (LOAD) or sporadic AD, because its clinical symptoms appear in the
60’s or later, and there is no evidence of familial occurrence [Goedert 2006].
Therefore, examination of the degradation and clearance of A is currently the central
strategy in research on LOAD therapy. Recently, a major AP degrading protease,

neprilysin (NEP), was identified [Iwata 2001; Iwata 2006; Shirotani 2001]. Research
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with knockout mice has demonstrated that hypofunction of NEP not only promotes the
development of SPs but also significantly increases the AP burden in blood vessels
[Farris 2007] Moreover, NEP is reduced in AD brains, and is correlated with SP and
CAA development [Miners 2006; Yasojima 2001], and has thus received attention as a
target of AD therapy [Saido 2006].

In addition, the fact that more than 90% of AD patients develop CAA
simultaneously suggests that a relationship exists between AP deposition in the blood
vessels and decreased AP clearance from the brain [Attems 2008]. A decline of AP
clearance via the transporters at the blood-brain barrier (BBB) or perivascular drainage
of the brain interstitial fluid is considered the reason for manifestation of CAA [Weller
2008; Wilhelmus 1999].

Although A deposits have been detected in brains of the dog [Czasch 2006;
Shimada 1991; Uchida 1991; Uchida 1995], cat [Nakamura 1996], monkey [Nakamura
1995; Struble 1985; Walker 1990; Wisniewski 1973], bear [Cork 1988; Uchida 1995],
wolverine [Roertgen 1996], camel [Nakamura 1995], and woodpecker [Nakayama
1999], it is generally believed that AD is a human-specific disease, since whether a
correlation exists between such lesions and cognitive changes in animals is still
controversial [Cummings 1996]. Hence, strains of transgenic mice have mainly been
used as experimental models of AD and CAA [Gotz 2008; Herzig 2006], although these
animals replicate only some aspects of the disease, and do not represent its systemic
pathological features.

Squirrel monkeys are useful for AD and CAA research for several reasons: 1)
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AP deposition occurs at an early age, e. g. in the teens, due to their relatively short
lifespan; 2) they develop mature SPs comprised of a central core accompanied by
degeneration of nearby axons, although the SPs are small compared to those in humans;
3) CAA is more prominent than SPs, in contrast to other primates such as the rhesus
monkey [Walker 1990; Cork 1993; Walker 1987].

Researches on AD therapy are currently in progress worldwide, and monkeys
are becoming an experimental animal model of integral importance to drug
experimentation. The deposition patterns of two AP subtypes (AP40/AP42) and the
distribution of the AP degrading enzyme NEP in the brains of aged squirrel monkeys
are examined to obtain findings on this species as an experimental animal for studies of

AP pathology.

2. Materials and Methods
Animals

Retrospective analysis was performed using paraffin-embedded brain tissues
(fixed in 10% phosphate-buffered formalin) of 10 aged squirrel monkeys from the
collection of the Laboratory of Pathology, Department of Veterinary Medicine, Azabu
University. The monkeys were bred in different facilities in Japan, but necropsies
were performed in our laboratory. The age (four of them unknown), genders, and
pathological diagnoses of the monkeys are listed in Table. 1. None of the monkeys had
a history of neurological abnormalities. All procedures in this study were in

accordance with the guidelines approved by the Animal Research Committee of Azabu
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University, and strictly adhere to Japanese law.

Histopathology

Transverse slices of the cerebrum and cerebellum were cut into 4-um-thick
sections. To evaluate SPs and CAA histochemically, deparaffinized sections were
stained with PAM and Congo red, respectively. For PAM staining, sections were
treated with 0.5% periodic acid for 15 minutes, washed in distilled water and then
placed in methenamine silver solution in the dark at 60°C for 80 to 100 minutes. The
methenamine silver solution consisted of 3% methenamine 40ml, 5% silver nitrate 2ml,

and 5% borax 2ml.

Immunohistochemistry

The immunoenzyme technique was performed to examine deposition of two
AP subtypes (AP40, AB42) and the distribution of the NEP expression in each brain.
Tissue sections were mounted on glass slides coated with 3-aminopropyltriethoxysilane
and deparaffinized in xylene. To deactivate endogenous peroxidase, the sections were
immersed in 1% hydrogen peroxide in methanol for 20 minutes and washed with
phosphate-buffered saline (PBS). For antigen retrieval for Ap and NEP, sections were
immersed in 99% formic acid (FA) for 10 minutes or autoclaved at 121°C for 10
minutes in citrate buffer (pH 6.0), respectively. After being washed with PBS,
sections were treated with 5% skim milk at room temperature (RT) for 20 minutes to

block nonspecific binding. Rabbit anti-AB1-42 polyclonal antibody (IBL, Gunma,

33



Japan), rabbit anti-Af1-40 polyclonal antibody (IBL, Gunma, Japan), and mouse
anti-NEP monoclonal antibody (Novocastra, Newcastle, UK) were used as primary
antibodies. All the antibodies were diluted to 1:100 with 1% bovine serum albumin
containing PBS, mounted on slides, and incubated at 4°C overnight. After being
washed in PBS, the sections were sequentially incubated with the
peroxidase-conjugated secondary antibody Histofine-Simplestain MAX-PO (MULTI)
(Nichirei, Tokyo, Japan) at RT for one hour. Immunolabeled antigen was visualized
using 3’3-diaminobenzidine, and then counterstained with hematoxylin. Negative
controls were obtained by omitting the primary antibodies. AP burden of each brain
was evaluated by scoring the distribution of AP deposits and the severity of SP and
CAA using sections stained for AB40 and AP42. The scoring criteria and results are
listed in Table 1.

To clarify the patterns of deposition of the two AP subtypes in the blood
vessel wall and parenchyma of the brain, indirect immunofluorescence double-staining
technique was applied on a monkey brain with abundant AP deposition (No. 5). The
same pretreatment with the immunoenzyme technique against ABs was also performed.
As primary antibodies, rabbit anti-Af1-42 polyclonal antibody (IBL) and mouse
anti-APB35-40 monoclonal antibody (IBL, Gunma, Japan) were mixed in 1% bovine
serum albumin containing PBS, each to a dilution of 1:100. After incubation with
primary antibodies at RT for two hours, sections were washed with PBS. As
secondary antibodies, ALEXA488-conjugated goat anti-rabbit IgG antibody (Invitrogen,

Oregon, USA) and ALEXA568-conjugated goat anti-mouse IgG antibody (Invitrogen)
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were mixed in 1% bovine serum albumin containing PBS, each to a dilution of 1:100.
Sections were incubated with the secondary antibodies at RT for one hour, and

examined under a fluorescence microscope.

3. Results
AP deposition in the brains of aged squirrel monkeys

The brains of 5 of 6 aged monkeys were positive for both subtypes of AP on
immunohistochemistry, although the brains of monkeys under 11 years of age were
negative for both (Table 1). AP deposits were observed predominantly in the parietal
and temporal cortex in mild cases, but spread over the entire cortex and hippocampus in
severe cases. SPs were observed predominantly in the third and fifth layers of the
cerebral cortex (Figure 1). Deposition in the blood vessel walls was more pronounced
than that in the parenchyma in all AP positive brains. In cases with high AP burden in
the cerebrum, the meningeal vessels were also positive for A in the cerebellum (Table
1). The AP in the cerebellum was comprised of both subtypes (AB40/AB42), without
preponderance of either, although it was confined to the meningeal vessels and was not
present in the cerebellum parenchyma. On a PAM stainined section, mature plaques
with dystrophic neurites and diffuse plaques were observed in the cerebral cortex
(Figures 2A and 2B). Some mature plaques could be observed on HE stained section
(Figure 2C). Dense-core plaque-like structures were often found adjacent to

capillaries (Figure 2D).
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Distribution of NEP in squirrel monkey brains

Staining for NEP was positive in the caudate nucleus, putamen, globus
pallidus, and substantia nigra, and weakly positive in the molecular layer of the dentate
gyrus, exhibiting a diffuse fine-granular pattern (Figure 3). The cerebral cortex,
hippocampus, and WM were negative for NEP immunoreactivity. NEP was thus not
expressed where AP deposition occurs. However, neither differences in NEP and AR

severity or age were found through immunohistochemical examination.

Patterns of deposition of Af subtypes in blood vessel walls

The patterns of deposition of the two AP subtypes in blood vessels were
compared. AP40 was deposited predominantly in larger vessel walls such as arterioles
in the meninges, whereas AP42 was deposited in capillary walls (Figure 4). To specify
this pattern of selective deposition, immunofluorescence double-staining was performed
for the two subtypes, and confirmed that the depositions of AP subtypes definitely
differed between the arterioles and the capillaries that branch from the arterioles
(Figures 5A and 5B). Furthermore, the dense-core plaques observed adjacent to the

capillaries were strongly immunoreactive for AB42 (Figure 5C).

4. Discussion
AP deposition in brains of aged squirrel monkeys
AP is derived from amyloid precursor protein (APP), which is highly

conserved among vertebrates [Collin 2004; Coulson 2000], and the cDNA sequence of
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squirrel monkey APP is roughly identical to that in humans [Levy 1995]. APP is an
integral membrane protein that is constitutively metabolized by a-secretase [Esch 1990;
Sisodia 1990]. However, the plaques and vascular amyloid deposits of AD are
principally composed of the 42 and 40 residue of AP proteins generated by sequential
proteolysis of APP by B- and y-secretase enzymes [Citron 1996; Vassar 1999; Walsh
2007]. The two subtypes of AP possess somewhat different biochemical properties
that contribute to AP pathology. AP42 is more prone to fibril formation, and is
initially deposited in association with SP formation [Iwatsubo 1994; Jarett 1993]. On
the other hand, the comparatively soluble AB40 is physiologically present in the plasma
and cerebrospinal fluid [Seubert 1992; Shoji 1992], and participates in SP maturation
and vessel deposition [Herzig 2004].

In squirrel monkey brains, SPs were observed predominantly in the third and
fifth layers of the cerebral cortex, but spread to the hippocampus in severe cases, similar
to their localization in humans [Ogomori 1989].  As reported in dogs, transgenic mice,
and AD patients [Ogomori 1989; Kumar-Singh 2005; Rofina 2003; Shimada 1992],
dense-core plaques were often found adjacent to capillaries, indicating capillary-related
SP formation in squirrel monkeys as well. The cores of these plaques were comprised

of AP42 (Figure 5C), the subtype with more amyloidogenic character.

Distribution of NEP in squirrel monkey brains
NEP, also known as neutral endopeptidase, enkephalinase or CDI10, is a

type-II membrane metalloendopeptidase expressed in various tissues [Turner 1995;
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Roques 1993]. In the brain, it is expressed on the synaptic membrane, and before it
was recently established that NEP catabolizes AP peptides in the brain [Iwata 2000], it
was known to degrade neuropeptides. The NEP distribution in the brain has been
studied in humans [Akiyama 2001], pigs [Matsas 1986], dogs and cats [Takeuchi 2008],
and mice [Fukami 2002], but not in non-human primates. Hence, this is the first study
to demonstrate the NEP distribution in a non-human primate. In squirrel monkey
brains, NEP was expressed in the caudate nucleus, putamen, globus pallidus, substantia
nigra, and the molecular layer of the dentate gyrus (Figure 3). Although this
distribution is generally consistent with that in humans and other animals, some
differences in distribution exist among species in the dentate gyrus, hippocampus, and
the cerebral cortex. NEP is not expressed in the dentate gyrus of dogs and cats
[Takeuchi 2008], but is weakly expressed there in squirrel monkeys. In mice as well
as humans, NEP is weakly expressed in the hippocampus and cerebral cortex, in
addition to the dentate gyrus [Akiyama 2001; Fukami 2002]. However, NEP was not
detected immunohistochemically in the hippocampus and cerebral cortex of squirrel
monkeys (Figure 3). Although NEP immunoreactivity is known to decline in teh
brains of AD patients, and exhibits a negative correlation with AP deposition [Wang
2005], in squirrel monkeys, as reported in dogs and cats, no differences in NEP
immunoreactivity and either age or AP severity were found. Although quantitative
analysis of NEP expression was not performed, the present immunohistochemical
findings indicate that AP is deposited in the squirrel monkey brains in age-related

fashion, in areas that constitutively lack NEP expression. These findings suggest that
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AP aggregation is prevented by the constitutive expression of NEP. Nonhuman
animals do not develop AD, and AP deposits in the animals are considered to be
age-related rather than pathological. Therefore the decrease in NEP expression is not
the direct cause of AP deposition in nonhuman animals. In fact, decreased NEP
immunoreactivity is also not observed in the brains of humans without AD but with

age-related AP deposits [Wang 2005].

Different distribution of Ap40 and Af42 deposits in blood vessel walls

Brain-derived solutes of the interstitial fluid of the brain are partially drained
via the perivascular pathway physiologically [Carare 2008]. Substantial evidence,
including the abluminal deposition of AP in blood vessel walls, suggests that
aggregation of soluble AP in the perivascular fluid participates in the pathogenesis of
CAA [Weller 2008; Calhoun 1999; Preston 2003; Weller 1998]. Meningeal arterioles
that penetrate vertically into the cortex collect the interstitial fluid of the perivascular
drainage system, and are accompanied by the Virchow-Robin space. The present
study demonstrated that Ap40, the comparatively soluble subtype of AP, is selectively
deposited in these types of vessels in squirrel monkeys, similarly to humans [Roher
1993]. It was previously found in an ultrastructural study that AP is deposited in the
basal lamina of the blood vessels in squirrel monkey brains [Elfenbein 2007]. The
author concludes that the pattern of selective deposition of soluble AP indicates
perivascular drainage of AP in squirrel monkey brains. A pathological study of AD

patients immunized against AP42, have demonstrated that the perivascular pathway
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causes CAA in human brains [Boche 2008]. The present findings clearly shows that
perivascular pathway participates in the development of CAA also in squirrel monkeys,
which makes the squirrel monkey a suitable animal model for studying spontaneous A
pathology of the brain.

It is already known that, in squirrel monkey brains, dense-core plaques are
often formed adjacent to the capillaries in the cerebral cortex [Walker 1990]. In this
study, AP deposits in the capillary walls, as well as the dense-core plaques adjacent to
them, were mainly composed of AP42 (Figure 5). These findings suggest that these
dense-core plaques are associated with AP deposition in the capillaries. It has also
been found in AD patients that AB42 tends to be deposited in the capillaries of the brain
parenchyma, rather than the meningeal arterioles [Revesz 2003].

In addition to the perivascular clearance pathway mentioned above, certain
transporters at the BBB are known to participate in AP clearance from the brain into the
blood circulation [Weller 2008; Wilhelmus 2007]. The former pathway is mainly
present at arterioles that are accompanied by the perivascular space, while the latter
pathway is present at capillaries. Thus, these differences in patterns of deposition
among types of vessels and AP subtypes suggest the presence of different mechanisms
of clearance.

Unlike human cerebellum, AP deposits were not observed in the cerebellum
of squirrel monkeys in previous studies [Elfenbein 2007; Bading 2002]. In the present
study, however, vascular AP deposits were found in the cerebellar meninges in squirrel

monkeys with severe AP burden in the cerebrum. This suggests that the AP in the
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cerebellum originated in the cerebrum and was transferred from it via the perivascular
drainage system to the cerebellar meninges, since there were no deposits in the
cerebellar parenchyma or vessels elsewhere in the meninges.

Examination of the degradation and clearance of AP is currently the central
strategy in LOAD therapy research. The immunohistochemical distribution of NEP in
squirrel monkey brains is similar to that in human brains except for the absence of NEP
in the cortex of squirrel monkey brains. The author concludes that in squirrel monkey
brains the perivascular drainage system plays the main role in the clearance of AP
deposition, which is somehow decreased in aged individuals. On the other hand, NEP
does not contribute to the clearance of age-related AP deposition. Furthermore, the
two subtypes of AR (AP40 and AP42) are likely to be exported through different
vasculature-related clearance pathways. The contribution of the perivascular drainage
system to the etiology of AD is currently being reviewed by researchers. Squirrel
monkeys may be used for further study in the clearance mechanism of A through the

perivascular drainage system.
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5. Tables and Figures

Table 1. Immunohistochemical scoring of AP severity.

Case Age Gender Distribution®* SP** CAA*** Pathological Diagnoses
(years) Cerebrum Cerebellum
1 8 Female - - - - Systemic hyperostosis
2 10 Male - - - - Systemic hyperostosis
3 11 Female - - - - Toxoplasmosis
4 11 Male - - - - Asphyxia
5 15<  Female ++ + ++ + Traumatic shock
6 18<  Female ++ ++ ++ + Heat stroke
7 aged Female + + + - Subdural hemorrhage
8 aged Female ++ + + + Anesthetic death
9 aged Female + + + - Traumatic shock
10 aged Female - - - - Hemorrhagic death

*Distribution of AP deposits. —: negative. +: AP deposited mainly in the parietal and temporal
cortex. ++: A deposited diffusely throughout the entire cerebral cortex and hippocampus.
**Severity of SP. —: negative. +: mild. ++: severe.

*HkSeverity of CAA. —: negative. +: mild. ++: severe.
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Figure 1. Immunohistochemistry for AB42. SPs are observed predominantly in the third
and fifth layers of the cerebral cortex. Vessel walls in the meninges as well as the

parenchyma are also positive for AB42 (bar = 100um).
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plaques in the brains of squirrel monkeys. (A) Mature plaque with

AR o1 g i i

Figure 2. Senile
dystrophic neurites surrounding a central core (arrowheads). PAM staining (bar =
50um). (B) Diffuse plaque without dystrophic neurites. PAM staining (bar = 50um).
(C) Mature plaque observed on a consecutive section. HE (bar = 50um). (D)
Dense-core plaque-like structures are observed adjacent to capillaries (arrowheads).
PAM staining (bar = 100pm).
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Figure 3. Transverse section of cerebrum. Case 10. Immunohistochemistry for NEP.

Low-power field at left (bar = 2mm), and high-power field at right (bar = 50um).

Cn

= caudate nucleus, Pu = putamen, Gp = globus pallidus, Dg = dentate gyrus, Sn =

substantia nigra.
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Figure 4. Serial sections stained for AB42 and AP40, respectively. Cerebral cortex of
case 8. AP40 is deposited predominantly in larger vessel walls such as those of the

arterioles in the meninges, whereas AP42 occupies capillary vessel walls (bar =

100um).
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Figure 5. Immunofluorescence double-staining for AP42 (green) and AP40 (red).
Cerebral cortex of case 5. (A) Low-power field (bar = 100pum). AP40 is deposited
predominantly in the arterioles of the cerebral cortex that penetrate vertically from the
meninges (arrowheads). (B) High-power field (bar = 50um). Ap42 is deposited
predominantly in the capillaries that branch from the arterioles (arrowheads). (C)
High-power field (bar = 50um). The dense-core plaques observed adjacent to the
capillaries are strongly immunoreactive for Af42 (arrowheads). Staining for AB40 is
often positive at the margins of SPs, since it aggregated in addition to the AB42 core

(arrows).
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6. Abstract

Beta amyloid is deposited in the parenchyma and blood vessel walls of the
aged brain, and forms lesions termed SPs and CAA. Since excessive AP is linked to
cognitive deterioration in AD, the mechanisms of degradation and clearance of AP are
now being researched for use in AD therapy. Deposition patterns of two ABa subtypes
(AP40 and AB42) and the distribution of the AP degrading enzyme NEP were studied in
the brains of aged squirrel monkeys, a species known to develop CAA and SPs AP
deposits were observed mainly in the cerebral cortex of five older monkeys, and were
absent in monkeys under 12 years of age. NEP expression was observed in the
caudate nucleus, putamen, globus pallidus, substantia nigra and the molecular layer of
the dentate gyrus, and thus exhibited a distribution complementary to those of CAA and
SPs in cerebral cortex and hippocampus. It is known that CAA is more prominent
than SPs in squirrel monkey brains. In the present study, however, AP40 was
deposited predominantly in the arterioles of the meninges and penetrates vertically into
the cerebral cortex, whereas AP42 is deposited predominantly in the capillaries of the
cerebral cortex. These distinct patterns of deposition of AP subtypes are likely related

to the difference in biochemical character of these two subtypes.
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Chapter 3

White matter myelin loss in the brains of aged dogs

1. Introduction

The degree of cerebral WM myelination is decreased in patients with VD,
compared to that in normal aging controls (Ihara 2010). Also, the appearance of WM
hyperintensity on magnetic resonance imaging (MRI) is a common manifestation of VD
[Barber 1999; Ferrer 2010; Smith 2000]. Therefore, CAA is considered to be one of
the major factors affecting WM myelin loss in the aged human brain [Roher 2003].
Although CAA is a manifestation of VD and AD, it is often observed in normal aging
brains. MRI WM intensity increases even in cognitively normal senescent people. It
has also been reported that the cortical myelin content is reduced in an age-dependent
manner in cognitively normal human brains [Lintl 1983]. Since MRI WM
hyperintensity is related to the onset and progression of dementia [Stackenborg 2009], it
is necessary to assess the histological WM myelin density in subjects of various ages in
order to confirm the occurrence of age-dependent myelin loss in the WM.

MRI WM-hyperintensity has been reported in the brains of aged dogs as well
as humans [Kimotsuki 2005; Tapp 2006]. Also, dogs are known as an adequate
animal model of CAA [Walker 1997]. The cerebral cortex and hippocamupus, which
are severely affected by AD, have been extensively studied in aged dogs, although
age-related changes in the canine cerebral WM are yet to be studied, particularly with

regard to their relevance to the WM alterations that occur in elderly humans [Head
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2011; Rofina 2006]. In Chapter 1, the author found the occurrence of CAA of the
capillaries in the cerebral WM of aged dogs. In humans, the apolipoprotein E (Apo E)
4 genotype is associated with AP deposition in the WM vasculature [Trembath 2007],
and Apo E4- AP complexes are deposited in the vascular walls of the perivascular
drainage system [Attems 2011; Thal 2002]. Interestingly, dogs are homozygous for
the Apo E4 allele (Sarasa 2010; Zicker 2008).

This study revealed age-dependent myelin loss in the canine brain, which was
correlated with perivascular accumulation of ceroid-lipofuscin (CL)-laden phagocytes.
It has been demonstrated in short-term experiments using mice that the cerebral
perivascular space is a drainage route for soluble substances, while phagocytes can
become stuck and accumulate within the perivascular space [Carare 2008]. However,
no spontaneous lesions have been definitively linked to this putative drainage route.
The novel insights that are presented in this paper will aid the elucidation of the

alterations that occur in aging mammal brains.

2. Materials and Methods
Canine brains

Fifty-one canine brains were obtained through routine necropsies performed
at the Departments of Veterinary Pathology the University of Tokyo and Kagoshima
University. The ages of the dogs ranged from 1 to 20 years old. The dogs were
euthanized or died spontaneously from various disorders, but individuals with major

neurological symptoms or major brain lesions, such as neoplasia or inflammatory
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diseases that had been confirmed grossly or microscopically using HE-stained sections
were excluded from the study. Various breeds were included, although most of the
dogs were small breed dogs, except for 4 large breed dogs (two Golden Retrievers, one
Labrador Retriever, and one German Shepherd Dog, all of which died in the range of 7
to 10 years old). Age-related behavioral deficits were not assessed in the dogs. After
they had died, their brains were fixed in 10% phosphate-buffered formalin, coronally
sliced, and then conventionally embedded in paraffin blocks. The frontal lobe, where
the vascular contribution to WM integrity is most severe in people with MCI and AD
[Uh 2010] and also where AP is initially deposited in dogs [Yoshino 1996], was

selected as the region of interest.

Histopathology

The paraffin-embedded tissues were cut into 4-pum-thick serial sections.
Deparaffinized sections were then stained with HE for general pathological evaluation,
and luxol fast blue (LFB) for assessing WM myelin density. Periodic acid Schiff (PAS)
and Ziehl’s carbol fuchsin stains were also done for the characterization of oxidized
lipid pigments [Prophet 1992]. Berlin blue (BB) staining was performed to detect
microhemorrhage in the cerebrum. Microhemorrhage of each dog brain was scored as:
0, no BB-positive staining; 1, few BB-positive macrophages; 2, aggregates of
BB-positive macrophages; 3, small hematoma surrounded by BB-positive macrophages.
Non-stained sections were also used for the detection of CL auto-fluorescence.

For immunohistochemistry, the antibodies listed in Table 1 were used as
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primary antibodies Immunolabeled antigen was visualized using the Dako Envision+
System (Dako, Carpenteria, CA, USA). Shortly, the sections were incubated with
HRP-labeled polymer at 37°C for 40 minutes, reacted with 0.05%
3’3-diaminobenzidine plus 0.03% hydrogen peroxide in tris-hydrochloric acid buffer,
and then counterstained with hematoxylin. Negative controls were obtained by
omitting the primary antibodies. The immunofluorescence double-staining technique
was also performed to determine the perivascular coexistence of AP peptide and Apo E.
After being incubated with the primary antibodies at 4°C overnight, the sections were
washed with TBS. As secondary antibodies, Alexa488-conjugated goat anti-mouse
IgG (Invitrogen, Carlsbad, CA, USA) and Alexa594-conjugated goat anti-rabbit IgG
(Invitrogen) were mixed with TBS, at a dilution of 1:100. The sections were incubated
with the secondary antibodies at 37°C for one hour, mounted with Vectashield (H-1500,
Vector Laboratories, Burlingame, CA, USA), and examined under a Leica DMI 3000B

fluorescence microscope (Leica Microsystems, Tokyo, Japan).

Confocal microscopy

To analyze the localization of perivascular CL-laden phagocytes and the
vascular structure, 200-um-thick sections were examined under a confocal microscope.
Briefly, 10% phosphate-buffered formalin-fixed canine frontal lobes were embedded in
3% agarose and then sliced into 200 pum sections using a Microslicer DTK-1000
vibratome (DSK, Kyoto, Japan). Floating sections were then washed with 0.3% Triton

X-100 (Sigma-Aldrich, St. Louis, MO, USA) and PBS and incubated in 10pg/ml
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Proteinase K (Wako Pure Chemical, Osaka, Japan) at 37°C for one hour for antigen
retrieval. After treating the sections with 5% skimmed milk to block nonspecific
antigens, they were immersed in anti-collagen IV primary antibody at 4°C for two
nights. As the secondary antibody, Alexa488-conjugated goat anti-rabbit IgG
(Invitrogen) was applied at a dilution of 1:1000 overnight. Finally, the sections were
mounted with Vectashield (Vector Laboratories). Three-dimensional images were
reconstructed from 100 Z stack images (approximate optical thickness: 1um) acquired
with an Olympus FV10i-DOC laser scanning confocal microscope (Olympus, Tokyo,
Japan). Using this method, the vascular structure could be visualized for CL particles

using an aqueous staining procedure.

Semi-quantitative analyses of WM lesions

The myelin density of the WM was assessed using the method described by
Yamamoto et al. with some minor modifications [Ihara 2010; Yamamoto 2009].
Briefly, 6 um-thick paraffin sections were stained with LFB alone, and then TIFF
images were captured with a Nikon COOLSCAN IV ED camera (Nikon Imaging,
Tokyo, Japan). After the WM had been outlined using the wand tool, the area (mm?)
and the gray value [0 (white) to 255 (black)] of each pixel were measured using the
Image J software (MBF Image J for microscopy,
http://www.macbiophotonics.ca/imagej/index.htm). The mean WM gray value was
calculated by dividing the total gray value by the number of pixels within the WM.

The number of total AB-laden vessels per square millimeter (CAA/mm?) was
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calculated by adding the number of vessels containing APx-40 and APx-42 deposits and
dividing it by the WM area (mm®) obtained above.

The degree of perivascular CL accumulation was assessed with PAS-stained
sections Ten large vessels in the WM were examined and scored as 0 (no CL
accumulation), 1 (less than a quarter of the vessel was surrounded by CL), 2 (less than
half of the vessel was surrounded by CL), 3 (less than three quarters of the vessel were
surrounded by CL), or 4 (more than three quarters of the vessel were surrounded by CL).
The scores for the ten vessels were added up to give the total score (maximum score:
40).

Anti-Olig2 antibody was used as a marker of oligodendrocytes (Table 1),
which was recently demonstrated in dogs (Millan et al., 2010). For each individual,
high-magnification (x400) digital images were captured in 10 randomly selected areas
within the WM, using a Nikon DXM1200F digital camera and the ACT-1 software
(Nikon Instruments, Tokyo, Japan). The numbers of Olig2-positive nuclei and total
nuclei were counted manually, and the percentage of Olig2-positive cells was
calculated.

Spearman’s rank correlation coefficient with two-tailed P-values was
performed to determine the significance of the correlations between the mean WM gray
value, age, CAA/mmz, perivascular CL accumulation score, percentage of
Olig2-positive cells, and the total number of cells within the WM, respectively. All of
the dog brains were analyzed (n=51), except for 5 samples that showed no

immunoreactivity with anti-Olig2 antibody, possibly due to a postmortem change
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(Table 2).

3. Results

Significant correlations were confirmed between the age of the dogs and
either the decrease in WM myelin density, the increase in the number of AB-laden
vessels, the degree of perivascular CL accumulation, and the total number of cells
within the WM (P<0.001, n=51) (Table 2 and Figure 2). The percentage of
Olig2-positive cells did not show any significant correlation with the age of the dogs
(r=-0.283, P<0.1, n=46) (Table 2). As shown in Figure 1, the LFB-stained myelin
density was decreased throughout the WM, and no locational relationships with the
vascular lesions described below were confirmed. There was no correlation between
the percentage of Olig2-positive cells and myelin breakdown (r=0.193, P<l1, n=46),
whereas the total number of cells within the WM was negatively correlated with myelin
breakdown (r=-0.439, P<0.001, n=51) (Table 2). Since the total number of the WM
cells increased with aging, the faint staining for LFB in the aged dogs was not likely to
have been due to the thickness of the sections.

In aged dogs, abundant pigment-laden phagocytes were observed within the
perivascular spaces of the WM (Figure 3a). These pigments were positive for PAS,
LFB, and Ziehl’s carbol fuchsin (Figures. 3b and c¢) and also displayed
auto-fluorescence. These staining patterns are consistent with those of CL. Such
phagocytes were located between astrocyte foot processes that were positive for GFAP

and the type IV collagen-positive basal lamina of the vessels. Myelin basic protein
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(MBP)-positive granules were often detected in these phagocytes (Figure. 3d). A
significant negative correlation was confirmed between WM myelin density and the
degree of perivascular CL accumulation (r=-0.664, P<0.001, n=51) (Table 2 and Figure
2). Dogs of over 10 years of age consistently displayed some degree of perivascular
CL accumulation in the WM. In addition, ubiquitin-positive granules were scattered
throughout the WM of the aged dogs but not in young dogs (Figures 4a and b).

Although perivascular CL accumulation was mainly and frequently observed
in the WM, it was also detected in the perivascular spaces of the cerebral cortex to a
lesser extent (Figure 5a). Interestingly, these phagocytes seemed to be located at the
bifurcations of the vascular branches (Figure 5b). Furthermore, abundant CL particles
were seen in the meninges (Figure 5¢).

In the canine brain WM, focal ABx-42 and APx-40 deposits were observed in
the vessel walls, but not in the parenchyma. Interestingly, most of the vascular AP
deposits in the WM were located in the capillary walls and rarely in arteriole walls
(Figure 4c and d). However, all the dogs with WM AP deposition had cortical AP
deposition. Cortical AP deposits of aged dogs were observed in the parenchyma,
vessels and most severely in the meningeal arterioles, as it has been previously
described [Borras 1999; Uchida 1991; Uchida 1992; Yoshino 1996]. APx-42 and
APx-40 were deposited in a similar pattern, although the number of APx-40-laden
vessels was slightly less. In addition, a significant correlation was detected between
the number of total AB-laden vessels per square millimeter and WM myelin density

(r=-0.647, P<0.001, n=51) (Table 2 and Figure 2). The immunofluorescent
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double-staining technique revealed the colocalization of APx-42 and Apo E protein in
some capillary walls (Figures 6a and b).

No microhemorrhage was observed in the younger dogs (5-9 years old). In
aged dogs (10-14 years old and 15-20 years old), microhemorrhages were occasionally
observed in the cerebral cortices in relation with meningeal arterioles, but not in the

WM (Figure 7).

4. Discussion

In the present study, age-dependent WM myelin loss was histologically
confirmed in aged canine brains (Table 2 and Figure 2). Since the percentage of
Olig2-positive cells did not decrease along with myelin density (Table 2 and Figure 2),
it is likely that the demyelination observed in the aged dogs was due to the breakdown
of the myelin sheath membrane rather than a decrease in the number of
oligodendrocytes. On the other hand, the total number of cells within the WM
increased during the demyelination process, indicating the reactive proliferation of glial
cells.

Several mechanisms have been proposed for the pathogenesis of WM
demyelination in elderly humans. In patients with VD, myelin density is more
severely reduced than in other dementing disorders and age-matched-controls [Ihara
2010]. Another factor involved in WM demyelination is oxidative stress, which is a
common aging phenomenon among humans and dogs [Head 2002; Head 2009; Head

2008; Opii 2008]. Interestingly, feeding dogs with antioxidants improves age-related
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cognitive dysfunction, possibly by reducing free radicals in the brain [Cotman 2002;
Skoumalova 2003]. AP is related to both VD and oxidative stress, and is known to
elicit myelin damage [Thal 2007; Varadarajan 2000; Xu 2001].

In humans, CAA is morphologically categorized into two types according to
whether A is deposited in the capillary walls, in addition to larger vessels [Attems
2010; Thal 2002]. The Apo E4 genotype is associated with CAA in the WM
[Trembath 2007] and is known to induce blood flow disturbance [Thal 2009]. Also,
the Apo E4 genotype is related to the age-dependent loss of WM integrity in humans
[Ryan 2011]. The present study revealed the colocalization of Apo E and AP in the
capillary walls of the aged canine brain. It should be noted that dogs are homozygous
for the Apo E4 allele [Sarasa 2010; Zicker 2008]. Apo E4-AB complexes aggregate
within the basement membranes of capillaries, leading to the development of CAA
[Attems 2011; Rolyan 2011]. The high occurrence of WM capillary CAA in dogs is
likely to be a trait of this species, since WM CAA is very limited in humans. The
present study suggests that, at least in dogs, capillary CAA may be one of the factors
that impair WM integrity [Brown 2000; Iwamoto 1997].

The degree of perivascular CL accumulation was correlated with age and also
with the decrease in myelin density (Table 2). The significance of the correlation and
the distribution of the lesions (i.e., WM) indicate that these CL may have been derived
from oxidized myelin lipids. The abundance of ubiquitin-positive granules in the WM
of the aged dogs suggests the ubiquitination of such WM debris (Figure 4a). Myelin

debris is also seen in the perivascular spaces of the brains of patients with multiple
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sclerosis (MS), which is a progressive demyelinating human disorder [Kooi 2009]. In
the brain, solutes are physiologically drained through the vascular basement membrane,
although phagocytes in the brain accumulate around blood vessels [Carare 2008; Weller
2009]. The CL particles in the meninges have drained through the perivascular
drainage system and been phagocytosed by indigenous histiocytes in the meninges [Ide
2011].

In elderly humans, WM lesions are associated with gait disturbance and
urinary incontinence [Bennett 1992], which are equivalent to the symptoms seen in aged
dogs [Colle 2000; Kiatipattanasakul 1996]. In the report by Tapp et al., a significant
decrease in frontal lobe volume, including the periventricular WM, was demonstrated in
aged dogs with cognitive impairments [Tapp 2004]. Myelin breakdown disrupts
neuronal conduction velocity and impacts on brain functions that are deteriorated in
aged humans [Bartzokis 2004]. Therefore, decreased WM myelination might be
associated with an age-related cognitive decline in dogs. Though it cannot be
established from the present study, it should be noted that breed predilection to
age-related changes of the dog brain have been documented [Pugliese 2010].

CAA is one of the major causes of microhemorrhage in humans [Thal 2012].
It is also known that dogs develop microhemorrhage in relation with CAA [Uchida
1990], however the prevalence and severity of microhemorrhage in dogs have not been
studied. In the present study, microhemorrhages were observed in the cerebral cortices
of dogs over 10 years old (Figure 7). As it has been documented in humans and dogs

with CAA, microhemorrhages were observed in relation to meningeal arterioles but not
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in the cerebral WM. These lesions may also account for cognitive decline in aged
dogs as well as in humans.

Abundant studies on the AD-related lesions in dogs have been performed,
which suggested that the full spectrum of AD pathology does not occur in this species
[Head 2011]. The present study revealed that cerebral demyelination occurs in an
age-dependent manner in aged dogs, as well as in humans [Lintl 1983]. Here, the
author propose that WM myelin breakdown should be taken into consideration as one of
the major factors associated with cognitive decline in aged dogs. Since the etiological
discrimination of normal aging, VD and AD remains difficult also in humans [Fotuhi
2009; Grinberg 2010; Iadecola 2010], dogs, though do not develop AD, could be useful

for chronological studies of age-related WM changes.
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Table 1. Primary antibodies used in the present study.

5. Tables and Figures

Specificity  Type Dilution Antigen retrieval Manufacturer

AB x-42 Mouse monoclonal (clone12F4) 1:1000 Formic acid Millipore, Temecula, CA, USA
AR x-40 Mouse monoclonal (clone11A5-B10) 1:1000 Formic acid Millipore, Temecula, CA, USA
Apo E Rabbit polyclonal 1:100  Autoclave IBL, Gunma, Japan

Olig2 Rabbit polyclonal 1:200  Autoclave Millipore, Temecula, CA, USA
Collagen IV Rabbit polyclonal 1:1000 Proteinase K Abcam, Tokyo, Japan

GFAP Rabbit polyclonal 1:400 Dako, Carpenteria, CA, USA
MBP Rabbit polyclonal 1:1000 Autoclave Dako, Carpenteria, CA, USA
Ubiquitin Rabbit polyclonal 1:100 Dako, Carpenteria, CA, USA

Apo E, apolipoprotein E; GFAP, glial fibrillary acidic protein; MBP, myelin basic protein.
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Table 2. Statistical correlation analyses of age, mean WM gray value, CAA per mm square, perivascular CL
accumulation, the total number of cells, and the percentage of olig2-positive cells using Spearman’s rank
correlation coefficient and two-tailed P-values.

Perivascular CL  Total number  Percentage of

2
fge W gray vallle CARITIN accumulation of cells Olig2+ cells
r=1.000
rge n=51
r=-0.567 r=1.000
WMgray value 54 o1 n=51
5 r=0.741 r=-0.647 r=1.00
CAAImm P<0.001 P<0.001 n=51
Perivascular CL r=0.871 r=-0.664 r=0.762 r=1.00
accumulation P<0.001 P<0.001 P<0.001 n=51
Total number r=0.568 r=-0.439 r=0.590 r=0.533 r=1.00
of cells P<0.001 P<0.01 P<0.001 P<0.001 n=51
Percentage of r=-0.283 r=0.193 =-0.337 =-0.211 =-0.355 r=1.00
Olig2+ cells P<0.1 P<1 P<0.05 P<1 P<0.05 n=46

WM, white matter; CAA, cerebral amyloid angiopathy; CL, ceroid-lipofuscin.
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LFB-stained sections

Selected regions

of interest
—
Age 1 year old 14 years old 20 years old
MeanWM gray values 39.7 23.0 9.3

Figure 1. Representative sections of luxol fast blue (LFB)-stained canine frontal lobes
from different aged dogs (top row). In the second row, the regions of interest (WM:
white matter) are depicted in blue. The amount of LFB-stained myelin was decreased

throughout the WM in an age-dependent manner. Bar =50 mm.
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Mean WM gray value
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Figure 2. Scatter plots of mean white matter (WM) myelin density and either age (a),

perivascular CL accumulation (b), cerebral amyloid angiopathy (CAA) per square

millimeter (c), or percentage of Olig2-positive cells (d).
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Flgure 3. Perlvascular cer01d 11pofuscm (CL) accumulatlon in the cerebral white matter

(WM) of an 18-year-old dog. Bar = 50 um. (a) Phagocytes with yellowish-brown
pigments accumulated in the perivascular space. HE stain. (b) Pigment staining for
periodic acid Schiff (PAS). (c) Pigment staining for luxol fast blue (LFB). (d)
MBP-positive granules were observed in some of the phagocytic vacuoles (arrows).

Stained with anti-MBP antibody.
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SWM

Figure 4. Immunohistochemistry for ubiquitin (a and b), AB42 (c) and AB40 (d). (a)
Abundant ubiquitin-positive granules are scattered selectively in the white matter (WM)
and less in the gray matter (GM) of an aged dog with myelin loss (16-year-old, mean
WM gray value = 12.5). These granules are often distributed in a linear pattern (inset,
arrowheads), indicating the involvement of myelinated nerve fibers. (b) No
ubiquitin-positive granules are observed in the brain of a young dog (1-year-old, mean
WM gray value =39.7). (c and d) AP42 and AB40 are deposited in the WM capillaries
in a similar pattern. Note that A is not deposited in the arterioles (arrows), which

perivascular spaces are dilated. Bars = 100 um.
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Figure 5. Confocal microscopic images of the blood vessels of the cortex (a and b) and

meninges (c) of a 14-year-old dog. Thick sections (200um) stained for collagen type IV
(green). (a) A few phagocytes containing autofluorescent particles (orange) were
observed adjacent to the basement membrane of a blood vessel. Bar = 100 um. (b)
The phagocytes were located at the bifurcations of the vascular branches (arrows). Bar
= 30 um. (c) Abundant autofluorescent particles accumulated in the meninges (Mn)

compared to the number in the cortex (Cx). Mn: meninges, Cx: cortex. Bar = 100 um.
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Figure 6. Immunofluorescent double-staining for APBx-42 (green) and Apo E (red) in a

16-year-old dog. (a) APx-42 was deposited focally in the capillary walls of the WM.
Bar =100 um. (b) ApoE protein colocalized with ABx-42. Bar =20 pm.
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Score 1

Score 2

Score 3

Microhemorrhage Score | 5-9 years old (n=12) | 10-14 years old (n=20) | 15-20 years old (n=10)
0 100% 85% 70%
1 0% 5% 20%
2 0% 10% 0%
3 0% 0% 10%

Figure 7. Prevalence and severity of microhemorrhage in dog brains assessed by BB
staining. Microhemorrhage of each dog brain was scored as: 0, no BB-positive
staining; 1, few BB-positive macrophages; 2, aggregates of BB-positive macrophages; 3,
small hematoma surrounded by BB-positive macrophages. No microhemorrhage was
observed in the younger dogs (5 to 9 years old). In aged dogs (10 to 14 years old and
15 to 20 years old), microhemorrhages were occasionally observed in the cerebral

cortices.
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6. Abstract

The significance of cerebral WM demyelination in the cognitive decline of
elderly humans is disputed. Cognitive decline also occurs in aged dogs, although the
age-related changes that occur in the canine cerebral WM are yet to be studied,
particularly with regard to their relevance to the WM alterations of elderly humans.
The present study revealed an age-dependent myelin loss in the frontal lobe WM of
canine brains. The accumulation of ceroid-lipofuscin-laden phagocytes was also
observed in the perivascular spaces of the WM and was correlated with the decrease in
myelination. Also, MBP was detected in some of the vacuoles of these phagocytes.
In the WM of the canine brain, AP was deposited focally in capillary walls, and
colocalized with Apo E. The dog is homozygous for Apo E4, which genotype is
related to capillary CAA in humans. These findings indicate that WM demyelination
occurs in aged dogs as well as in aged humans, hence WM alterations may account for
age-related behavioral changes of the dog. In conclusion, dogs are useful for

chronological studies of age-related WM changes.
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Chapter 4
Aged domestic cats naturally develop neurofibrillary tangles and neuronal loss

associated with AP oligomers

1. Introduction

The SPs and NFTs are the two histopathological hallmarks of AD. They
appear as extracellular and intracellular argyrophilic aggregates that are mainly
composed of AP protein and hyperphosphorylated tau, respectively. Studies on post
mortem human brains have shown that these two lesions are developed age-dependently
and are related to the onset and progression of AD [Braak 1991; Thal 2002]. Although
the detailed relationship between AP plaques and NFTs in the pathogenesis of AD
remains controversial [Selkoe 2011; Ittner 2011], there is emerging evidence that
supports recent idea that neocortical NFTs would be induced by pathological A species
(AP oligomers) [Jack 2013]. Furthermore, it has been demonstrated that neuronal loss
and clinical symptoms of AD are more closely related to NFTs than SPs [Gomez-Isla
1997; Bennett 2004].

Post mortem examination of aged animal brains have shown that SPs also
develop in many non-human mammalian species, including the monkey, dog, bear,
camel, horse and seal [Chambers 2011; Nakamura 1998; Kimura 1997; Gearing 1997;
Chambers 2010; Uchida 1990; Uchida 1992; Uchida 1995; Tekirian 1996; Nakamura
1995; Capucchio 2010; Takahashi 2014]. According to previous reports and the

protein database, these animals possess the same AP amino acid sequence as human
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(Table 2) [Johnstone 1991; Selkoe 1987; Gotz 2008; Podlisny 1991]. Interestingly,
either NFT or progressive hippocampal neurodegeneration, both of which are observed
in human AD, does not occur in these animals [Selkoe 1987; Oikawa 2010; Brakk
1994]. On the other hand, AP proteins of rodents (mice and rats) are three amino
acid-different in its N-terminal region compared with human type AP (Table 2)
[Yamada 1987], and these animals do not naturally develop SPs [Podlsny 1991].
Moreover, NFTs are not either formed in these animals. Even in transgenic (Tg) mice
that bear the mutated APP or PSEN (presenilin) gene causing familial AD and
accordingly exhibit excessive AP deposition in the brain, NFT formation does not
occur[Duyckaerts 2008].

The Felinae subfamily, which includes the leopard cat (Prionailurus
bengalensis), the cheetah (Acinonyx jubatus), and the domestic cat (Felis catus), shows
an AP amino acid sequence different from human and rodents with one substitution
compared with human AP (Table 2). The author found abundant NFTs as well as AP
deposits (not SPs but small granular aggregates) in the brains of aged leopard cats and
cheetahs [Serizawa 2012]. Since leopard cats and cheetahs are endangered wild
animals, the domestic cat, which diverged from a common ancestor with the leopard cat
and cheetah approximately 6.2 million years ago [Johnson 2006], is easier to study.
This study shows that aged domestic cats spontaneously develop abundant NFTs
without argyrophilic SP formation but with intracellular AP and soluble A oligomers,

leading to severe hippocampal degeneration similar to AD brains. Our findings
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indicate that domestic cat could be an excellent animal model that naturally develops

AD pathologies, especially AP oligomers, NFTs and neuronal loss.

2. Materials and Methods
Brain samples

Cat brain tissues of various ages were examined, including fetal to aged
tissues (see Table 2). All the adult cat brains were obtained through routine necropsies
performed at the Department of Veterinary Pathology, the University of Tokyo or at
referral animal clinics. The fetus brain samples were purchased from a laboratory
animal supplier (Nisseiken Co. Ltd., Tokyo, Japan). The hemisphere of the brain was
fixed in 10% phosphate-buffered formalin, and the other hemisphere was coronally

sectioned and then frozen at -80°C until use.

Histology

Formalin fixed paraffin-embedded tissues were cut into 4-um-thick serial
sections. The deparaffinized sections were then stained by the Gallyas-Braak method
as well as with HE and PAM. Digital images were obtained using an Olympus BX 50
microscope (Olympus, Tokyo, Japan) equipped with a Nikon DS-Ril digital camera

(Nikon, Tokyo, Japan).

Immunohistochemistry

Consecutive sections were stained using the immunoenzyme technique.
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Sections were deparaffinized and rehydrated and antigen retrieval was done by heat or
by FA (for AP). In order to inactivate endogenous peroxidase, the sections were
immersed in 1% hydrogen peroxide in methanol for 20 minutes and then in 5%
skimmed milk in TBS. The following primary antibodies were used: mouse
anti-hyperphosphorylated-tau Ser202/Thr205 (clone ATS, 1:100, Thermo Scientific,
Rockford, IL), mouse anti-hyperphosphorylated-tau Ser212/Thr214 (clone ATI100,
1:100, Thermo Scientific), mouse anti-3-repeat-tau RD3 (clone 8E6/C11, 1:100,
Millipore, Temecula, CA), mouse anti-4-repeat-tau RD4 (clone 1E1/A6, 1:100,
Millipore), rabbit anti-pan-tau (1:100, Sigma, St Louis, MO), mouse anti-Af42 (clone
12F4, 1:1000, Millipore), rabbit anti-AB42 (1:1000, IBL, Gunma, Japan), anti-NeuN
(clone A60, 1:100, Millipore). After incubation with each primary antibody at 4°C
overnight, immunolabeled antigens were visualized using the Dako Envision+ System
(Dako, Carpinteria, CA). In brief, the sections were incubated with HRP-labeled
polymer at 37°C for 40 minutes, reacted with 0.05% 3'3-diaminobenzidine plus 0.03%
hydrogen peroxide in Tris-hydrochloric acid buffer, and then counterstained with
hematoxylin. Negative controls were obtained by omitting the primary antibodies.
Neuronal loss in the pyramidal cell layer of the hippocampal CA1 region was evaluated
by counting NeuN-positive cells displayed in Figure 4a. Comparisons of the means
among the three groups were performed with one-way ANOVA followed by Tukey's
HSD test using the SPSS software (IBM, Tokyo, Japan). Differences with a P value of

<0.001 were considered significant.
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Double-labelling immunofluorescence

After incubation with each of the primary antibodies at 4°C overnight, the
sections were washed with TBS. The sections were then incubated with corresponding
secondary antibodies at 37°C for one hour, mounted with Vectashield (H-1500, Vector
Laboratories, Burlingame, CA), and examined under a Leica DMI 3000B fluorescence
microscope (Leica Microsystems, Tokyo, Japan) or a Carl Zeiss LSM700 Confocal
Laser Scanning Microscopy (Carl Zeiss, Tokyo, Japan). Primary antibodies used were
as follows: mouse anti-hyperphosphorylated-tau Ser202/Thr205 (clone ATS, 1:100,
Thermo Scientific), rabbit anti-MAP2 (1:1000, Millipore), rabbit anti-GFAP (1:400,
Dako), rabbit anti-Olig2 (1:200, Millipore), mouse anti-RAB9 (1:100, LSBio, Seattle,
WA) and rabbit anti-AB42 (1:100, IBL). Secondary antibodies used were as follows:
ALEXA594-conjugated goat anti-mouse IgG (1:100, Invitrogen, Eugene, OR),
ALEXAA488-conjugated goat anti-rabbit IgG (1:100, Life Technologies, Eugene, OR),
ALEXAS594-conjugated goat anti-rabbit IgG (1:100, Life Technologies) and

ALEXA488-conjugated goat anti-mouse IgG (1:100, Invitrogen).

Protein extraction

For tau extraction, hippocampus and parietal cortex tissues were homogenized
in 4 volumes of TBS containing a protease inhibitor cocktail (cOmplete Mini, Roche,
Mannheim, Germany) and a phosphatase inhibitor cocktail (PhosSTOP, Roche) and
fractioned by three-step ultracentrifugation including TBS, sarkocyl (sodium

N-dodecanoylsarcosinate) and guanidine hydrochloride (GuHCI) extraction, essentially
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as described previously [Goedert 1992]. In brief, the homogenates were centrifuged at
125,000 x G at 4°C for 1 hour, and the supernatants were harvested as TBS-soluble
fractions. The precipitates were dissolved by sonication in 4 volumes of 1% sarkosyl
TBS containing the protease inhibitor cocktail and the phosphatase inhibitor cocktail
and then the solutions were incubated at RT for 1 hour. After centrifugation at
125,000 x G at RT for 15 minutes, the supernatants were removed. The
sarkosyl-insoluble precipitates were then dissolved by sonication in 2 volumes of 4
mol/L GuHCl and incubated at RT for 1 hour. After a second centrifugation at
125,000 x G at RT for 15 minutes, the supernatants were harvested and the solvent
(GuHCl) was exchanged with TBS containing the protease inhibitor cocktail and the
phosphatase inhibitor cocktail using Amicon Ultra 10K filter devices (Millipore). For
AP extraction, hippocampus and parietal cortex tissues were homogenized in 4 volumes
of TBS containing the protease inhibitor cocktail and fractioned by a three-step
ultracentrifugation including TBS, SDS and FA extraction [Tomiyama 2010]. In brief,
the homogenates were centrifuged at 100,000 x G at 4°C for 1 hour, and the
supernatants were harvested as the TBS fractions. The precipitates were dissolved
with the Teflon/glass homogenizer (8 strokes) in 4 volumes of 2% SDS/TBS containing
the protease inhibitor cocktail, centrifuged at 100,000 x G at RT for 1 hour, and the
supernatants were harvested as SDS fractions. The precipitates were finally dissolved
with the Teflon/glass homogenizer (8 strokes) in 70% FA in water. After being
centrifuged at 100,000 x G at RT for 1 hour, the supernatants were harvested as FA

fractions. The TBS and SDS fractions were diluted 10- and 20-fold, respectively, in
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TBS containing the protease inhibitor cocktail, and the FA fractions were neutralized by
1:10 dilution into 1M Tris solution, pH 11. The protein concentrations of the resultant

solutions were determined by the BCA protein assay (Thermo Scientific).

Western blotting

For tau analysis, extracts of hippocampus were incubated with alkaline
phosphatese mix (500mM Tris-Hcel pH9.0, 500mM MgCly,, 0.1M DTT (Invitrogen)) at
37°C overnight for dephosphorylation. Subsequently, aliquots (5 pg of protein) were
electrophoresed on 4-12% Bolt Bis-Tris gel (Life Technologies), and transferred on to
0.45 uym PVDF membranes (Millipore). Nonspecific binding was blocked with 5%
skimmed milk in TBS containing Tween 20 (TBS-T, 20 mM Tris-HCI buffer, pH 7.0,
containing 50 mM NaCl and 0.1% Tween 20) for 30 min. The following primary
antibodies were used: mouse anti-tau (clone TAU-5, 1:1000, Life Technologies), RD3
(clone 8E6/C11, 1:1000, Millipore), mouse anti-4-repeat-tau RD4 (clone 1E1/A6,
1:1000, Millipore).  Alkaline phosphatase-conjugated anti-mouse IgG was then
applied The blotting signals were visualized with NBT/BCIP and imaged with a
Image Quant LAS 4000 mini bio-molecular imager (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). For AP analysis, aliquots (50 pg of protein) of the TBS and SDS
fractions were electrophoresed on 4-12% Nupage Bis-Tris 4-12% polyacrylamide
gels (Life Technologies), and transferred on to 0.45 pum PVDF membranes (Millipore).
Nonspecific binding was blocked with 5% skimmed milk in TBS containing Tween 20

(TBS-T, 20 mM Tris-HCI buffer, pH 7.0, containing 50 mM NaCl and 0.1% Tween 20)
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for 30 min. Anti-AB antibody (clone 6E10, 1:3000, Covance, Emeryville, CA) was
used as the primary antibody. Horseradish peroxidase-conjugated secondary antibody
(1:5000, Dako) was then applied. The blotting signals were visualized with the
chemiluminescence ECL Select Western Blotting Detection Kit (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden) and imaged with a Image Quant LAS

4000 mini bio-molecular imager (GE Healthcare Bio-Sciences AB).

Dot blot

For dot blot immunoanalysis, aliquots (50 pg of protein) of the TBS, SDS and
FA fractions were dotted onto 0.45 pm PVDF membranes (Millipore) in a dot-blot
apparatus (Bio-Rad). The blots were probed with a polyclonal antibody Al1 specific
for amyloid oligomers (1:1000, Biosource, Camarillo, CA), followed by alkaline
phosphatase—conjugated goat anti-rabbit antibody (1:5000, Thermo Scientific), and
visualized with the BCIP (5-bromo-4-chloro-3'-indolylphosphatase p-toluidine salt)
/NBT (nitro-blue tetrazolium chloride) (BCIP/NBT) detection system (Wako Chemicals,

Osaka, Japan).

ELISA

To quantify the amount of AP oligomers in the extracts from cat brains,
BANS50  single-antibody  sandwich  (SAS)-ELISA  that is specific for
high-molecular-weight (HMW) AP oligomers (10-20 mers)’’ was used in duplicate.

The buffers and assay procedures were similar to those described previously [Fukumoto
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2010; Kasai 2012]. As a standard for inter-plate calibration, synthetic ‘multiple
antigenic’ peptide (MAP) containing 16 copies of the monoclonal antibody were used,
BANS50, epitope linked to a branching lysine core. The SuperSignal ELISA Femto
Maximum Sensitivity Substrate (Thermo Scientific) and a luminometer (SpectraMaxL;

Molecular Devices, Osaka, Japan) were used for signal detection.

3. Results
Spatial and temporal expression of tau isoforms in the cat brain

In the feline fetal and neonatal (2-week-old) brains, 3-repeat tau was intensely
expressed throughout the cerebrum, though 4-repeat tau was not detected in the fetal
brains (Figures la and 2a). The hippocampal pyramidal cells begin to express 4-repeat
tau in the developing brain of the 2-week-old cat (Figure 2a). In the adult cat brains
(3- to 22-year-old), both 3-repeat and 4-repeat tau isoforms are expressed.
Age-dependent shift from the dominance of 3-repeat tau to both 3-repeat and 4-repeat
tau expression was also confirmed by Western blotting of a TBS-soluble fraction
obtained from the cerebrum (Figure 1b). In the fetal brains, ATS8-positive
hyperphosphorylated tau was detected in the surface of the developing cerebrum
(Figures la and 2b).

In some of the aged cats (over 14-years-old) with cerebral AP deposits,
aggregates of hyperphosphorylated tau were observed in their brains (Figure 1a, Table
1). In mild cases, few AT8-positive cells were observed in the entorhinal cortex

(Figure 3a), and in more severe cases it spread to the hippocampus and cerebral cortices
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(Figure la, Table 1). Note that the cerebrum is atrophied in the aged cat compared to
that of the young cat (Figure 1a). Also, few AT8-positive cells were observed in the
locus ceruleus (Figure 3b). AT8- and AT100-positive hyperphosphorylated tau
proteins were detected from the sarcosyl-insoluble guanidine HCl-soluble fraction of
hippocampus in aged cats with NFTs (Figure 1c). Note that in cats with abundant
hyperphosphorylated tau deposition (case No. 12 and 22), the smear band pattern
resolved into clear bands consisting of both 3-repeat and 4-repeat tau isoforms after

dephosphorylation treatment (Figure 1c).

NFTs and neuronal loss naturally emerged with aging in the cat brains

Gallyas-Braak staining-positive NFTs (Figure 4a) and ghost tangles were
found in the hippocampus and entorhinal cortex of the cat brains corresponding to the
distribution of hyperphosphorylated tau detected by immunohistochemistry. NFTs
were observed intracellularly occupying the neuronal soma and neurites, and ghost
tangles were observed extracellularly where the neuron had died out. On consecutive
sections, NFTs were stained positively for hyperphosphorylated tau (AT8 and AT100)
and ubiquitin (Figure 4b). Regarding the affected cell types, hyperphosphorylated tau
aggregates were detected mainly in MAP2-positive neurons and also in some
Olig2-positive oligodendrocytes, but not in GFAP-positive astrocytes (Figure 4c).
Argyrophilic aggregates in the oligodendrocytes were also observed on Gallyas-Braak
stained sections (Figure 4a, arrowhead). No inclusions were observed in astrocytes

either by immunohistochemistry or Gallyas-Braak staining (Figure 4c). The absence
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of astrocytic tau inclusions such as astrocytic plaques or tuft-shaped astrocytes indicates
that the hyperphosphorylated tau aggregates in the feline brains differ from those of

4-repeat tauopathy (i.e. CBD; PSP) [Ikeda 1998].

Aged cats develop intra- and extra-cellular A aggregates without forming argyrophilic
SPs

It was reported that cats only develop diffuse plaques, which are not
visualized by silver staining and can only be detected by immunohistochemical methods
[Nakayama 2001]. In the present study, AP deposits were found in the brains of cats
older than 8 years of age that proceed the development of tau pathologies (Table 1).
Parenchymal AP deposits were detected on FA-pretreated sections as small granular
aggregates in the neuropil throughout the cerebral cortex but rarely in the hippocampus
(Figures 5a and 6a). However, on heat-pretreated sections, intracellular AP aggregates
were observed predominantly in the pyramidal cells of the hippocampal CA1 to CA3
region but rarely in the cerebral cortex (Figure 5a). These intracellular AP colocalized
with Rab9 by confocal laser scanning microscopy, indicating that some of these AP
peptides are located in the late-endosomes (Figure 5a). Such intracellular A was not
detected in younger cats without parenchymal A deposits on FA-pretreated sections.

Many of the higher mammalian animals develop argyrophilic SPs with central
core composed of an N-terminally truncated AP species, APpN3 [Chambers 2011;
Takahashi 2014; Frost 2013]. It is also known that ABpN3 is markedly increased in

SPs of AD compared to normal aging [Schilling 2008]. Interestingly, AP deposits in
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the cat brains were not immunohistochemically detected with A N-terminal antibodies,
either anti-APBpN3 or anti-ABN1 (Figure 5a), because of low affinity of feline APs to
these antibodies against human A due to the different amino acid residue at the 7th
position between human and feline ABs (Table 2) [Chambers 2012; Brinkmalm 2012;
Mattsson2012].

Oligomeric APs were detected in the SDS fraction of hippocampal tissues of
the aged cat brains by dot blot analysis using an antibody All specific to amyloid
oligomers (Figure 5b). FA fraction showed no positive reaction with dot blot analysis
using Al1 antibody (Figure 5b), indicating that biochemical nature to FA-treatment of
AP oligomer was identical to intracellular AP aggregates observed in
immunohistochemical analysis. By Western blotting analysis using anti-pan A
antibody, two distinct bands were detected from the SDS-extracts of aged cat brains, at
approximately 24 kDa and 54 kDa, representing AP hexamers and dodecamers,
respectively (Figure 5c). The presence of AP oligomers was also confirmed by
enzyme-linked immunosorbent assay (ELISA) specific for high-molecular weight AP

oligomers (Figure 6b) [Fukumoto 2010].

Neuronal loss in the hippocampus of the cats affected with NFTs

Aggressive neuronal loss in the hippocampus and cerebral cortex is critical for
the manifestation of dementia in AD.  Although hippocampal degeneration is
considered to be an early event in AD [Hamoel 2008], it has not been detected in

non-human species together with AP and tau pathology. The author assessed whether
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hippocampal neurons were degenerated in cats with NFTs. The number of
NeuN-positive cells in the hippocampal CA1 region were compared between 3 groups:
young cats with no AP deposits and no NFTs (AB—/NFT—, n=3, mean age 3.7-year-old),
aged cats with AP deposits but no NFTs (Ap+/NFT—, n=3, mean age 18.0-year-old)
and aged cats with AP deposits and NFTs (AB+/NFT+, n=3, mean age 17.6-year-old)
in the hippocampus. In the AB+/NFT- group, NeuN-positive cells were slightly but
not significantly decreased compared to the AB—/NFT- young cats (Figure 7a, b),
whereas in the AB+/NFT+ cats the NeuN-positive cells were significantly decreased
compared to other two groups (Figure 7a, b). Degenerated neurons were observed on
HE sections (Figure 7c, black arrows). Inclusions composed of hyperphosphorylated
tau (AT8 and AT100-positive on consecutive sections) were observed in neurons in the
CA1 region (Figure 7c, inset, green arrowheads). These results show that pyramidal
neurons in the CAl region, where NFTs were detected, are strikingly damaged in the

brains of aged cats.

4. Discussion

This study demonstrated that domestic cats develop not only AP deposits but
also NFTs and neuronal loss in their brains with aging. The distribution of the changes
(hippocampus and entorhinal cortex), affected cells (neurons and occasionally
oligodendrocytes) and tau isoforms (3-repeat and 4-repeat tau) of NFTs were consistent
with those of AD in human. It is noteworthy that hyperphosphorylated tau was not

detected in the brains of adult cat without cerebral AP deposits, and that temporal order
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in the emergence of cortical AP deposition and severe hippocampal NFTs was the same
as that in AD brains (Table 1). In the brains of cats with severe NFTs, the number of
hypocampal pyramidal cells was significantly decreased. Thus, aged cats naturally
recapitulate human AD pathology, characterized by the following two distinctive
features unlike other nonhuman animal species: 1) Formation of NFTs similar to those
of AD brains, and 2) induction of NFTs and neuronal loss in a shorter time compared to
human AD brains.

The expression patterns of 3-repeat and 4-repeat tau isoforms differ among
animal species and age [Gotz 2008; Couchiem 1985; Goedert 1990]. Both in humans
and mice, only the 3-repeat isoform of tau is expressed in their fetal brains. In the
adult brains, both 3-repeat and 4-repeat isoforms are expressed equally in humans,
while only the 4-repeat isoform is expressed in mice [McMillan 2008]. It is well
known that NFTs have not been recapitulated in the brains of Tg mice that express
mutant APP and mutant presenilin-1 linked to familial AD [Duyckaerts 2008].
However, recent studies have shown that NFTs are formed in Tg mice expressing
wild-type human tau composed of 3- and 4-repeattau isoforms with or without
co-expressing APP gene with AD-related mutation [Umeda 2014; Andorfer 2003]. In
the present study, only the 3-repeat tau was expressed in the fetal brains of cats, whereas
both 3-repeat and 4-repeat tau isoforms were expressed in the adult brains. Moreover,
NFTs in the cat brains are composed of the both tau isoforms, similar to those in AD
brains (Figures Ic, 1d and 2b). Thus, the expression of both 3-repeat and 4-repeat tau

1soforms seems to be a critical factor for NFT formation.
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Higher mammalian species such as the monkeys harbor tau proteins highly
analogous to that of human (Table 3). In addition, these animals express both 3-repeat
and 4-repeat isoforms in adult age [Holzer 2004]. However, in these animals, NFTs
have been seldom observed [Selkoe 1987; Gotz 2008], except for very advanced aged
animals such as baboon (30 years old) [Schulz 2000], cynomolgus monkey (36 years
old) [Oikawa 2010] and bison (24 years old) [Hartig 2001]. Furthermore, neuronal
cell shedding resulting from severe hyperphosphorylated tau accumulation has not been
detected in nonhuman animals including those above mentioned. In contrast, cat tau is
less analogous to human tau than monkey and dog tau, and is also different from mouse
tau (Table 3). Nevertheless, NFTs and the accompanying neurodegeneration appeared
in the examined cat brains as early as 14 years of age (Table 1), which are exceptional
and unique to cats among various mammalian species. This suggests that the
formation of NFTs does not simply depend on amino acid sequence of tau protein or
expression pattern of tau isoforms.

NFTs and neuronal loss were induced in a shorter time in cat brains compared
to human AD brains. Because the distribution and tau isoforms of NFTs in cat brains
were consistent with those of AD as mentioned above, there must be some factors that
cause earlier tauopathy and neurodegeneration in cats other than the properties of tau
protein. Although the detailed pathological cascade of AD is yet to be elucidated,
accumulating evidence leads to the current hypothesis that emphasizes the interactive
role of AP and tau in the pathogenesis of AD [Ittner 2011; Benilova 2012]. Recent

idea on the development of AD pathology is that NFTs are induced by pathological A
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species (AP oligomers) that accelerate the antecedent tau deposition in the limbic
system and spread to the neocortex [Jack 2013]. Interestingly, AR deposits found in
the cat brains were morphologically different from those of other mammalian
(non-felid) species [Nakayama 2001]. In the cats, there were small AP aggregates
diffusely distributed in the neuropil on FA-pretreated sections (Figure 5a), but cored
plaques were not observed even in cats with heavy NFT burden. Besides, unlike other
mammalian species, AP deposition in the vascular wall (amyloid angiopathy) was
absent in the cat brains. The peculiar small granular AP aggregates in the neuropil
without cored plaque formation are also observed in the brain of other felids, namely the
cheetah and leopard cat that also develop NFTs [Chapter 4; Serizawa 2012]. The
amino acid sequence of AP peptide in those felids and human are different only at the
7th amino acid residue (felid, glutamic acid; human, aspartic acid, Table 2) [Chapter 4;
Serizawa 2012; Brinkmalm 2012; Mattsson2012].  Meanwhile, many higher
mammalian species, namely the monkey, dog, bear, camel and horse, harbor AP
proteins of which amino acid sequence are identical to that of human, and have been
reported to spontaneously develop cored plaques. [Chapters 1 and 2; Uchida 1992;
Uchida 1995; Tekirian 1996; Johnstone 1991; Selkoe 1987; Frost 2013; Cummings
1993]. From these findings together with the present results, it is likely that in the cat
brains A species of different aggregation properties from those of other mammalians is
related to the earlier emergence of NFTs and nurodegeneration compared to human and

other animals.
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Next, as reported in human brains [Ohyagi 2007; D’Andrea 2003],
intraneuronal AP aggregates were detected in the hippocampal pyramidal cells of the cat
brains by using heat-pretreatment, which is optimized for the detection of intracellular
AP, of histopathological specimens, but not by using FA-pretreatment (Figure 5a).
The FA-vulnerable intracellular AP aggregates were stained with AB42 C-terminus
antibody that does not bind with intramembrane full-length APP or B-secretase-cleaved
APP [D’Andrea 2003]. Besides, AP aggregates colocalized with Rab9 (Figure 5a),
indicating that these FA-vulnerable AP aggregates are partially locating in late
endosomes [LaFerla 2007; Meli 2014; Takahashi 2002]. In the cat brains,
FA-vulnerable AP aggregates predominantly detected in the pyramidal cells of the
hippocampus where severe NFT burden and neurodegeneration existed. In other
words, NFTs in the cat brains developed mainly in the hippocampus where AP
deposition was predominantly observed as intracellular FA-vulnerable aggregates
without substantial extracellular granular aggregates.  From these results, the
intracellular FA-vulnerable AP aggregates should therefore be closely related to the
formation of NFTs. Furthermore, no significant neuronal loss was observed in cat
brains without NFTs even though intracellular AP aggregates existed (Figures 7a and
4b). This indicates the importance of NFTs in the development of hippocampal
neurodegeneration in aged cats (Figure 7), similar to human AD brains in which
neuronal loss and clinical symptoms are more closely related to the NFT formation than
to the AP burden [Gomez-Isla 1997; Bennett 2004]. This study demonstrated that the

aged cats are frequently involved in NFT formation and neuronal loss together with
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intraneuronal FA-vulnerable AP aggregates, but without typical SPs, in the
hippocampus.

Identifying the molecular characters of the intraneuronal FA-vulnerable A
aggregates is an important issue. Abundant AP oligomers were detected from
SDS-soluble fractions of the hippocampi of the aged cats with dot blot analysis using
Al1l antibody specific to AP oligomers (Figure 5b), which preferentially recognizes
prefibrillar AP oligomers larger than dimers and trimmers [Kayed 2010]. Higher
levels of AP oligomers were detected in the hippocampus than in the cortex (Figure 5b).
AP oligomers were also detected by Western blotting using anti-Af} antibody and
thereby determined that they consist of hexamers and dodecamers based
on electropheretic mobility (Figure 5c). There have been some previous reports
suggesting that A dodecamer is the most neurotoxic A species detected in AD brains
[Lesne 2006; Lesne 2013]. There are two known mutations of AB N-terminus that
cause familial AD in human: the English mutation (H6R) and the Tottori mutation
(D7N). Both of these mutations result in increased AP oligomers with higher
cytotoxicity [Ono 2010; Chen 2012].  Furthermore, it has been shown that
racemization of the 7th Asp residue affects AP aggregation property to inhibit its fibril
formation [Tomiyama 1994]. These suggest that the substitution of the 7th amino acid
in human AP, as seen in cats, may tend to enhance AP oligomerization. Our results
showed a close topographical relation of soluble AP oligomers, intraneuronal
FA-vulnerable AP aggregates, NFTs and neuronal loss in the hippocampus of the cat

brains. Feline-type A has a lower capability to form insoluble amyloid fibrils and does
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not develop SPs, but it may intracellularly induce hyperphosphorylation and
conformational changes of tau proteins. Previous studies have also shown that
intraneuronal AP42 labeling inversely correlates with the progression of SP
development in 2xTg (APPswg/London and mutant PS1 vj46) and 3xTg (APPswe, taupsoir
and PS1mi46v knock-in) mice [Langui 2004; Oddo 2006], suggesting that intraneuronal
APBs may be soluble AP species that is in equilibrium with insoluble extraneuronal
fibrillar AP aggregates.

To date, in order to elucidate fundamental questions regarding the relationship
between SPs (AB), NFTs (tau) and neuronal death in the pathogenesis of AD, enormous
studies have been carried out using Tg mice harboring mutations in APP gene, PSEN
genes, MAPT (tau) gene and even all of these 3 genes (3xTg) [Duyckaerts 2008; Frank
2008; Oddo 2003]. However, it has been argued that the pathological sequences
observed in those mice are different from those in human AD brain since differences
may be attributed to alterations in the expression levels and/or aggregation properties of
APP and tau [Saito 2014]. Nontransgenic animals, such as nonhuman primates and
nonprimate mammalian species, are also available for studying the relationship of
pathological events in AD brains. Unlike Tg mice, the expression of AP and tau are
within physiological ranges in nontransgenic animals, and the natural spatiotemporal
profiles of AP and tau pathologies should accordingly be presented in the brains of these
animals. However, NFTs have been reported in only few animal species, for example
baboon, bison and cynomolgus monkey [Oikawa 2010; Schultz 2000; Hartig 2001], in

very old age. Besides, obvious neurodegeneration was not observed in these animals.
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The domestic cat is an ideal animal model to investigate “Af oligomer hypothesis” in
AD pathogenesis, because they naturally express abundant soluble AP oligomers, and
develop subsequent AD pathologies including AP deposition, NFTs and marked
neuronal loss in the hippocampus of the aged brains. Thus, the author concludes that

domestic cats recapitulate spatiotemporal profiles of the AD pathologies.
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5. Tables and Figures

Table 1. Age, sex and immunohistochemical results for A [ 42
hyperphosphorylated tua in cats.

No. Age Sex AB42 HP-tau
1 fetus (50 days) F = +*
2 fetus (50 days) M = + *
3 2-week-old F - -
4 2-week-old F = -
5 3-year-old M - -
6 3-year-old M - -
7 4-year-old F = =
8 4-year-old F - -
9 5-year-old F = =
10 8-year-old F + =
11 14-year-old F - -

12 14-year-old M =} + <+

13 15-year-old F + g3

14 15-year-old M + -

15 15-year-old ND + —

16 16-year-old F + -

17 16-year-old M + -

18 17-year-old F . =

19 17-year-old F + +

20 17-year-old ND + +

21 18-year-old F + +

22 19-year-old F + ++

23 20-year-old F -t +

24 20-year-old ND g3 gale

25 22-year-old M + +

HP-tau, hyperphosphorylated tau confirmed by AT8 and
AT100 antibodies; F, female; M; male, ND, no data; -,

negative, +, positive; ++, HP-tau was observed

throughout the hippocampus; *, AT8-positive in the

surface of the cerebrum.
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Table 2. AP protein amino acid sequence of different species.

Species [species, sequence ID]

Amino acid sequence

Human-type AR

Human [Homo sapiens, NP_000475.1]

Chimpanzee [Pan troglodytes, NP_001013036.1]
Cynomolgus monkey [Macaca fascicularis, XP_005548940.1]
Dog [Canis familiaris, NP_001006601.2]

Polar bear [Ursus maritimus, XP_008699989.1]

Camel [Camelus bactrianus, XP_010954929.1]

Horse [Equus caballus, XP_003364220.1]

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

42
42
42
42
42
42
42

Felid-type AB

Cat [Felis catus, XP_006936005.1]

DAEFRHESGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

42

Rodent-type AR

Mouse [Mus musculus, NP_001185752.1]
Rat [Rattus norvegicus, NP_062161.1]

A Aalala A A A A A

DAEFGHDSGFEVRHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
DAEFGHDSGFEVRHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

42
42

92



Table 3.Tau protein amino acid sequence of different species.

Species [species, sequence ID]

Amino acid sequence

Human [Homo sapiens, NP_005901.2]
Chimpanzee [Pan troglodytes, XP_009430187.1]
Cat [Felis catus, XP_003997079.1]

Dog [Canis lupus familiaris, XP_005624235.1]
Mouse [Mus musculus, NP_001033698.1]

1 MAEPRQEFEVMEDHAGTYGLGDRKD---QGGYTMHQDQEGDTDAGLKESPLQTPTEDGSEEPGSETSDAKSTPTAEDVTAPLVDEGAPGKQAAAQPHTEI 97
1 MAEPRQEFEVMEDHAGTYGLGDRKD---QGGYTMHQDQEGDTDAGLKESPLQTPTEDGSEEPGSETSDAKSTPTAEDVTAPLVDEGAPGKQAAAQPHTEI 97
1 MAEPRQDFTVMDDHAGTYGTGERKDLPSQGSYTLMQDHEGDVDQGLKESPLQTPADDGSEEPGSETSDAKSTPTAEDATAPLVDEGAPGEQAAAQPHTEI 100
1 MAEPRQEFDVMEDHAGTYGLGDRKD---QEGYTMLQDQEGDTDAGLKESPLQTPAEDGSEELGSETSDAKSTPTAEDVTAPLVDERAPGEQAAAQPHMEI 97
1 MADPRQEFDTMEDHAG-======——————— DYTLLODQEGDMDHGLKESPPQPPADDGAEEPGSETSDAKSTPTAEDVTAPLVDERAPDKQAAAQPHTEI 86

98 PEGTTAEEAGIGDTPSLEDEAAGHVTQARMVSKSKDGTGSDDKKAKGADGK--TKIATPRGAAPPGQKGQANATRIPAKTPPAPKTPPSSGEPPKSGDRS 195
98 PEGTTAEEAGIGDTPSLEDEAAGHVTQARMVSKSKDGTGSDDKKAKGADGK--TKIATPRGAAPPGQKGQANATRIPAKTPPAPKTPPSSGEPPKSGDRS 195
101 PEGTTAEEAGIGDTPNLEDQAAGHVTQARMVSKGRDGTGADDKKAKGADGKAGTKIATPRGAAPPGQKGQANATRIPAKTTPSPKTPPGTGDSGKSGDRS 200
98 PEGTTAEEAGIGDTPSLEDEAAGHVTQARMVSKSKDGTGSDDKKAKGADGK--TKIATPRGAAPPGQKGQANATRIPAKTPPAPKTPPSSGEPPKSGDRS 195
87 PEGITAEEAGIGDTPNQEDQAAGHVTQARVASKD--RTGNDEKKAKGADGKTGAKIATPRGAASPAQKGTSNATRIPAKTTPSPKTPPGSGEPPKSGERS 184

MBD1 MBD2

196 GYSSPGSPGTPGSRSRTPSLPTPPTREPKKVAVVRTPPKSPSSAKSRLOTAPVPMPDLKNVKSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKD 295
196 GYSSPGSPGTPGSRSRTPSLPTPPTREPKKVAVVRTPPKSPSSAKSRLQTAPVPMPDLKNVKSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKD 295
201 GYSSPGSPGTPGSRSRTPSLPTPPTREPKKVAVVRTPPKSPSSAKSRLQTAPVPMPDLKNVRSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKD 300
196 GYSSPGSPGTPGSRSRTPSLPTPPAREPKKVAVVRTPPKSPSSAKSRLQTAPVPMPDLKNVKSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKD 295
185 GYSSPGSPGTPGSRSRTPSLPTPPTREPKKVAVVRTPPKSPSASKSRLQTAPVPMPDLKNVRSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKD 284

MBD2 MBD3 MBD4
296 NIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKKIETHKLTFRENAKAKTDHGAEIVYK 395
296 NIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKKIETHKLTFRENAKAKTDHGAEIVYK
301 NIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKKIETHKLTFRENAKAKTDHGAEIVYK
296 NIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKKIETHKLTFRENAKAKTDHGAEIVYK
285 NIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKKIETHKLTFRENAKAKTDHGAEIVYK 385

396 SPVVSGDTSPRHLSNVSSTGSIDMVDSPQLATLADEVSASLAKQGL 441 homology to human tau  100%
396 SPVVSGDTSPRHLSNVSSTGSIDMVDSPQLATLADEVSASLAKQGL 441 100%
401 SPVVSGDTSPRHLSNVSSTGSIDMVDSPQLATLADEVSASLAKQGL 446 93%
396 SPVVSGDTSPRHLSNVSSTGSIDMVDSPQLATLADEVSASLAKQGL 441 92%
385 SPVVSGDTSPRHLSNVSSTGSIDMVDSPQLATLADEVSASLAKQGL 430 89%

MBD: microtubule binding domain.
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Figure 1. Expression pattern of tau isoforms and their phosphorylation status in cat
brains. (a) Immunohistochemistry for 3-repeat tau (RD3), 4-repeat tau (RD4) and
hyperphosphorylated tau (HP-tau, ATS8) in the developing cat (Fetus, case No. 1), adult
cat (4 years, No. 7) and aged cat (19-year-old, case No. 22) brains. Only the 3-repeat
tau isoform is expressed in the fetal cat brain, while both 3-repeat and 4-repeat tau
isoforms are expressed in the developed cat brains. Abundant AT8-positive HP-tau
aggregates are observed in the hippocampus and entorhinal cortex of the aged cat brain.
The surface of the developing cerebrum is weakly positive for AT8 HP-tau. Bar =
Smm. (b) Western blotting of TBS-soluble fraction treated with alkaline phosphatase
(AP), obtained from the hippocampus of various ages. In the fetus brain, only the
3-repeat tau isoforms are expressed. In the adult cat brains, all six isoforms are
detected using anti-tau antibody (tau5) and also RD3 and RD4 antibodies. (c) Western
blotting of sarcosyl-insoluble guanidine HCI-soluble fraction without AP-treatment and
with AP-treatment, obtained from the hippocampus of various ages. In cat hippocampi
that were immunohistochemically positive for HP-tau (No.12 and 22), AT8- and
AT100-positive tau proteins are detected. In these cats, the smear-like band pattern
resolve into clear bands consisting of both 3-repeat and 4-repeat tau isoforms after

dephosphorylation treatment.
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RD3

RD4 '
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Figure 2. Expression of tau isoforms in the developing cat brains. (a)
Immunohistochemistry for 3-repeat tau (RD3), 4-repeat tau (RD4) and
hyperphosphorylated tau (ATS8). Hippocampus CAl region of fetus (case No. 1),
2-week-old (case No. 3) and 4-year-old (case No. 7) cat. Only the 3-repeat tau isoform
is expressed in the fetal hippocampus. The hippocampal pyramidal cells begin to
express 4-repeat tau in the 2-week-old cat. Both 3-repeat and 4-repeat tau isoforms are
expressed in the hippocampus of adult cat brain. Bar = 50um. (b)
Immunohistochemistry for hyperphosphorelated tau (AT8 and AT100). Cerebral
cortex of fetus cat. The surface layer of the fetal cerebral cortex is positive for AT8

and negative for AT100. Bar = 100um.
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AT8

Entorhinal cortex

Locus ceruleus

Figure 4. Hyperphosphorylated tau accumulation in the entorhinal cortex and locus
ceruleus of cat brains. (a) Immunohistochemistry for hyperphosphorylated tau (AT8).
Entorhinal cortex of a cat with mild hyperphosphorylated tau accumulation (15-year-old,
case No. 13). The neuronal soma and dendrites are positively stained for
hyperphosphorylated tau. (b) Immunohistochemistry for hyperphosphorylated tau
(ATS), 3-repeat tau (RD3) and 4-repeat tau (RD4). Entorhinal cortex and locus
ceruleus of a cat with severe hyperphosphorylated tau accumulation (14-year-old, case
No. 12). AT-8 positive accumulates are also positively stained for 3-repeat tau and

4-repeat tau on consecutive sections.
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Figure 4. Aged cats develop NFTs. (a) Gallyas-Braak-positive argyrophilic aggregates
are observed mainly in the neuronal soma, neurites and also in some oligodendroglial
cells (green arrowhead) in the entorhinal cortex of an aged cat brain. Bar = 20pum.
(b) Consecutive sections show AT8-, AT100- and ubiquitin-immunopositivity of NFTs.
Bar = 100um. (c) ATS8-positive (red) hyperphosphorylated tau is observed in
MAP2-positive (green) neurons (left) and Olig2-positive (green) oligodendrocytes
(right), but not in GFAP-positive (green) astrocytes (middle). Bar = 50um.
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Figure 5. AP deposits in cat brains. (a) AP42 aggregates are detected in the
parenchyma of the cerebral cortex with anti-Ap42 antibody (12F4) on formic acid
(FA)-pretreated sections but not on heat-pretreated sections. These aggregates are not
detected with antibodies against the N-terminus of human AP (ABN1 and APpN3).
These extracellular AP aggregates were scarcely detected in the hippocampus. On the
contrary, heat-pretreatment revealed intra-cellular AB42 aggregates in the pyramidal
cells of the hippocampus but not in the cortex. Some of the intra-cellular APB42
aggregates colocalized with Rab9-positive vesicles. Black bar = 50um, white bar =
10um. (b) Dotblot analysis of SDS fraction and FA fraction of the cortex (Ctx) and
hippocampus (Hpc) of young cats without AP deposits and aged cats with AP deposits.
AP oligomers were detected with A1l antibody, predominantly in the SDS fraction
from the hippocampus of aged cats. (c) Western blotting analysis of the SDS fraction.
Two distinct bands were detected with anti-Af antibody 6E10 in the brains of aged cats:
approximately 24 kDa and 54 kDa, indicating AP hexamers and dodecamers

respectively.  Ctx, cortex; Hpc, hippocampus.
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Figure 6. AP deposition in cat brains. (a) Immunohistochemistry for Ap 42 with FA
pretreatment. Cerebrum of 17-year-old cat (case No. 20). AP42 aggregates are
observed in the cerebral cortex but not in the hippocampus by immunohistochemistry
with FA pretreatment. Higher magnification of the parietal lobe (right). Bar =
100pm. (b) ELISA for high-molecular weight AP oligomers. Larger amounts of AP
oligomers in the brains of aged cats (15-year-old, case No. 15; 17-year-old, case No.20)
compared to brains of young cats (3-year-old, case No. 5; 3-year-old, case No. 6). Ctx,

cortex; Hpc, hippocampus.
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Figure 7. Hippocampal neuronal loss in cat brains with NFTs. (a)

Immunohistochemistry for NeuN. Bar = 100um. (b) The number of NeuN-positive
pyramidal cells is significantly decreased in aged cats with AP deposits and NFTs (A
+/NFT+, n=3, mean age 17.6-year-old) compared to young cats (AB—/NFT—, n=3,
mean age 3.7-year-old) and aged cats with AP deposits but no NFTs in hippocampus
(AB+/NFT-, n=3, mean age 18-year-old). *: P<0.001. (c) Gghost-cells (arrows) are
observed on HE section. In some of the cells, inclusions (composed of
hyperphosphorylated tau, confirmed on consecutive slides) were observed (inset,

arrowheads). Bar = 50um.
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6. Abstract

Although many animal species develop senile plaques composed of A
protein identical to human, non-human mammals seldom develop NFTs and subsequent
neurodegeneration, both of which are directly related to the development of dementia in
human AD. This chapter shows that the NFT formation together with a significant
neuronal loss naturally emerged in the hippocampus of aged domestic cats. The
spatial distribution, affected cells and constituting tau isoforms of NFTs in the aged cat
brains were identical to those of patients with AD. Interestingly, cats possess the A
amino acid sequence different from that of the human-type A, and cats did not have
mature argyrophilic amyloid plaques, but instead small intraneuronal AP aggregates in
the form of oligomers vulnerable to FA were detected in the hippocampal pyramidal
cells together with NFTs. Biochemical analysis detected abundant soluble AP
oligomers (hexamers and dodecamers) in the hippocampus of the cats. The present
results from the cat brain together with findings in other animal species that form
argyrophilic plaques (chapters 1 to 4) indicate the importance of AP oligomers rather
than senile plaques for the formation of NFTs and subsequent hippocampal
neurodegeneration. The author propose that domestic cat is an excellent animal model
that naturally develops AD pathologies, especially AP oligomers, NFTs and neuronal

loss.
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Chapter 5
Neurofibrillary tangles and beta amyloid deposition in the brains of wild Tsushima

leopard cats

1. Introduction

NFT, one of the diagnostic lesions of AD, are rarely found in non-human
animal brains. Although the etiology of AD is yet to be elucidated, the “amyloid
hypothesis™ is widely accepted to explain its pathogenesis [Hardy 2006]. According to
this hypothesis, the age-dependent accumulation of AP peptides in the brain induces a
subsequent cascade that culminates in NFT formation. Argyrophilic aggregates of A
peptide are called SPs, which are another diagnostic lesion of AD.

The AD-related alterations that occur in the aged brains of animals such as
monkeys and dogs have been well studied [Chambers 2010; Miyawaki 2001; Nakamura
1998; Nakayama 2001; Uchida 1992]. However, although these animals frequently
form SPs with aging, they rarely develop NFT [Braidy 2012; Mutsuga 2012; Sarasa
2009]. Even in the few reported animal cases of NFT, no pathological examinations
were performed to exclude other diseases that could have caused the NFT to develop
[Rosen 2008; Serizawa 2012]. Therefore, it has been a major interest whether AD is a
human-specific disease [Ferrer 2012; Nakayama 2004].

The occurrence of NFT in the brains of captive cheetahs (Acinonyx jubatus)
has been previously reported [Serizawa 2012]. The cheetah and the Tsushima leopard

cats (Prionailurus bengalensis euptilurus) belong to the same subfamily (Felidae), two
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closely related lineages that diverged approximately 6.7 million years ago [Johnson
2006]. The NFT of the leopard cats were Pathologically consistent with that of human
AD and were also accompanied by diffuse granular AP42 deposits. Interestingly,
unlike other animals such as monkeys and dogs [Chambers 2011], aged cheetahs and
leopard cats do not develop argyrophilic SPs though they develop diffuse AP deposits in
their brains. In the present study, analysis of the leopard cat APP gene revealed a
substitution of a base, which altered the N-terminal amino acid sequence of the AP
protein.  Interestingly, many higher mammals that develop argyrophilic plaques,
including dogs and monkeys, possess the same AP amino acid sequence as humans
[Johnstone 1991; Selkoe 1987; Gotz 2008]. The present study provides biological

insights into the pathogenesis of AD.

2. Materials and Methods
Animal brains

Most of the animals used in this study were wild animals that had lived
exclusively on Tsushima Island, Nagasaki Prefecture, Japan. The Tsushima leopard
cat is a subspecies of the leopard cat (Prionailurus bengalensis) [Masuda 1995]. The
leopard cat was designated as a national endangered species in 1994 and ever since has
been the focus of a conservation program funded by the Japanese government
[http://kyushu.env.go.jp/twce/multilang/english/pamph.htm].

A retrospective study was performed using paraffin-embedded tissues from

14 individual brains (Table 1). The brains were obtained from routine necropsies
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performed at the Laboratory of Veterinary Histopathology, Kagoshima University;
Laboratory of Veterinary Pathology, Yamaguchi University; the Tsushima Wildlife
Center of the Ministry of Environment of Japan; or the Department of Veterinary
Pathology, the University of Tokyo. Most of these animals were killed in road
accidents. No animal was killed for the purposes of this study. Unfortunately, the
precise ages of the animals were not determined except for two individuals (Case No. 1:
3-day-old and Case No. 2: 3-year-old) that died at a reproduction facility (Table 1).
Case No. 13 and 14 had been kept in captivity at the conservation facility for 10 and 15

years, respectively (Table 1).

Histopathology

All brains were fixed in 10% phosphate-buffered formalin, coronally sliced,
and then conventionally embedded in paraffin. The paraffin-embedded tissues were
cut into 4-pum-thick serial sections. The deparaffinized sections were then stained with

HE, periodic acid-methenamine silver (PAM), and the Gallyas-Braak method.

Immunohistochemistry

Consecutive sections were stained using the immunoenzyme technique. In
order to inactivate endogenous peroxidase, the deparaffinized sections were immersed
in 1% hydrogen peroxide in methanol at RT for 20 minutes and then washed with TBS.
The primary antibodies that were used in this study are listed in Table 2. After

incubation with the primary antibody at 4 °C overnight, immunolabeled antigens were
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visualized using the Dako Envision+ System (Dako, Carpinteria, CA, USA). In brief,
the sections were incubated with HRP-labeled polymer at 37°C for 40 minutes, reacted
with 0.05% 3’3-diaminobenzidine plus 0.03% hydrogen peroxide in Tris-hydrochloric
acid buffer, and then counterstained with hematoxylin. Negative controls were

obtained by omitting the primary antibodies.

Indirect double immunofluorescence staining

The double immunofluorescence staining technique was also performed to
determine which cell types contained hyperphosphorylated tau. Anti-MAP2, GFAP,
and Olig2 antibodies were used as markers of neuronal cells, astrocytes, and
oligodendrocytes, respectively. In addition, the coexistence of hyperphosphorylated
tau with glycogen synthase kinase 3-f (GSK 3-f), phosphorylated GSK 3-8 (Ser9), and
ubiquitin was also analyzed.

After incubation with the primary antibodies at 4°C overnight, the sections
were washed with TBS. As secondary antibodies, ALEXAS594-conjugated goat
anti-mouse IgG (Invitrogen, OR, USA) and ALEXA488-conjugated goat anti-rabbit
IgG (Molecular Probes, OR, USA) were mixed with TBS (dilution: 1:100 for both
antibodies). The sections were incubated with the secondary antibody mixture at 37°C
for one hour, mounted with Vectashield (H-1500, Vector Laboratories, Burlingame, CA,
USA), and examined under a Leica DMI 3000B fluorescence microscope (Leica

Microsystems, Tokyo, Japan).
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Electron microscopic analysis

The formalin-fixed paraffin-embedded brain tissue from Case No. 13 was
deparaffinized, cut into I-mm cubes, fixed in 2.5% glutaraldehyde 0.1M phosphate
buffer (pH 7.4), and then post-fixed in 1% osmium tetroxide 0.1 M cacodylate buffer
(pH 7.2). The tissues were dehydrated in a graded series of ethanols, treated with QY-1
(Nisshin EM, Tokyo, Japan), and embedded in an epoxy resin (Quetol 651, Nisshin
EM). Ultrathin sections from selected areas were stained with uranyl acetate and lead
citrate and examined with a Hitachi H-7500 transmission electron microscope (Hitachi

High-Technologies, Tokyo, Japan).

Scoring

The distributions of AB42 and hyperphosphorylated tau were assessed using
the following scoring methods. AP42 deposition, —: none, +: diffuse AB42 deposition
in the cerebral cortex, ++: diffuse AP42 deposition in the cerebral cortex and
hippocampus, and +++: additional distinct plaque-like deposition; hyperphosphorylated
tau, —: none, +: a few AT8-positive cells were found in the parahippocampal gyrus, ++:
AT8-positive cells were found in the parahippocampal gyrus and hippocampal CAl
region, and +++: in addition to the parahippocampal gyrus and hippocampal CAl
region, AT8-positive cells were also found in the ectosylvian gyrus and hippocampal

CA3 region.

APP transcript sequence analysis
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Total RNA was extracted from the formalin-fixed paraffin-embedded brain
tissues of three leopard cats (Case No. 7, 8 and 14 were selected as they displayed the
least postmortem changes) using the RNeasy FFPE kit (Qiagen, Tokyo, Japan).
Subsequently, 10 ng of RNA were reverse-transcribed and amplified using the OneStep
RT-PCR kit (Qiagen, Tokyo, Japan) For cDNA amplification, a pair of primers was
designed covering exons 11-12 (forward primer 5’-
AGATCCGGTCCCAGGTTATG-3’) and exons 16-17 (reverse primer 5’-
GTCGACCTCCACGACACC-3’) of the domestic cat (Felis catus) APP gene
(ENSFCAGO00000001556). The PCR products were electrophoresed on 2% agarose
gel and then purified using the QIAquick Gel Extraction kit (Qiagen). Direct DNA
sequencing was accomplished using the BigDye Terminator v3.1 Cycle Sequencing Kit

(Applied Biosystems, CA, USA) on the 3730x]1 DNA Analyzer (Applied Biosystems).

3. Results

By immunohistochemical examinations, 6 brains were found to be positive
for AB42, and 5 brains were positive for hyperphosphorylated tau (Table 1). All of the
brains that possessed hyperphosphorylated tau also displayed AP42 deposits, but the
reverse was not true. The hyperphosphorylated tau-positive cells first appeared in the
parahippocampal gyrus, and they subsequently spread through regions CA1 to CA3 of
the hippocampus and into the ectosylvian gyrus (temporal lobe) in the more severely
affected cases (Figure 1A). On the other hand, AP42 was initially diffusely deposited

in the parietal and temporal cortices and subsequently spread to the hippocampal region.
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In some cases, AB42 was deposited in a speckled pattern (Figure 1B); however, these
deposits were very diffuse, and none of the deposits in these cases were stained with
PAM staining. Also, AB42 was not deposited in the vascular walls.

In general, AP42 was granularly deposited in the neuropil of the pyramidal
cell layer (Figure 2A). Interestingly, these deposits were immunolabeled with neither
anti-ABN1 antibody nor anti-ABpN3 antibody on sequential sections (Figures 2B and
2C). In addition to AP peptides, aggregates of hyperphosphorylated tau were observed
in the neurites and perikarya (Figure 2D). These aggregates displayed intense staining
for both the 3 repeat (3R) and 4 repeat (4R) tau isoforms (Figures 2E and 2F).
Colocalization of tau recognized by anti-pan tau antibody and anti-hyperphosphorylated
tau antibody, anti-3R-tau antibody and anti-4R-tau antibody, also AP recognized by
anti-pan AP antibody and anti-AB42 antibody were confirmed (Figure 3). With
Gallyas-Braak staining, argyrophilic NFT and neuropil threads were abundantly
observed in the areas containing hyperphosphorylated tau-positive cells (Figure 4).
Ultrastructurally, some neuronal somata and neurites had been filled with bundles of
filaments (Figure 5A). These filaments formed paired structures with diameters of
10-20 nm. Most of the filaments were straight (Figure 5B), but some displayed helical
structure (Figure 5C).

Double immunofluorescence staining examinations revealed that aggregates
of hyperphosphorylated tau had developed not only in neuronal cells but also in some
oligodendrocytes (Figure 6A and 6C). There were no astrocytic plaques (Figure 6B),

which was also confirmed by the Gallyas-Braak method. In addition, the
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unphosphorylated form of GSK-3B, which is the major kinase involved in tau
phosphorylation, colocalized with hyperphosphorylated tau in neuronal somata, whereas
staining for phosphorylated-GSK-33 was negative in these cells (Figures 7A and 7B).
The hyperphosphorylated tau-positive cells were markedly positive also for ubiquitin,
which was distributed in a granular pattern (Figure 7C). The aggregation of
hyperphosphorylated tau was confirmed with AT100 antibody (Figure 7D), which
detects different phosphorylation sites from ATS antibody (ATS: Ser202/Thr205 and
AT100: Ser212/Thr214).

Both 3R-tau and 4R-tau were expressed in the brains of adult individuals
regardless of the presence or absence of NFT formation (Figure 8B and 8C). However,
only the 3R-tau protein was expressed in the brain of a neonatal (3-days-old) leopard cat
(Figure 8A).

Sequence analysis of the APP transcripts obtained from 3 leopard cats (Case
No. 7, 8, and 14) revealed that their Ap domains had identical sequences (Figure 9).
Alignment with the human APP sequence (ENSG00000142192) showed 8 nucleic acid
substitutions in the AP domain, one of which resulted in the substitution of the 7th

amino acid residue (Asp in humans, Glu in leopard cats) of the AP peptide (Figure 8).

4. Discussion
Many animal species develop AP deposits, especially higher mammals (e.g.,
monkeys, dogs, bears, camels, and horses) [Nakamura 1998; Capucchio 2010;

Nakamura 1995; Uchida 1990; Uchida 1995]. Most of these animals develop
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argyrophilic plaques, and some even develop mature plaques with amyloid cores. In
contrast, felids seldom develop argyrophilic SPs, but granular aggregates of AP peptide
are often observed in aged domestic cats and cheetahs [Mutsuga 2012; Serizawa 2012;
Gunn-Moore 2007; Nakamura 1996]. In the felid phylogenetic tree, the leopard cat
lineage is located in between the cheetah lineage and the domestic cat lineage [Johnson
2006]. These three species are the most recent to have diverged among the 8 lineages
of living felids. The findings obtained in this study further confirm the distinctive
pattern of AP deposition that occurs in the brains of felids (Figure 2A). In addition, we
found that the N-terminal epitope of the leopard cat AP peptide differs from that found
in humans and other animals that develop argyrophilic plaques (Figure 2B, 2C, Figure
8) [Chambers 2010; Johnstone 1991; Selkoe 1987; Piccini 2005]. It has recently been
established that the N-terminal subtype of AP peptides affects their aggregability, and
hence, plaque formation [Schilling 2006; Schilling 2008]. The alternative N-terminal
epitope of the leopard cat might be responsible for the low aggregability of its AP
peptides, which do not seem to produce argyrophilic plaques or vascular deposits.

Most interestingly, nearly all of the individuals that displayed AP deposition
also possessed NFT (Table 1, Figure 4). Considering that non-human animals rarely
develop NFT, a high incidence of NFT is likely to be a trait of this species. In order to
determine whether these NFTs correspond to the NFTs found in AD, the author
investigated their histopathological characteristics. Since the distribution of
hyperphosphorylated tau-positive cells in leopard cats was quite similar to that observed

in human AD patients, the author developed a scoring system based on the Braak
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staging method (Table 1) [Braak 1991].  Although only a limited number of cases were
available for study, subjective assessments suggested that the spread of tau
hyperphosphorylation in leopard cats corresponds to the progression of AD [Jucker
2011].

Human diseases that involve the development of intracellular aggregates of
tau protein, such as Pick’s disease (PiD), corticobasal degeneration (CBD), progressive
supranuclear palsy (PSP), argyrophilic grain disease (AGD), and AD, are termed
tauopathies. In CBD and PSP, tau often aggregates in astrocytic processes, forming
lesions called astrocytic plaques and tufted astrocytes [Hasegawa 2006; Ikeda 1998].
PiD and AGD produce distinctive tau inclusions in neuronal cell bodies, which are
known as Pick bodies and argyrophilic grains, respectively. In the brains of leopard
cats, hyperphosphorylated tau aggregates in neuronal cells and some oligodendrocytes,
but not in astrocytes (Figure 6). Oligodendrocytic tau inclusions are most prominently
found in PSP and CBD, and to a lesser degree, in AD brains [Nishimura 1995]. In
sections of the leopard cat brains that had been stained with the Gallyas-Braak method,
NFT and neuropil threads were observed (Figure 4), whereas no Pick bodies or
argyrophilic grains were found. Ultrastructurally, the NFT were composed of paired
filaments with diameters of 10-20 nm (Figure 5B, 4C), which is consistent with the
properties of NFT in AD brains [Tolnay 1999]. However, most of the filaments
exhibited a straight laminar structure, rather than the helical structure that is often seen
in AD brains [Arima 2006].

Tau protein is associated with microtubules and promotes their
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polymerization and stabilization. Exon 10 of the tau gene encodes the second of four
microtubule-binding repeat domains; therefore, the alternative splicing of exon 10
results in tau isoforms with either three (3R-tau) or four (4R-tau) microtubule-binding
sites.  Although the pathomechanism is yet to be elucidated, the dominant tau isoform
in inclusions varies among diseases [de Silva 2003; Liu 2008. PiD develops coiled
filaments composed of 3R-tau alone [Delacourte 1996; Delacourte 1998], whereas in
CBD, PSP, and AGD the filamentous aggregates are composed of 4R-tau alone [Buée
1999; Togo 2002]. In the brains of the leopard cats, both 3R-tau and 4R-tau
aggregated in neuronal cells (Figure 2E, 2F, 3B, 3C) [de Silva 2003; Jakes 1991;
Yoshida 2006]. In addition, only the 3R-tau isoform was expressed in the brain of the
neonatal leopard cat (Figure 8A). In human brains, tau expression shifts from the
3R-tau isoform alone to both the 3R-tau and 4R-tau isoforms between post-natal day 15
and 35 [Couchie 1985; Goedert 1989; Goedert 1990]. Therefore, the age-related
expression pattern of tau isoforms and the components of the tau inclusions found in the
leopard cat brains correspond to those of human aging.

GSK-3B is the major enzyme involved in tau phosphorylation, which
culminates in NFT formation [Hooper 2008]. Phosphorylated-GSK 3-B (Ser9) is the
inactive form of the enzyme, whereas the active form of GSK-3p (unphosphorylated)
colocalizes with NFT (Figure 7A) [Leroy 2007; Yamaguchi 1996]. In the amyloid
cascade hypothesis of AD, GSK 3-f links AP deposition and tau hyperphosphorylation
in the pathological sequence [Takashima 1998].

As mentioned above, animals that develop argyrophilic SPs, such as monkeys
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and dogs, are known to display the same AP peptide amino acid sequence as humans.
On the other hand, AP deposition has never been demonstrated in non-transgenic
wild-type rodents, such as rats and mice. Rodent AP displays three amino acid
differences in its N-terminal region compared with human A, which are presumed to
account for the absence of amyloid deposits in wild-type rodents [Jucker 2011]. As it
was also the case in the leopard cat, the different amino acid residues are intensively
located in the N-terminal region of the AP protein [G6tz 2008]. The findings of the
present study indicate that the leopard cat AP peptide has an intermediate aggregative
nature between those of human AP and rodent AP (Table 3). There is increasing
evidence to suggest that weakly aggregative forms of AP are more important for
neurodegeneration than classical argyrophilic plaques consisting of a mass of
aggregated AP protein [Caughey 2003; Kawarabayashi 2004; Kayed 2003; Ma 2009;
Nussbaum 2012; Tomiyama 2010]. However, wild-type rodents with non-aggregative
AP do not develop NFT. In a study using PSIXAPP transgenic mice, the
age-dependent accumulation of small AP aggregates were found to be related to
decreased GSK-3B phosphorylation, which resulted in tau phosphorylation [Jimenez
2011]. Since AD-type NFTs have never been observed in the brains of monkeys or
dogs with SPs, it is generally considered that such non-human animals die before NFTs
develop [Nakayama 2004]. The leopard cats that were examined in this study are only
found on Tsushima Island, Japan. This subspecies has been geographically isolated on
this island for approximately 0.1 million years, and a 2005 survey estimated that only

80-110 Tsushima leopard cats remain. The lack of genetic diversity in this subspecies
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should be taken into consideration as a potential factor in the peculiar AD pathology

seen in these animals.
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5. Tables and Figures

Table 1. Immunohistochemical scoring for AB42 and hyperphosphorylated tau (AT8).

Case No.  Sex Age AB42 ATS
1 m? 3-day-old — _
2 F° 3-year-old — —
3 F Adult® — _
4 M Adult — _
5 M Adult — _
6 F Adult — —
7 M Adult — _
8 F Adult — —
9 F Adult T4 _
10 F Adult + n
11 M Adult ++ 4
12 F Adult +++ ++
13 F captive for 10 years +++ +4++
14 M  captive for 15 years +++ + 4+

Scoring of AB42 deposition, +: diffuse AB42 deposits
in the cerebral cortex, ++: diffuse AB42 deposits in the
cerebral cortex and hippocampus, +++: additional
distinct plaque-like deposits. Scoring of
hyperphosphorylated tau, +: few AT8-positive cells in
the parahippocampal gyrus, ++: AT8-positive cells in
parahippocampal gyrus and hippocampal CA1 region,
+++: AT8-positive cells extend to ectosylvian gyrus and
hippocampal CA3 region. ® male, ® female, ® age
unknown.
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Table 2. Primary antibodies used in the present study.

Specificity Clone Dilution  Antigen retrieval Manufacturer
AB x-42 Mouse mono (12F4) 1:1000  Formic acid Millipore, Temecula, CA, USA
AB N1 Rabbit poly 1:100 Formic acid IBL, Gunma, Japan
AB pN3 Rabbit poly 1:100 Formic acid IBL, Gunma, Japan
AB (pan AB ) Rabbit poly 1:100 Formic acid Chemicon, Temecula, CA, USA
Hyperphosphorylated tau (Ser202/Thr205) Mouse mono (AT8) 1:100 Autoclaving Thermo Scientific, Rockford, IL, USA
Hyperphosphorylated tau (Ser212/Thr214) Mouse mono (AT100) 1:100 Autoclaving Thermo Scientific, Rockford, IL, USA
Three-repeat tau (RD3) Mouse mono (8E6/C11) 1:100 Autoclaving Millipore, Temecula, CA, USA
Four-repeat tau (RD4) Mouse mono (1E1/A6)  1:100 Autoclaving Millipore, Temecula, CA, USA
Tau (pan tau) Rabbit poly 1:100 Autoclaving Sigma, St Louis, MO, USA
MAP2 Rabbit poly 1:1000  Autoclaving Millipore, Temecula, CA, USA
GFAP Rabbit poly 1:400 Autoclaving Dako, Carpinteria, CA, USA
Olig2 Rabbit poly 1:200 Autoclaving Millipore, Temecula, CA, USA
GSK-3p8 Rabbit poly 1:100 Autoclaving Cell Signaling, Danvers, MA, USA
Phospho-GSK-3p(Ser9) Rabbit poly 1:100 Autoclaving Cell Signaling, Danvers, MA, USA
Ubiquitin Rabbit poly 1:200 Autoclaving Dako, Carpinteria, CA, USA

PHF-tau, paired helical filament tau; MAP2, microtubule-associated protein; GFAP, glial fibrillary acidic protein; Olig2, oligodendrocyte
transcription factor 2; GSK-38, glycogen synthase kinase 3 beta.
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Table 3. Senile plaque and neurofibrillary tangle formation in humans, leopard cats and rodents.

AR protein

Animals with identical AB

(difference from human peptide) amino acid sequences

SP formation

NFT formation

References

Human AR
Leopard cat AR

(1 amino acid residue)

Rodent A
(3 amino acid residues)

Monkeys, Dogs, Bears

Novel

Rats, Mice

Argyrophilic plaques in
aged individuals

Granular A8 deposits,

Extremely rare,
except in humans

Often found in cases

No argyrophilic plaques with A3 deposits

No reports of A8
deposition

No reports of NFT

[Johnstone 1991;
Selkoe 1987]

Present study

[Gotz 2008]
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Figure 1. Distributions of hyperphosphorylated tau (A) and Ap42 (B) in a leopard cat
brain. (A) Hyperphosphorylated tau-positive cells were observed throughout the
hippocampus and extended into the parahippocampal gyrus and the ectosylvian gyrus.
(B) AP42 was deposited throughout the cerebral cortex as well as in the hippocampus.
Speckled deposits of AB42 (arrowheads) were observed in a severely affected brain.
Note that these deposits were not argyrophilic plaques. Bar = 2 mm. PHP:
parahippocampal gyrus, DG: dentate gyrus, LRS: lateral rhinal sulcus, ESG: ectosylvian
gyrus, EMG: ectomarginal gyrus, MG: marginal gyrus, FG: fornicatus gyrus.
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Figure 2. Sequential sections subjected to immunohistochemical examinations of AP
and tau protein expression in the cerebral cortex. AP42 (A) was deposited in a
granular pattern in the pyramidal cell layer of the parahippocampal gyrus (inset: high
magnification, bar = 20um), although staining for ABN1 (B) and ABpN3 (C) was
negative on sequential sections. @ The neurons were intensely stained with
anti-hyperphosphorylated tau (ATS8) antibody (D). Both 3R-tau (E) and 4R-tau (F) are

aggregated in the neuronal cell bodies on sequential sections. Bar = 100 pm.
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Figure 3. Double immunofluorescence staining of tau/hyperphosphorylated tau (AT100)
(A), tau/3R-tau (B), tau/4R-tau (C), and AP/ AB42. (A, B, C) Hyperphosphorylated

tau, 3R-tau and 4R-tau colocalized with pan tau-positive aggregates. Bar = 20 pm.

(D) Granular staining of AB42 colocalized with pan AB. Bar =100 um.
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Figure 4. Gallyas-Braak staining. Argyrophilic NFTs and neuropil threads were

abundantly observed in the areas containing hyperphosphorylated tau-positive cells.

Bar =100 um. Inset: higher magnification of the affected neurons. Bar =20 pm.
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Figure 5. Electron micrographs of NFTs. (A) Some neuronal somata and neurites were

A

filled with filamentous bundles (black arrows). Bar = 1 uym. (B, C) The filaments
formed paired structures with diameters of 10-20 nm. Straight laminar filaments

(white arrowheads) and constrictions (white arrows) suggesting helical structure. Bar

=50 nm.
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Figure 6. Double immunofluorescence staining of hyperphosphorylated tau
(AT8)/MAP2 (A), AT8/GFAP (B), and AT8/Olig2 (C). Hyperphosphorylated tau was

mainly localized in neuronal cells (MAP2+) and a few oligodendrocytes (Olig2+) (A,
C), but not in astrocytes (GFAP+) (B). Bars =100 pm.
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Phospho-GSK-3 (Ser9)

Ubiquitin

Figure 7. Double immunofluorescence staining of hyperphosphorylated tau
(AT8)/GSK-3B (A), AT8/Phospho-GSK-3p (Ser9) (B), AT8/ubiquitin (C), and
hyperphosphorylated tau (AT100)/tau (D). (A, B) AT8 colocalized with GSK-3f but
not with phospho-GSK-3f (Ser9). Bars = 100um. (C) Granular staining of ubiquitin
was observed in the hyperphosphorylated tau-positive neurons. Bar = 50 um. (D)
AT100 colocalized with aggregated tau. Bar = 50 um.
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Figure 8. Sequential sections subjected to immunohistochemical staining of
hyperphosphorylated tau (AT8), 3R-tau and 4R-tau in the CAl region of a neonate
brain (A), an adult brain without AT8-positive aggregates (B), and an adult brain with
ATS8-positive aggregates (C). (A) Only the 3R-tau isoform was expressed in the brain
of the neonatal leopard cat. (B, C) In the adult brains, both the 3R-tau and 4R-tau

isoforms were expressed regardless of the presence or absence of ATS8-positive

aggregates. Bar =100 um.
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{ AB region

1 7 42
Amino acid Human VKMDAEFRHDSGYEVHHOQKLVFFAEDVYGSNEKGATITIGLMVYVGGVVIATVI
sequence Leopardcat V K M D AEFRHESGYEVHHOQOKLVFFAEDVGSNEKGATITIGLMVYVGGVVIATVI
Nucleic acid Human GTGAAGATGGATGCAGAATTCCGACATGACTCAGGATATGAAGTTCATCATCAAAAATTGGTGTTCTTTGCAGAAGATGTGGGTTCAAACAAAGGTGCAATCATTGGACTCATGGTGGGCGGTGTTGTCATAGCGACAGTGATC
sequence Leopard cat  GTAAAGATGGATGCCGAGTTCCGACATGAGTCAGGATACGAAGTTCATCATCAAAAACTGGTGTTCTTTGCAGAAGATGTGGGTTCAAACAAAGGTGCCATCATTGGACTCATGGTGGGCGGCGTTGTCATAGCAACGGTGATT

Figure 9. Nucleic acid and amino acid sequences of the leopard cat and human A region. In humans, the 7th amino acid residue of the

AP peptide is aspartic acid (D), while in leopard cats it is glutamic acid (E).
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6. Abstract

AP deposits are seen in aged individuals in many of the mammalian species
that possess the same AP amino acid sequence as humans. Conversely, NFT the other
hallmark lesion of AD, are extremely rare in these animals. AP deposits were detected
in the brains of Tsushima leopard cats (Prionailurus bengalensis euptilurus) that live
exclusively on Tsushima Island, Japan. AP42 was deposited in a granular pattern in
the neuropil of the pyramidal cell layer, but did not form argyrophilic senile plaques.
These AP deposits were not immunolabeled with antibodies to the N-terminal of human
AB. Sequence analysis of the amyloid precursor protein revealed an amino acid
substitution at the 7th residue of the AP peptide. In comparison with other mammalian
animals that do develop argyrophilic senile plaques, the author concluded that the
alternative AP amino acid sequence of leopard cat is likely to be related to its distinctive
deposition pattern in the brain. The distributions of hyperphosphorylated tau-positive
cells and the two major isoforms of aggregated tau proteins were quite similar to those
seen in Alzheimer's disease. In addition, the unphosphorylated form of GSK-3f
colocalized with hyperphosphorylated tau within the affected neurons. In conclusion,

this animal species develops AD-type NFTs without argyrophilic senile plaques.
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Conclusion

Researches on the pathogenesis and treatment of AD have largely relied on
transgenic mouse harboring the mutated gene of familial AD, and also on the monkey
and the dog that possess the same AP aminoacid sequence to that of human and
spontaneously develop SPs as they age (Table 1) [Braidy 2012; Go6tz 2008; Head 2013;
Janus 2000; Janus 2001]. The monkey and the dog are indeed ideal animal models for
studying age-dependent AP deposition in the cerebral parenchyma and blood vessel
walls, however these animals rarely develop tau pathology, and moreover, neuronal cell
death as observed in human AD patients does not occur in these animals.

In the present thesis, the author first studied the N-terminal subtypes of A}
that compose SPs of the dog, monkey and bear in order to know whether SPs in these
animals are actually related to AD or are age-related phenomena as seen in
non-demented elderly (normal aging) human. As the result, the SPs of these animals
were composed of N-terminally truncated AR (APpN3), indicating that these animals
develop AD-type SPs. Therefore, these animals can reproduce the initial step of AD
(i.e. SP formation) as they age, although tau pathology, the next step of the amyloid
cascade hypothesis of AD, is absent. The absence of tau pathology may be explained by
the short life span of these animals. However, in the cat that shows small granular A
deposits and no SPs or CAA [Nakayama 2001], AP deposits were not labeled by neither
anti-human ABNI1 antibody nor anti-human APpN3 antibody. This propensity was
also observed in the leopard cat, an animal species that belong to the same family as the

domestic cat (Felinae). The different N-terminal epitope and the low aggregability of
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AP in Felinae species are probably due to the specific N-terminal aminoacid sequence
that is conserved among these species (Table 1).

Next, the author described the pathological characteristics of vascular AP
deposition in the brains of the squirrel monkey and the dog. AP 40 has a propensity to
deposit in the arterioles, while AB42, which has a higher aggregability [Meisl 2014], is
deposited in the capillaries that branches from the AP40 laden arterioles. In both
animal species, capillary AP deposits were distributed as clusters in the deeper cortex
and the subcortical WM, indicating that the vascular tree that is serving the local area is
affected. As it has been described in the dog [Uchida 1992], dense-core plaque-like
structures were often found adjacent to the AB-laden capillaries, appearing like a fruit of
a tree. Since the production rate of AP by neurons does not differ with age and local
area of the cerebral cortex, the above-mentioned findings may implicate a decreased
efflux of ApoE-AB complex by the perivascular drainage system of the local vascular
unit. This “Vascular tree hypothesis” is explained in Figure 1. Furthermore, in dogs,
the WM myelin was substantially lost in correlation with capillary AP deposition
AB-laden capillaries were often occluded, thus the vascular supply should be impaired
in the deeper cerebrum (the WM). Such mild ischemia may induce oxidative damage
to the myelin lipids. In fact, abundant peroxidate lipid-laden macrophages were found
in the perivascular space in the WM of aged dogs with WM myelin loss. The author
concludes that damaged myelin lipids are engulfed by macrophages and gathered
around the vessels. This notion is in concordance with demyelinating disease such as

MS [Kooi 2009]. Recently, the significance of cerebral WM myelin loss relating to
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capillary CAA is disputed [Rolyan 2011; Thal 2009; Thal 2012]. The present study
revealed that WM demyelination occurs in aged dogs as well as in aged humans, hence
WM alteration may account for age-related behavioral changes of the dog. Moreover,
dogs are useful animal model for CAA-related WM myelin loss as well as
microhemorhage in AD patients [Uchida 1990].

In chapters 4 and 5, pathology of age-dependent NFT formation in the brains
of domestic cat and the leopard cat was characterized. The affected cells, the
distribution, the tau-isoforms and the activated kinase of NFTs were identical to that of
human AD. The domestic cat was further studied, and intracellular AP oligomers were
found in the hippocampus where NFTs were often developed. In addition, the
hippocampal neurons were significantly decreased in aged cats with severe NFTs.
Here, the author hypothesizes the mechanism of NFT formation in the cat that has a
much shorter life span than human (Figure 2). The felid-type A is resistant to
develop SPs, but its oligomeric form induces hyperphosphorylation of tau proteins to
develop NFTs. In fact, in other animal species that express human-type A (i.e.
monkeys and dogs), SPs may be gathering (buffering) toxic AP oligomers as “trash
bins”, preventing from proceeding to NFT formation. Exceptionally, we humans
extended our life-span to overwhelm the buffering capacity of SPs, and proceed to NFT
formation and neuronal loss due to the accumulated effect of AP oligomers. The
results of the current thesis show a close topographical relation of intracellular A,
NFTs and neuronal loss in the hippocampus of the cat brain. However, no significant

neuronal loss was observed in cat brains with intracellular AP but without NFTs. This
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indicates the importance of NFTs in hippocampal neurodegeneration in aged cats, as
well as in human AD brains.

Lastly, the present study has shown that, comparing the difference of
age-related brain lesions among animal species not only will devote to seeking animal
models but also will light the unrevealed pathology of human dementia from a novel

point of view.
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Table 1. AP and Tau amino acid homology and AD pathologies in human and animal.

ot

iqhuue;ca:i Oligomers SP 3:qhuuer:;¢: Isoforms NFT
Human — Yes Yes — 3R+4R (6) Yes Yes
Chimpanzee 100% ND Yes 100% 3R+4R (6) No No
Dog 100% Yes Yes 92% 3R+4R (4) No No
Cat 1 a.a. different Yes No 93% 3R+4R (6) Yes Yes
Mouse 3 a.a. different No No 89% 4R (4) No No

3R, 3-repeat; 4R, 4-repeat; (number of isoforms).
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