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PREFACE

Changes normally associated with aging in the central nervous system
(CNS) of human beings include shrinkage of the brain and probable loss of
neurons, gliosis, amyloid deposits such as senile plaques (SP) and
cerebrovascular amyloidosis (CA), deposition of lipofuscin pigments in
neurons and glial cells, and cytoskeletal abnormalities of neurons such as
axonal dystrophy, neurofibrillary tangles (NFT), granulovacuolar
degeneration, Hirano bodies and Lewy bodies. Corpora amylacea in the
astrocytic processes are also a known form of aged changes.

The presence of numerous SP and nerve /‘cells containing NFT in the
cerebral cortex, hippocampus and amygdala is widely regarded as
representing the histopathological hallmark of Alzheimer’s disease (AD) [72].
It is also well recognized that these same pathological changes occur, but to
a much lesser extent, in many non-demented individuals, particularly after
the age of 65 years [18, 76, 80, 128, 131].

AD occurs throughout the world and accounts for one-half to two—-thirds
of all cases of late-life intellectual failure in many developed countries that
have achieved high life expectancies. The application of biochemical and
molecular approaches to AD has now led to the identification of several gene
products whose alterations may underlie the progressive dysfunction and
dystrophy of neurons and glia that occur in the limbic and association
cortices and in certain subcortical nuclei that project to them. The greatest

challenge to investigators studying AD, and the greatest source of ongoing

controversy, derives from attempts to place the observed morphological and




biochemical changes into a temporal sequence of pathogenesis.

Animal models of human diseases usually bring closer the day when we
can help affected people. The need for an animal model for AD is particularly
pressing considering the number of people who are suffering or will suffer
from this disease. Amyloid deposits similar to those observed in human
brains have been described in aged non-human primates [19, 99, 60, 120, 135,
136, 139]. Numerous SP were also observed in the brains of aged bears [14].
SP and CA in the brains of dogs were observed by Wisniewski et al. [140]
and Uchida et al. [130]. An immunohistochemical study revealed the
presence of SP in five species of aged mammals including dogs, and showed
that amyloid deposits that are a part of these SP consist of the amyloid
B-protein (ABP) [112]. Recently, Kawabata et al. [61] produced transgenic
mice carrying SP, NFT and neuronal degeneration similar to those in the AD
brain.

In this thesis, data on the spectrum of morphological appearance of
amyloid deposits in the CNS of aged dogs are presented. This study shows
that the cerebral amyloid deposits in aged dogs are morphologically and
immunohistochemically similar to those in human beings. Diffuse astrocytic
gliosis, which is the change known to be associated with normal aging and
AD, is also demonstrated in aged dogs. Aged dogs, therefore, may become
the animal of choice for studying the mechanisms involved in CNS aging of
human beings.

Current information on the pathology of cerebral amyloid deposition will
be presented in this introduction, because this study attempts to get a

insight into the pathogenesis of cerebral amyloid deposition by the systemic




examination of the CNS of aged dogs.

Review: the pathology of cerebral amyloid deposition

The classic SP of AD is a complex lesion of the cortical neuropil containing
several abnormal elements: a central deposit of extracellular amyloid fibrils
(the core) surrounded by dystrophic neurites (both dendrites and axon
terminals), activated microglia, and hypertrophic astrocytes [142]. The
sequence of involvement of these elements in plague formation and the time
required to generate such ‘mature’ plaques are poorly understood.
Although plaques with these characteristics can occasionally be observed in
other age-related degenerative brain diseases, they occur abundantly in
three conditions: AD, trisomy 21, and, to a lesser extent, normal brain aging.
The fibrils of the plaque core are ultrastructurally distinct from paired
helical filaments of NFT (the core fibrils are extracellular, unpaired, and ~8
nm in diameter), but closely resemble the biochemically diverse amyloid
filaments that accumulate extracellularly in nonneuronal tissues in a variety

of unrelated systemic amyloidosis [33]. Amyloidosis is a general term in

pathology that designates diseases in which deposits of 5-10 nm 4 ¢

proteinaceous fibrils (amyloid) accumulate progressively in the
extracellular spaces of tissues and their vasculature. The amyloid filaments
are usually composed of proteolytic fragments of normal or mutant gene
products; the particular polypeptide forming the filaments differs among
the amyloidoses. Because the amyloid deposits in such digseases invariably

lead to local tissue injury rather than accumulate as inert by-products of
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the pathological process, it has long been assumed by some that this would

also be the case in AD. In addition to plaque cores, amyloid deposits occur in
the walls of some or many cerebral and leptomeningeal blood vessels in AD.

In 1984, Glenner and Wong [34] first reported the subunit composition of
amyloid filaments isolated from meningeal vessels and solubilized in
guanidine hydrochloride. The ~4 kd monomer was sequenced to residue 24
and found to be a novel peptide, designated the ABP (Fig. 1). The sequence
of ABP derived from the meningovascular deposits was later shown to
extend to 40 residues [46]. The purification of SP cores from AD cortex
revealed an ~4 kd subunit protein of essentially identical amino acid
composition [79, 111]. Antibodies to either the synthetic ABP [79, 145] or the
native, purified A 8P [46, 111] revealed the complete cross-reaction of
vascular and plaque amyloid. Moreover, A P immunohistochemistry of AD
cortex has revealed innumerable noncompacted deposits of ASP ( ‘diffuse’
or ‘preamyloid’ plaques) that contain very few or no surrounding
dystrophic neurites or glia [147]. Such amorphous deposits were not
detected by the classic amyloid stains, Congo red and thioflavin S. These
and many other recent studies indicate that there is a much greater amount
of ABP in AD brain than previously believed, including many diffuse
plaques in brain regions that appear to be largely unaffected clinically (for
example, cerebellum, striatum, and thalamus) [49, 90].

The initial cloning of A 8P ¢DNAs demonstrated that the isolated peptide
was a proteolytic fragment of a 695 residue precursor protein ( 8-amyloid
precursor protein: SAPP), whose sequence predicted a glycosylated

polypeptide spanning the membrane once near its C-terminus [60]. The




39-42 residue A 8P region comprises the 28 amino acids Just outside of the

membrane plus the first 11-14 amino acids of the hydrophobic
transmembrane domain (Fig. 2). Subsequent cloning has identified several
alternatively spliced transcripts (563, 751, or 770 amino acids long), which
contain an insert with ~50% homology to the Kunitz family of serine
protease inhibitors (KPI) [21, 57, 99, 124]. The SAPP polypeptides
themselves have been identified in brain, nonneural tissues, and cultured
cells as a complex group of 135 kd membrane-associated proteins [114]. In
cultured cells, SAPP has been shown to undergo N- and O-glycosylation and
tyrosine sulfation [93, 137], as well as constitutive proteolytic cleavage that
releases the large, amino-terminal soluble protein into the medium [137] and
retains an ~10 kd hydrophobic carboxy-terminal fragment in the membrane
[114]. Recently, Esch and colleagues [25] have purified and sequenced both
of these fragments from cDNA-transfected cells and established that
constitutive cleavage occurs at residue 16 of the A B P region (residue 687 of
BAPP+70) (Fig. 2), thereby precluding #-amyloid formation. Two (or more)
alternative cleavages must occur in at least a subset of B APP molecules
during aging and in AD to liberate the intact A B P fragment. The secreted
amino-terminal fragment containing the KPI insert has been shown to be
identical to the previously described serine protease inhibitor, protease
nexin II (PN-II) [92, 132].

The biological functions of SAPP are not yet well understood. The high
degree of evolutionary conservation of BAPP molecules, their expression in

virtually all cells and tissues examined to date, and the characteristics of

the BAPP promoter region [105] all suggest that there are important,




multiple functions of this family of alternatively spliced proteins. Forms of yéi

APP containing the KPI motif have been shown to inhibit trypsin and other
serine proteases in vitro [57, 117]). Based on studies of the secreted serine
protease inhibitor, protease nexin-I, it has been hypothesized that the
PN-II portion of SAPP may be secreted from cells in order to regulate
extracellular serine proteases, following which the protease inhibitor
complex may bind back to a cell surface receptor and be internalized.
Another putative function for SAPP based on in vitro experiments is as an
autocrine or growth-promoting molecule. This hypothesis is based on the
finding of a reduced rate of fibroblast proliferation following treatment of
the cells with SAPP antisense oligonucleotides; addition of exogenous PN-II
restored normal growth [104]. PN-II has also recently been shown to be an
inhibitor of coagulation factor XIa in vitro [118]. Its storage in the a
granules of platelets and release following stimulation with platelet agonists
such as thrombin or collagen have suggested a role in scar formation and
wound repair [132]. Other vitro evidence suggests that SAPP is a
component of the extracellular matrix and could participate in cell adhesion
[61, 109]. The primary structure of B APP based on its original cDNA
sequence led to the hypothesis that it serves as a cell surface receptor [50],
although no direct evidence of such a function has yvet been published.
Additional studies establishing the normal biological functions of SAPP
will be needed to ascertain whether one or more of these functions is
perturbed in AD. It may be that only a small minority of SAPP molecules are

alternatively cleaved to release the amyloidogenic A 8P fragment and that

most precursor molecules continue to be normally processed and remain




functional throughout the digease. Indeed, the lack of phenotypic

abnormalities in nonneural tissues that express S APP as well as in
numerous brain and spinal cord regions that contain abundant £
APP-producing cells suggests that widespread loss of normal BAPP function
is not a fundamental event that underlies the pathogenesis of AD.

Although compositional analysis and fibril reconstitution studies suggest
that A 8P is the sole subunit protein of the amyloid fibrils in AD, there is
growing evidence that several other distinct proteins are intimately and
specifically associated with the f-amyloid deposits. These other
constituents of the deposits, designated as B -amyloid-associated proteins,
include a i-antichymotrypsin (ACT) [1], complement factors Clqg, C3c, and
C3d [103], the serum amyloid P protein [13], and heparan sulfate
proteoglycans [119]. The latter two constituents are now unique to the
B-amyloid of AD, but are found in all types of amyloid deposits occurring in
a variety of human diseases. ACT has been found to be present in f-amyloid
deposits in the several disorders in which these occur (brain aging in
humans and monkeys, AD, and Down’s syndrome) [1], but not in other types
of amyloid. Moreover, ACT remains associated with the A 8P fibrils following
heating in sodium dodecyl sulfate [1]. Such a tight association has also
recently been reported for heparin sulfate proteoglycan [119].

The presence of complement components, acute phase protein such as ACT
and serum amyloid P, and activated microglia [45, 143] in B-amyloid
deposits suggests that an inflammatory process is occurring within the SP.

The nature of this inflammatory process, the possible role of cytokines [39],

and the question of whether the Process may represent an immune-mediated




reaction [82] remain issues for further study.

The discovery that amorphous, largely nonfilamentous deposits of ASP

that have few or no surrounding dystrophic neurites, designated as
‘diffuse plaques’ , are much more common in both AD and normal aged

brains than are ‘classic plaques’ has heightened interest in the
long-standing and unresolved question of the origin of S-amyloid deposits.
The juxtaposition of the amyloid cores of classic plaques to degenerating
neurites (including axonal terminals) and activated glial cells has led to
suggestions that the extracellular amyloid may arise from FAPP in altered
neurons [78], astrocytes[116], or microglia [143]. The high levels of SAPP
expression in neurons demonstrated by in situ hybridization [5] and the
finding that SAPP undergoes fast axonal transport [63] have been used to
support a neuronal origin for A 8P deposits. However, virtually all cells in
the nervous system, including astrocytes, microglia, and endothelial cells,
as well as innumerable nonneural cells, express SAPP. Furthermore, many
diffuse A 8P deposits in AD brain are now known to contain very few or no
morphologically altered neurites [47, 49, 147]. Electron microscopy of these
deposits reveals occasional altered cell processes, but much of the AS
P-immunoreactive neuropil is ultrastructurally indistinguishable from the
surrounding normal neuropil [149].

Support for the hypothesis that such amorphous A SP deposits precede
rather than follow neuritic and glial alteration comes from
immunocytochemical studies of Down'’s syndrome. Humans with trisomy 21

develop typical amyloid-bearing neuritic plaques and neurofibrillary

tangles indistinguishable from those in AD if they survive into their fifth
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and sixth decades. It is generally assumed that the invariant occurrence of

B-amyloid lesions in middle-aged subjects with trisomy 21 is related to the
increased dosage of the SAPP gene, which has been localized to the
mid-portion of the long arm of chromosome 21. Examining the brains of
trisomic patients dying at various ages should reveal the temporal sequence
of AD-type neuropathological changes. Such studies have now shown that
diffuse A 8P deposits can be detected in Down’s subjects as early as the
mid-teens and occur commonly in the twenties and thirties [30, 73]. At these
ages, few or no mature neuritic plaques, dystrophic glia, or neurofibrillary
tangles are observed. Since the brain lesions of older trisomic 21 subjects
are indistinguishable from those of AD, it is likely that similar deposition of
A BP in diffuse form precedes neuritic and glial alteration in AD as well.
Indeed, both the cerebral cortex and some clinically uninvolved regions of
AD brain show myriad diffuse plaques with little or no neuritic/neuronal or
glial changes, even at the end stage of the disease.

SP and many cerebral microvessels in aged monkeys and dogs were
shown to contain AGP immunochemically identical to that in AD and Down's
syndrome [112]. Recently, cloning of the homologs of all three major human
B APP isoforms in cynomolgus monkey has revealed that BAPPess is
completely homologous to the human polypeptide, and BAPP-s, and yéi
APP+0 contain only 1 and 4 amino acid substitutions, respectively [97]. The
complete homology of SAPPc¢os between the monkey and human contrasts to
the 18 and 22 amino acid substitutions found in the rat and mouse,
respectively [115, 146]. Such study on B APP of dogs is not yet performed.

Studies of diffuse plaques in Down'’s and AD brains indicate that




degenerating neurites and glia are not a prerequisite for A 8P deposition.

Therefore, the SAPP molecules that give rise to A B P originate either from
structurally normal neurons or glia or from another source. The frequently
abundant A #P deposits found in the wall of meningeal arteries outside of
brain tissue suggest that cells intrinsic to the vessel wall (for example,
endothelial or smooth muscle cells) or cellular elements of the blood could
serve as a source of the SAPP molecules that yield vascular ApLP. A
hematogenous origin for these deposits would be in concert with certain
systemic amyloidoses known to derive from circulating precursors, for
example, immunoglobulin amyloid in multiple myeloma and primary systemic
amyloidosis, AA amyloid in the secondary amyloidosis of chronic
inflammatory diseases, and transthyretin amyloid in familial amyloidotic
polyneuropathy and senile systemic amyloidosis. Circumstantial evidence
that the S-amyloid of SP might also be vessel- or blood-derived comes from
the ultrastructural findings of Miyakawa et al. [86], which demonstrated a
capillary bearing amyloid at its basement membrane in every SP subjected
to serial ultrathin sectioning. In support of this hypothesis, occasional
deposits of A 8P immunoreactivity have been observed in and around
microvessels of the dermis, subcutaneous tissue, small and large intestine,
and adrenal gland in subjects with AD, familial AD, and Down’s syndrome
[48]. The chemical nature of the A 8P deposits in nonneuronal tissues and
their relationship to the much more abundant cerebral deposits remain
unclear. However, the detection of extracerebral A B8P deposits in and

around selected microvessels supports the notion that A BP can be

deposited without preceding neuronal/glial degeneration, indeed, in the




absence of local neurons and glia. Furthermore, the discovery of nonneural
A fP-immunoreactive deposits strengthens the parallels of f-amyloidosis
with the systemic amyloidoses and provides circumstantial support for a
vascular or hematogenous origin. The resolution of the origin of cerebral £-
amyloid has potentially important therapeutic implications, since a
hematogenous origin should be easier to interrupt than an origin from
neurons or other intrinsic brain cells. Much further study is needed before
the question of whether A 8P originates from BAPP in neurons, glia,
vascular cells, extracellular fluid (blood and cerebrospinal fluid), or from

multiple sources can be settled.




CHAPTER 1

MODIFIED BIELSCHOWSKY AND IMMUNOHISTOCHEMICAL STUDIES

ON SENILE PLAQUES AND CEREBROVASCULAR AMYLOIDOSIS

IN THE CENTRAL NERVOUS SYSTEM OF AGED DOGS




I. INTRODUCTION

Senile plaques (SP) and cerebrovascular amyloidosis (CA) are well-known
forms of cerebral amyloid deposits in the brains of human beings with
Alzheimer’s disease (AD) [72, 138]. Amyloid deposits are composed primarily
of a 42-43 amino acid fragment, designated amyloid B-protein (ABP) of a
larger amyloid precursor protein (BAPP) [36, 50, 99, 102, 115,428, 18%71,
Changes in the transcription, translation or post-translational processing
of BAPP are likely to play a role in the excessive A 8P formation in AD L12
24, 35, 43, 94, 115]. Amyloid deposits may also occur in nondemented aged
human beings and other mammals, including nonhuman primates, polar
bears and dogs [18, 112, 113, 120, 128, 130, 136, 139, 140].
There are two main hypotheses, the neuronal and vascular, as to the
source of SAPP. The primary evidence supporting the neuronal origin is
the high expression of SAPP and/or SAPP mRNA in neurons [5; 7, 62]). The
vascular hypothesis rests mainly on the deposition of amyloid in the wall of
blood vessels in AD and on the intimate association of capillaries with senile
plaques [32, 85, 86]. However, the observation that CA is not always
associated with AD suggests that the deposition of amyloid in the
neuroparenchyma may differ in some ways from that in and around the
vascular wall [136]. The resolution of the relationship of amyloid deposits to

local elements of the brain tissue, such as neurites, glia and capillaries has

important implications for the pathogenesis of them [47]. : i
In the present study, the morphology of SP and the topographic

relationship between SP and CA in the brains of aged dogs were




investigated using sensitive techniques for the detection of amyloid

deposits. And then, histopathogenesis of SP was discussed.




II. MATERIALS AND METHODS

The brains were obtained from 33 aged dogs which were killed by
euthanasia or died of a variety of disorders including heart worm disease,
renal failure, and tumor of visceral or genital organs. They consisted of 15
males and 18 females, with an average age of 13.6 years (range 10 to 17
yvears) (Table 1). Most of the aged dogs showed symptoms known to be
characteristic of aging: inactivity, sleepiness and poor mobility. No
neurological signs were observed in the dogs examined.

The brains were fixed in 10% neutral buffered formalin, and processed
routinely into paraffin wax embedding. Serial sections (6 um thick)
systematically cut at four levels (frontal lobe, striatum, diencephalon and
occipital lobe) (refer Fig. 6) of the left cerebral hemisphere and various
levels of the brain stem and cerebellum were stained with hematoxylin and
eosin, thioflavin S and modified Bielschowsky stains [152]. Selected sections
were also stained with periodic acid-methenamine silver [41], Luxol Fast
Blue, Bodian and Congo red stains or processed for immunohistochemistry
using antibody directed against A BP (1-24 residues; rabbit polyclonal,
kindly provided by Dr. N. Kitaguchi of Life Science Research Laboratories,
Asahi Chemical Industry Co., Ltd.) [145]. The antibody was used at a dilution
of 1: 1000. Sections for immunohistochemistry were stained using an
avidin-biotin peroxidase complex (ABC) method with diaminobenzidine as
chromogen. Before the immunostaining, deparaffinized sections were

immersed in formic acid (99%) for 5 min at room temperature to enhance the

immunostaining of A 8P [58]. Control sections were stained with nonimmune




rabbit serum I1gG at a protein concentration equivalent to that of the
primary antibody.

The number of SP was counted at a magnification of x100. Observations at
the higher magnification (x200) were used to better differentiate plaque
types. The incidence of SP was graded from - to +++ by the number of SP on
four coronal sections of the cerebral hemisphere: +++; 2 1000, ++; 500-999, +;
1-499, and -; absent. On thioflavin S-stained and immunostained sections,
CA was assessed semiquantitatively by division into four grades of severity:
; not observed, +; some lesions confined to meningeal vessels, ++; some
lesions in both meningeal and neuroparenchymal vessels, and +++; many
lesions in both meninges and neuroparenchyma. The number and
distribution of SP and CA were determined on the coronal sections by
making plots for these lesions with the aid of the camera lucida method.

Histological examination using thioflavin S and modified Bielschowsky
stains, and A #P immunostain for the presence of amyloid deposits was also
made to the spinal cord and non-neural tissues including the liver, spleen,
kidney, heart, lung, gut, pancreas and skin of the three dogs with the

prominent CA and SP formation (Dog Nos. 10, 26 and 339,




III. RESULTS

The brains of the aged dogs showed normal gross—-appearance except
moderate to severe thickening of the meninges (Fig. 3) and mild dilatation
of the ventricles. There appeared to be no difference in the age-related
symptoms and gross findings of the central nervous system (CNS) between
the dogs with SP and ones without SP, Histological examination of the CNS
revealed typical aged changes, such as nerve cell loss, lipofuscin
accumulation in neurons, occasional dystrophic axons and presence of
corpora amylacea. A S P immunohistochemistry demonstrated SP and CA,
these lesions being identically shown by the modified Bielschowsky and/or
thioflavin S stains (Fig. 5). No neurofibrillary tangles were identified in
neurons.

Most SP were observed in the neocortex of the cerebrum. Their densities
were highest in the cingulate and temporal cortices. The lesion spared
dorsal aspect of the coronal sections cut at various levels of the cerebral
hemispheres. There were occasional SP in the subcortical nuclei, including
the caudate nucleus and putamen, and hippocampus. No SP were detected in
the cerebellum, brain stem and spinal cord.

Based on the morphological arrangement and relative proportions of
amyloid and neuritic components, SP have been classified to several types
[101, 121, 142, 148]. In the present study, three types of SP were identified
on the basis of the modified Bielschowsky stain: diffuse plaques (diffuse

amyloid deposits lacking amyloid cores and apparent neuritic elements),

mature plaques (amyloid cores with or without apparent neuritic elements),




and perivascular plaques (dense amyloid deposits closely associated with

blood vessels). Thioflavin S stain confirmed the presence of discrete
deposits of amyloid that corresponded to the locations of CA and SP with
dense amyloid deposits. The relationship between the age and
morphological changes is given in Table 1. SP and CA were detected in 15
(45%) and 22 (67%) of 33 dogs examined, respectively. Of the 15 dogs with SP,
13 (87%) were accompanied by CA. No SP subtypes other than diffuse
plaques were observed in the brains which had a small number of SP; the
brains with advanced CA contained all subtypes of SP (Table 1).
In the dogs with mild CA, the lesions were confined to the meningeal
vessels of the dorsal area of the cerebrum and, to a lesser degree, those of
the cerebellum. In the dogs with moderate to severe CA, the lesions were
observed in the penetrating vessels in the cerebral cortex and all over the
meninges except the ventral area of the brain (Fig. 6). No CA was observed
in neuroparenchyma of the other areas of the CNS. SP, which were confined
to the cerebrum, were predominant in the medial and lateral areas of the
cerebral hemisphere, especially in the cingulate and temporal cortices (Fig.
6). ’:.! .
Diffuse plaques, which predominated in the plaque subtypes, were
distributed throughout the cortical layers, especially in cellular layers with
no topographic relationship to CA (Figs. 4 and 6). Mature and perivascular
plaques, both of which contained compact amyloid deposits, showed close
topographic relationship to CA (Figs. 6 and 7). These plaques often occurred ‘ 3

in the dogs with advanced CA (Table 1). Diffuse plaques of larger size, being

as large as 200 um in diameter, often contained capillaries in addition to a




Table I . Pathological data of the dogs examined
Dog Age Sex SP?) subtype CA®?
No. (years) Diffuse Mature Perivascular
1 10 M e ) ek s s )
2 10 M = L P #e
3 10 F - = i s
4 1l M o = e =
5 11 F H o o o
6 11 M - = o -
7 11 M H 2l e H
8 12 F e = = e
9 12 F b e - =18
10 12 F H i = H
11 1% M 1t = = -
i 12 F 4 o = H
13 1e F = o s =
14 13 M o s it =5
15 13 F - o = i
16 13 M + = = H
17 13 F = = - .
18 13 F = = = < 2
19 13 M = = o= H
20 L I + £ o H
21 14 F = = 5o =
22 14 M e = = Ht
23 14 F # = o +
24 14 ¥ H = = #
25 15 M s == - =
26 15 ' # - . #
27 15 M ~ e — G
28 16 M i = S #
29 16 F #t o = &
30 17 F = e == E =
5 | 17 M H# =5 £ i
32 17 M - - = H
33 1% E Ht -+ ] H#t
a) SP: Senile plaque.
b) CA: Cerebrovascular amyloidosis.
c) Number/four coronal sections of the cerebral hemisphere:
— ; absent, 1-498, H#; H00-999, #: =1000.
d) —; not observed, +; some lesions confined to meningeal

vessels,

and neuroparenchyma.

s
neuroparenchymal vessels, # ;

some lesions in both meningeal and

many lesions in both meninges




few neurons and glial cells (Fig. 8). Whereas, those of smaller size (S 50um)
seldom involved capillaries (Fig. 9). ASP immunohistochemistry
demonstrated amyloid deposits on the periphery of neurons with a normal
appearance in the cerebral cortex (Fig. 10). No amyloid deposits were

detected in the non-neural tissues examined.




IV. DISCUSSION

This study demonstrated that all of the SP and CA, both of which were
reacted with A 8P antiserum, corresponded to those shown by the modified
Bielschowsky and/or thioflavin S stains. Studies of aged human brains have
also shown this correspondence [44, 78]. Because of restrictions such as
limited availability of the antibody and required skills, few A 8P
immunohistochemistry has been employed on brain tissues of domestic
animals. Therefore, the findings shown in this study may be helpful to the
comparative study of aged animals.

Amyloid deposits have been demonstrated in SP and cerebral vessels in
aged human beings, nonhuman primates and several other mammals [53, 112,
136, 148]. In the present study, using the sensitive methods for the
detection of amyloid deposits, such as A B P immunohistochemistry, modified
Bielschowsky and thioflavin S stains [112, 144, 147], SP and CA were
demonstrated in 45% and 67% of the aged dogs, respectively. The incidence
of amyloid deposits in the aged dogs is comparable to that of nondemented
aged human beings [90]. Using a thioflavin S stain, Selkoe et al. [112]
demonstrated CA in all nine 10- to 12-year-old dogs examined. In contrast,
no sign of any form of amyloid deposits, SP or CA, was demonstrated in the
brains of cats, including three animals over 18 years of age (unpublished
data by the present author, A. Shimada). Studies on this possible species
difference may be useful in elucidating the mechanism of A 8P deosition in

the brain.

The immunohistochemical characteristics of brain amyloid deposits in the
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present aged dogs, combined with their morphological appearance, suggest

a strong similarity to the human type of lesions and make it likely that, as in
the human beings, the AP [34] is the main proteinaceous constituent of the
SP and CA. Large numbers of SP have been proposed as a diagnostic
criterion for the neuropathological diagnosis of AD [65]. Application of this
criterion to the dog brains examined in this study would yield a positive
diagnosis in some cases. One point, however, has to be kept in mind: no
neurofibrillary tangles were detected in the brains investigated.

Diffuse plagques show A B P-immunoreactivity with little evidence of
Congophilic amyloid deposition, whereas other subtypes of SP contain dense
amyloid (A 8P) deposits which are birefringent and fluorescent (1221
Electron microscopy demonstrated that diffuse plaques contained only a
sparse accumulation of amyloid fibrils, which might be below the threshold
level that could be detected by thioflavin or Congo red staining at the light
microscope level [149, 150]. Of the subtypes of SP found in this study,
diffuse plaques were predominant. This finding coincides with previous
observations on the brains of AD-affected and nondemented human beings
[121, 131, 148]. Diffuse plaques have been suggested to be very early SP
based on the analysis of the Down’s syndrome ‘model’ [3, 30, 44, 74]; this
also appears to be the case in the present aged dogs because no SP
subtypes other than diffuse plaques were observed in the dogs with a small
number of SP. The detailed mechanism of formation of amyloid fibrils in SP
and cerebrovascular walls is still unknown.

There have been controversies as to the relationship between SP and CA

because the two kinds of lesions do not invariably coexist [75, 87, 136]. In




the aged dogs, both SP and CA were mostly confined to the cerebrum. This

distribution pattern is comparable to that of nondemented aged human
beings and monkeys [90, 136]. In addition, the severity of both lesions
appeared to increase with advancing age, indicating that the lesions are
age-related. Furthermore, of the dogs with SP, all but two were accompanied
by various degrees of CA. Therefore, it is conceivable that SP and CA share
some triggering causes and mechanisms which lead to amyloid deposition.

As to the topographic relationship between SP and CA, a close association
between capillaries with CA and all subtypes of SP except diffuse plaques
were demonstrated in the present study. This finding agrees with the
observations on human beings and monkeys [85, 136] and supports the
concept of the vasculature origin, namely circulating source for amyloid in
these subtypes of SP [52, 85, 110]. Expression of SAPP and deposition of AB
P in non-neural tissues further support this hypothesis [48, 114]. However,
no sign of amyloid deposits was detected in the non-neural tissues examined
in the present dogs. This finding has two implications. First, the negative
staining is attributable to the method used in this study, such as antiserum
and process of immunohistochemistry. Second, the aged dogs examined had
actually no amyloid deposits in the non-neural tissues examined. This is also
likely because normal aged human beings showed only equivocal results in
the skin in ABGP immunohistochemistry, though definite and specific
staining was observed in the skin and intestine of AD patients [48].

Cell bodies of neurons and/or glia were almost always involved in diffuse

plaques. In addition, diffuse plaques of smaller size, those being regarded 5

as an initial stage of SP, often showed no association with capillaries. ;




Similar finding was also observed in human beings [4, 101, 148]. These
findings, combined with the observation that amyloid deposits were
demonstrated on the periphery of neurons in the brains of the dogs,
support the hypothesis of a neuronal or glial cell origin of plaque amyloid [5,
16,35, 40, 78, 81, 116].

Presence of two distinct modes of amyloid deposition in AD has been
suggested based on the biochemical evidences, including differences in the
C-terminal sequence, N-terminal blockage, and solubility of the AGP
between CA and SP [83, 100]. Taken together, results of the present study
suggest that different mechanisms may also be involved in the pathogenesis

of diffuse plaques, other subtypes of SP and CA in the brain of aged dogs.




V. SUMMARY

The morphology of senile plaques (SP) and the distributions of SP and
cerebrovascular amyloidosis (CA) were studied by employing thioflavin S
and modified Bielschowsky stains, and A 8P immunohistochemistry on serial
sections of the brains of aged dogs older than 10 Years of age. The aged
dogs developed SP which were morphologically and immunohistochemically
similar to those occurring in aged human beings. Based on the
morphological characteristics demonstrated by the modified Bielschowsky
stain, SP in the brains of the dogs were grouped into three types; diffuse,
mature and perivascular. Out of them diffuse plaques were predominant.
Most SP were observed in the cerebral cortex. Their densities were highest
in the cingulate and temporal cortices. There were occasional SP in the
subcortical nuclei, including the caudate nucleus and putamen, and
hippocampus. Mature and perivascular plaques, both of which contained
compact amyloid deposits, always showed close topographic relationship to
blood vessels with CA. Whereas, most of diffuse plaques showed no
topographic relationship to CA. Cell bodies of neurons and/or glia were
almost always involved in diffuse plagues. In addition, A 8P
immunohistochemistry demonstrated amyloid deposits on the periphery of
occasional neurons. These findings suggested that different mechanisms

may be involved in the development and evolution of the different subtypes

of SP in the brain of aged dogs.




CHAPTER 1II

IMMUNOHISTOCHEMICAL AND ULTRASTRUCTURAL STUDIES
ON AGE-RELATED ASTROCYTIC GLIOSIS

IN THE CENTRAL NERVOUS SYSTEM OF DOGS




I. INTRODUCTION

Astrocytic gliosis (AG) in the brain has been reported in aged normal
human beings and in patients with Alzheimer’s disease (AD) and senile
dementia of the Alzheimer type [6, 23, 42, 69, 106, 127]. The pPhenomenon is
believed to be a reaction to the loss of neurons and dendrites [6, 108]. AG as
an aged change was also reported in the brains of animals, including rats,
macaque monkeys and mice [2, 20, 29, 65, 68, 91]. No consistent results were
shown in these studies of animals and this discrepancy was attributed to
differing methods used, such as the number of animals, staining methods
and counting techniques [42]. In addition, few studies on age-related
ultrastructural changes in glial cells have been performed in both human
beings and animals [20].

In this study, electron microscopy and immunohistochemistry for glial
fibrillary acidic protein (GFAP), which is the primary constituent of glial
intermediate filaments and is considered to be exclusively localized in
astrocytes [8], were employed. Thus, as Mandybur et al. [71] stated, the
term ‘astrocytic gliosis’ in this study refers to ‘increase in GFAP-positive
astrocytes (GFAP-PA)’ or ‘increased GFAP immunoreactivity’ because not
all astrocytic glia is positively stained by the GFAP immunohistochemistry.

The aim of the present study is to report the pattern of age-related AG in

the central nervous system (CNS) of dogs.




II. MATERIALS AND METHODS

Twenty-six dogs, 16 females and 10 males, were used in the present study
(Table II). Seventeen were old dogs, ranging in age from 11 to 18 years
(mean 14.5 years), and nine were young controls, 2 months to 4 years of age
(Dog Nos. 10-15, 17-20, 22-25 of this Chapter correspond to Dog Nos. 7, 10, 8,
11, 16, 20, 24, 23, 27, 26, 29, 30, 32 and 33 of Chapter I, respectively). No
signs of neurological disorders were observed in the dogs. The dogs were
killed by euthanasia or died of a variety of disorders, including heart worm
disease, renal failure, and tumor of visceral or genital organs. Four aged
dogs (Dog Nos. 10, 13, 17 and 26) and four young controls (Dog Nos. 2, 3, 5
and 6) were anaesthetized with pentobarbital and perfused through the
heart with 2 liters of 4% paraformaldehide in phosphate buffer (pH 7.2).
During the perfusion, the descending aorta was clamped with a hemostat to
save fixative. The dogs were decapitated and the exposed brain was
re-immersed in perfusate for overnight at 4°C.

Complete autopsies were performed on these dogs. For light microscopy,
the CNS, including the cerebrum, cerebellum, brain stem and spinal cord
was fixed in 10% neutral buffered formalin at autopsy. A 5-mm-thick coronal
slice cut at various levels of the CNS was dissected. Both left and right
cerebral hemispheres of three aged dogs and left cerebral hemispheres of
the others were used in this study. The tissue block was then routinely
processed and embedded in paraffin. Serial sections (6 #m) were stained by
hematoxylin and eosin (HE), Luxol Fast Blue, Nissl and Bodian. Serial

sections were also processed for immunohistochemistry using the
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peroxidase-antiperoxidase (PAP) method with diaminobenzidine as

chromogen. The primary antibody was anti~-human GFAP (rabbit polyclonal,
Medac GmbH, West Germany). The antibody was used at a dilution of 1 : 200.
The sections were counterstained with hematoxylin. Method specificity was
evaluated by substituting normal rabbit serum with the primary antibody.

For electron microscopy small tissue blocks (1 mm®) were taken from the
cerebral cortex of the perfused dogs. These tissue blocks were post—-fixed in
phosphate-buffered 1% OsO, for 1 hr, dehydrated in ascending
concentrations of ethanol and embedded in Epon. Semithin sections (1 um)
were stained with toluidine blue and were examined light microscopically.
Thin sections were stained with lead citrate and uranyl acetate, and were
examined with a JEM-100CXI1.

At autopsy, tissue samples were also taken from a variety of organs for

routine light microscopic studies and fixed in 10% neutral buffered formalin.

Paraffin sections (4 um) were made and stained with HE.




III. RESULTS

Gross and microscopic examinations of the CNS of the aged dogs revealed
neither changes indicating ischemia nor signs of neurological disorders
other than typical aged changes, such as thickening of the meninges, mild
dilatation of the ventricles, occasional dystrophic axons, lipofuscin
accumulation in neurons, and nerve cell loss (Fig. 11). No obvious gross
atrophy was observed in the brains examined.

An increase in GFAP-PA in the aged dogs, as compared to the young
controls, was the most constant histological feature observed in the GFAP
immunohistochemistry (Table IT). No correlation was noted between the
intensity of AG and clinical findings, such as breed, sex and diseases which
affected the dogs. AG consisted of hypertrophic astrocytes being
characterized by either intense GFAP immunostaining in light microscopy
(Fig. 12) or by thick bundles of intermediate filaments in electron
microscopy (Fig. 13). These GFAP-PA were observed both interstitially and
perivascularly (Fig. 14). There were occasional GFAP-PA surrounding nerve
cell bodies (Fig. 15). In all 17 aged dogs, moderate to severe AG was
observed with a consistent distribution pattern in the CNS. The change was

symmetrical in the dogs whose CNS, including left and right cerebral
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hemispheres were examined.
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A marked increase in GFAP-PA was seen in the subcortical and deep white
matters in the cerebrum (Fig. 16a), especially at the cortico-medullary

Junction (Fig. 16b), corpus callosum, internal capsule, subcortical nuclei in

the cerebrum, central nuclei in the cerebellum, various nuclei in the brain




Table I . Pathological data of the dogs examined
Dog Age Sex Breed AG?’
No.
1 2 m™! F Mongrel e
2 2 m M Mongrel e
3 3 m M Mongrel e
4 b m F Mongrel -+
5 8 m E Mongrel i 5
6 12 m E Mongrel i
7 12 m M Mongrel o
8 12 m I Mongrel s o
9 4. y¢! M Mongrel +
10 11l ¥ M Y . terrier H
11 12 y F Poodle e
12 12 y i Mongrel =
T 12 y M Mongrel H
14 I3y M Mongrel H
15 13 y I Mongrel H
16 13 ¥y F Maltese H#
b+ 14 y It Maltese H
18 14 y i Mongrel H#
19 15 y M Mongrel #
20 15 y F Shiba Ht
21 16 y F Shiba H
A 17T ¥ E Mongrel H
A 17 y F Mongrel Ht
24 17 y M M®) _ schnauzer #
Y 17 y F Mongrel #t
26 18 y M Mongrel H

AG: Astrocytic gliosis.

m:
y:
-
M:
The neuropathological lesion is graded:
slight, +; mild, # ; moderate, # ; marked.

months.
years.
Yorkshire.

Miniature.

; absent,




stem, and gray matter of the spinal cord (Fig. 16c). A prominent increase of

them was also seen in the cerebral and cerebellar cortices (Figs. 12 and 16d)
and thalamus (Fig. 16e).

A moderate increase was observed in the hippocampus (Fig. 16f), white
matter of the cerebellum and spinal cord, reticular formation, optic tract
and subependymal areas (Fig. 16g) and periaqueductal zone throughout the
CNS.

Young control dogs showed minimum numbers of GFAP-PA in the CNS; the
molecular layer of the cerebrum and white matter throughout the CNS
consistently showed a slight increase in GFAP-PA (Fig. 16h).

Light microscopy failed to demonstrate no obvious degenerative changes
of the neural architecture in the area with prominent AG (Fig. 17). Electron
microscopy revealed a variety of degenerative profiles of neural
components, such as dark axon terminals, swollen synapse-like vesicles with
dense contents, and heterogeneous dense bodies in dendrites in the
cerebral cortex of the aged dogs (Fig. 18). These changes were often located

in the vicinity of hypertrophic astrocytic processes (Fig. 19). Few such

profiles were observed in the young controls examined (Fig. 20).




IV. DISCUSSION

In contrast to slight staining of GFAP in the young dogs, prominent
GFAP-immunoreactivity was shown in astrocytes of the CNS of the aged
dogs, indicating that age-related AG also occurs in dogs. There are several
reports which demonstrated astrocytic hypertrophy in the aging CNS [2, 9,
29, 68]. It was not certain whether there was an increase in the volume of
GFAP per astrocyte or just an increase in astrocyte size [9]. In the present
study, hypertrophic astrocytes with either intense GFAP immunostaining in
light microscopy or thick bundles of intermediate filaments in electron
microscopy were frequently observed. These findings may suggest that the
observed age-related hypertrophy of GFAP-PA be related to an increase in
the volume of GFAP per astrocyte. This morphological finding appears to
correspond to the results from the biochemical studies of the brains of the
experimental animals, in which age-related increase in the concentration of
either GFAP or GFAP mRNA was demonstrated [38, 89].

The brains of the aged dogs showed normal gross—appearance except mild
dilatation of the ventricles and thickening of the meninges. There appeared
to be no difference in the thickness of the cerebral cortex between the aged
dogs and the young controls. Similarly, no statistical difference as to the

cortical thickness was noted between the AD group and the controls in the
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morphometric studies of human brains [69, 106, 126]. Therefore, the
increase of GFAP-PA could not be related to the shrinkage or condensation

of the tissue [69, 106].

Studies of the brains of aged rats demonstrated synaptic deterioration




and functional changes in synaptic transmission mechanisms [64, 133].

Age-related alterations in neural components, including dendrites and
synapses have been considered as the stimulus for AG in aging [42, 66]. In
this ultrastructural study, degenerating profiles of presynaptic axon
terminals and dendrites, some of which were located in the vicinity of
reactive astrocytic processes, were frequently observed. These findings
are in accord with those of aged human beings [108].

The neocortical neuropil of AD patients is characterized by extensive
synaptic pathology, such as synaptic loss [17, 107], dilatation of
presynaptic terminals [17, 107] and abnormal synapses [37]. These changes
are accompanied by focal amyloid deposition [78, 122], dystrophic neurite
formation [31, 125], glial cell hypertrophy in plaques [22], and massive
accumulation of abnormal cytoskeletal filaments in dendrites [11]. Recent
studies in aged monkeys [15] and Down’s syndrome cases [30] have
suggested that abnormal neurites and synapse alterations scattered in
neuropil precede amyloid deposition. In this regard, it is important to
establish the origin and nature of the dystrophic neurites and their relation
to synaptic pathology in the cerebral cortex. Electron microscopic studies in
AD and aged animals [140, 141] have supported various theories about the
origin of the abnormal neurites, including (1) Wallerian degeneration, , :
(2) ‘dying back’ axonal degeneration, (3) ‘dying back’ of dendrites [31],
and (4) a primary pathological process in the presynaptic terminal. Using
synaptophysin-immunoelectron microscopy, Masliah et al. [77] suggested

that the dystrophic neurites in the AD neocortex are distorted presynaptic

terminal. Changes of the neural components in the present study may, at




least in part, originate frein the presynaptic terminal, because of the

similarity of these changes in the conventional electron microscopy to those
in the AD neocortex.

Recent studies suggested that astrocytes have a phagocytic function,
which may contribute to remove degenerative debris in the CNS [2, 88].
However, no dense bodies suggestive of ingestion of degenerative neural
components were observed even in the cytoplasm of reactive astrocytes
occurring among the profiles of degenerating axon terminals. Recent
studies demonstrated evidence of new roles for astrocytes, including
neurotransmitter uptake [10, 56], synthesis and secretion of trophic factors
[27, 28, 54, 98], targets for hormones and immune system cytokines [26, 67,
134], and regulation of cerebral blood flow [96]. Thus, astrocytes may play
important roles in the regulation of the microenvironment in the CNS.
Therefore, the possibility exists that astrocytic hypertrophy represents a
primary effect of aging rather than a mere secondary response to
degenerative events in the CNS [89].

As to the patterns of age-related AG, increased numbers of GFAP-PA have
been reported in the cerebral cortex and hippocampus in AD and normal
aging brains of human beings [6, 23, 42, 69, 106, 127]. The pattern of AG
observed in the present study is similar to that demonstrated in the recent
study of the AD and aging cerebrums, in which extensive AG was observed
in the deep cerebral white matter, cortico-medullary junction and

subcortical gray matter in addition to the cerebral cortex [6]. Using GFAP

immunohistochemistry, Mandybur et al. [71] systematically examined the

brains of old nude mice, in which an increase in the number of GFAP-PA and




their hypertrophy were also observed in a pattern similar to that found in
the dogs except no evidence of AG in the cerebral and cerebellar cortices in
the nude mice. This discrepancy may be attributable to the species
difference in neuroanatomical and functional specificity of the CNS between
the two species.

In animals, occurrence of age-related specific changes, such as senile
plaques and cerebrovascular amyloidosis is restricted to some species and
in small quantity [71]. In Chapter I, both two changes, which were
morphologically and immunohistochemically similar to those of human beings,
were demonstrated to occur in the brains of aged dogs with a high
incidence. In addition, the present study demonstrated the occurrence of
age-related AG with a consistent pattern similar to that of human beings. It
thus appears that aged dogs may be suitable as an animal model for the

study of the mechanisms involved in CNS aging of human beings.




V. SUMMARY

The pattern of astrocytic gliosis (AG) was examined in 26 2-month-old to
18-year-old dogs using glial fibrillary acidic protein (GFAP)
immunohistochemistry and electron microscopy. Coronal sections from
various levels of the central nervous system (CNS) were stained with
hematoxylin and eosin, Luxol Fast Blue, Nissl, and Bodian in addition to GFAP
immunohistochemistry. A consistent pattern of age-related AG was observed
in the dogs; the pattern was similar to that of aged human beings. The white
matter, cortico-medullary junction, and subcortical nuclei in the cerebrum,
central nuclei in the cerebellum, various nuclei in the brain stem, and grey
matter of the spinal cord showed even and intense GFAP staining. AG was
also prominent in the cerebral and cerebellar cortices and thalamus.
Moderate AG was observed in the hippocampus and white matter of the
cerebellum and spinal cord. Electron microscopy demonstrated increased
numbers of profiles of degenerative neural components in the vicinity of
hypertrophic astrocytes in the cerebral cortex of the aged dogs. Moderate < /=
to severe AG was consistently shown in the CNS of the aged dogs. In ’
contrast, young normal dogs showed minimum numbers of GFAP-positive
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astrocytes in the CNS. These findings suggest that the observed AG in the

CNS of the dogs may be a morphological expression of aging.




CHAPTER 1III

THE TOPOGRAPHIC RELATIONSHIPS BETWEEN ASTROCYTIC GLIOSIS AND
SENILE PLAQUES, AND ASTROCYTIC GLIOSIS AND CEREBROVASCULAR

AMYLOIDOSIS IN THE CEREBRAL CORTEX OF AGED DOGS




I. INTRODUCTION

Astrocytic gliosis (AG) as an aged change was demonstrated in the brains
of dogs in Chapter II. AG has been believed to be a reaction to the loss of
neural components [6, 106]. However, recent studies of the brains from
patients affected with Alzheimer’s disease (AD) and senile dementia of the
Alzheimer type (SDAT) suggested the possible association of astrocytes in
the process of senile plaque (SP) formation [6, 95, 129, 150, 151].
Furthermore, following the observation of S-amyloid precursor protein ( 8
APP) in reactive astrocytes in the experimentally induced lesions of the
brains of rats, Siman et al. [116] suggested that astrocytes may be a source
of amyloid B-protein (A B8P) for SP and cerebrovascular amyloidosis (CA). In
Chapter I, SP and CA were demonstrated in the brains of aged dogs, both of
which were morphologically and immunohistochemically similar to those
occurring in aged humans. In the present study, the topographic
relationships between AG and SP, and AG and CA in the cerebral cortex of
aged dogs were examined and the possibility of the astrocytic involvement

in the evolution of SP was discussed.




II. MATERIALS AND METHODS

Six dogs, three females and three males, ranging in age from 11 to 18
years, were used in this study (Dog Nos. 1-6 of this Chapter correspond to
Dog Nos. 7, 11, 24, 31, and 33 of Chapter I, and Dog No. 26 of Chapter II,
respectively). All the dogs were demonstrated to have prominent CA and SP
formation. The dogs had no history of neurological disorders. Four of the 6
dogs were anaesthetized with sodium pentobarbital and perfused through
the heart with 2 liters of 4% paraformaldehide in phosphate buffer (pH 7.2).
During the perfusion, the descending aorta was clamped with a hemostat to
save fixative. The dogs were decapitated and the exposed brain was
re-immersed in perfusate for overnight at 4°C. The left cerebral hemisphere
was used in this study.

For light microscopy a 5-mm-thick coronal slice cut at a level of the optic
chiasma was dissected from the left hemisphere. The slice contained the
cingulate and temporal cortices, where the highest density of SP was
observed in the previous study (see Chapter I). The tissue block was then
routinely processed and embedded in paraffin. Serial sections (6 um) were
stained with hematoxylin and eosin (HE), Nissl, Bodian, modified
Bielschowsky [152] and thioflavin S. In the previous study on the brain
amyloid deposits in aged dogs, SP and CA were well shown by the latter two
stains (see Chapter I). Serial sections were also processed for
immunohistochemistry using the peroxidase-antiperoxidase (PAP) method

with diaminobenzidine as chromogen. The primary antibody was anti-human

GFAP (rabbit polyclonal, Medac GmbH, West Germany). The sections were




counterstained with hematoxylin. Method specificity was evaluated by
substituting normal rabbit serum with the primary antibody.

For electron microscopy small tissue blocks (1 mm?) were taken from the
cerebral cortex of the perfused dogs. These tissue blocks were post-fixed in
phosphate-buffered 1% 0s04 for 1 hr, dehydrated in ascending
concentrations of ethanol and embedded in Epon. Semithin sections (1 um)
were stained with toluidine blue and were examined light microscopically.
Thin sections were stained with lead citrate and uranyl acetate, and were
examined in a JEM-100CXII.

At autopsy, tissue samples were taken from a variety of organs for
routine light microscopic studies and fixed in 10% neutral buffered formalin.

Paraffin sections (4 #m) were made and stained with HE.




III. RESULTS

The brains of the aged dogs showed normal gross—-appearance except
moderate to severe thickening of the meninges. The dogs were affected with
a variety of disorders, including heart worm disease and tumor of visceral
or genital organs.

The cerebral cortex of the aged dogs showed diffuse AG, in which
prominent astrocytic reaction was shown around vessels irrespective of the
intensity of amyloid deposition in the involved vessels (Fig. 21). In addition,
such pattern of AG was consistent throughout the cerebral cortex, where CA
was not always accompanied. As shown in the previous study, the majority
of SP observed in the aged dogs were of diffuse type (see Chapter I).
Diffuse AG was consistently observed throughout the cortex regardless of
the intensity of SP formation in these lesions (Fig. 22). Serial sections
stained with GFAP and modified Bielschowsky showed no sign of
GFAP-positive astrocytes (GFAP-PA) surrounding diffuse SP; many mature
SP were demonstrated to contain processes of GFAP-PA (Fig. 23). Electron
microscopy frequently showed normal-looking capillaries wrapped with

hypertrophic processes of astrocytes (Fig. 24).




1V. DISCUSSION

The findings obtained here showed that diffuse AG as well asg
perivascular AG appears not to be associated with amyloid deposits in
vessels. Perivascular gliosis was also reported in normal aging and
AD-affected human beings, and aged mice [6, 69-71]. It has been suggested
that perivascular gliosis may be associated with either leakage of blood
derived substances or thickening of the vascular wall, which may induce an
impairment of exchange of oxygen and metabolites [69, 84]. In the present
study, however, there were no signs of vascular pathology, including
hemorrhage and ischemic changes. Thus, the cause of age-related
perivascular AG is not fully understood at the present time.

The reactive astrocytes around SP have been reported in both humans
and animals, although the significance of the relationship between them is
still uncertain [6, 22, 23, 70, 106, 136]. Most of the astrocyte-associated SP
observed in these studies might have been mature SP, because
conventional staining methods used in the previous studies could not have
demonstrated diffuse SP, which contain no compact amyloid deposits.
Diffuse SP can be visualized when they are stained with A 8P
immunohistochemistry or improved silver staining methods (see Chapter I).

There are reports which suggest that astrocytes react simply to SP [22,
23]. Recent studies revealed that astrocytes express a .- antichymotrypsin
(ACT) mRNA and B APP in the AD-affected brains of humans and the injured

brains of mice, respectively [95, 116]. Both ACT and SAPP are considered to

be associated with the pathogenesis of the core amyloid deposits in SP [1, 50,




57]. In addition, using A P immunoelectron microscopy Yamaguchi et al.
[150, 1561] demonstrated astrocytic processes surrounding amyloid fibrils in
diffuse SP and subpial A 8P deposits in the AD-affected and SDAT-affected
brains, respectively. Furthermore, acidic fibroblast growth factor, which
has potent neurotrophic actions, was demonstrated in astrocytes
surrounding SP in AD cases [129]. These findings may imply that astrocytes
are involved in the evolution of SP. In the present study, mature plaques
accompanied by a substantial number of GFAP-PA were often observed. In
contrast, no obvious accumulation of GFAP-PA was detected around diffuse
plaques. This may support the hypothesis that diffuse plaques are of early
form of SP [150], because astrocytes respond to brain injuries in a timely
fashion. Nevertheless, the possibility that astrocytes are associated with
diffuse SP could exist because not all astrocytes necessarily reveal
themselves by GFAP staining method [71]. Whether astrocytes react simply
to degenerative neuritic components and/or deposited amyloid in neuropil
as suggested by Mandybur [70] or actually participate in the process of SP
formation should not be determined until the fine structural as well as

physiological relationships between SP and astrocytes are elucidated.




V. SUMMARY

The topographic relationships between astrocytic gliosis (AG) and senile
plaques (SP), and AG and cerebrovascular amyloidosis (CA) were studied in
the cerebral cortex of six aged dogs using glial fibrillary acidic protein
(GFAP) immunohistochemistry and electron microscopy. Coronal sections
containing the cingulate and temporal cortices were stained with
hematoxylin and eosin, Nissl, Bodian, modified Bielschowsky and thioflavin S
in addition to GFAP immunohistochemistry. The cerebral cortex of the aged
dogs showed diffuse AG, with which prominent astrocytic reaction around
vessels was associated irrespective of the intensity of amyloid deposition in
the involved vessels. Such pattern of AG was consistent throughout the
cerebral cortex, where CA was not always accompanied. In addition, there
was no difference in the pattern of AG between the area with SP and the
area without SP, except occasional involvement of the processes of
GFAP-positive astrocytes (GFAP-PA) in mature SP in the former area. It
appears that an increase in GFAP-PA may not necessarily occur secondary

to SP formation and CA.




CONCLUSION

1. The aged dogs developed senile plaques (SP) which were morphologically
and immunohistochemically similar to those occurring in normal aged
human beings and patients with Alzheimer’s disease (AD). Based on the
morphological characteristics demonstrated by the modified
Bielschowsky stain, SP in the brains of the dogs were grouped into three
types; diffuse, mature and perivascular plaques, of which diffuse

plaques were predominant.

2. The broad similarities in staining properties between the SP of human
beings and those of the dogs suggest a common mode of the formation

and the evolution of the structure in these different species.

3. Most SP were observed in the cerebral cortex. Their densities were
highest in the cingulate and temporal cortices. There were occasional SP
in the subcortical nuclei, including the caudate nucleus and putamen,

and hippocampus.

4, Mature and perivascular plaques, both of which contained compact
amyloid deposits, always showed a close topographic relationship to
blood vessels with cerebrovascular amyloidosis (CA). Whereas, most of
the diffuse plaques showed no topographic relationship to CA. Cell
bodies of neurons and/or glia were almost always involved in diffuse

plaques. In addition, B-protein immunohistochemistry demonstrated
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amyloid deposits on the periphery of occasional neurons. These findings

suggest that different mechanisms may be involved in the development

and evolution of the different subtypes of SP in the brain of aged dogs.

5. Age-related astrocytic gliosis (AG) was observed in the dogs; the pattern

6.

(£

was similar to that of aged human beings. The white matter,
cortico-medullary junction, and subcortical nuclei in the cerebrum,
central nuclei in the cerebellum, various nuclei in the brain stem, and &
grey matter of the spinal cord showed even and intense GFAP staining.

AG was also prominent in the cerebral and cerebellar cortices and

thalamus, Moderate AG was observed in the hippocampus and white

matter of the cerebellum and spinal cord.

Electron microscopy demonstrated increased numbers of profiles of
degenerative neural components in the vicinity of hypertrophic
astrocytes in the cerebral cortex of the aged dogs. These findings imply
that synaptic pathology may, like aged human beings, be also involved in

the course of central nervous system (CNS) aging of dogs.

Moderate to severe AG was consistently shown in the CNS of the aged
dogs. In contrast, young normal dogs showed minimum numbers of
GFAP-positive astrocytes (GFAP-PA) in the CNS. These findings suggest

that the observed AG in the CNS of the dogs may be a morphological

expression of aging.




8.

The cerebral cortex of the aged dogs showed diffuse AG, with which
prominent astrocytic reactions around vessels were associated
irrespective of the intensity of amyloid deposition in the involved
vessels. Such pattern of AG was consistent throughout the cerebral
cortex, where CA was not always accompanied. In addition, there was no
difference in the pattern of AG between the area with SP and the area
without SP, except occasional involvement of the processes of GFAP-PA
in mature SP in the former area. It appears that an increase of GFAP-PA

may not necessarily occur secondary to SP formation and CA.

Based on these findings, it is concluded that aged dogs may be suitable
as an animal model for the study of the mechanisms involved in CNS

aging of human beings.
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Fig. 1 Sequence of cerebrovascular amyloid protein (Glenner & Wong,

1984) [34]
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Fig. 2.  Schematic diagram of BAPP as a cell-surface glycoprotein.

(Kang et al, 1987) [50]
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Fig. 3. Gross appearance of the brain from a 16-year-old dog (Dog No. 29).

Note the thickening of the meninges (arrows).







Fig. 4. Temporal cortex stained with modified Bielschowsky stain. Senile

plaques (SP), most of which are diffuse plaques, are distributed

throughout the cortical layers, especially in the cellular layer. Dog No. 33,

x60.







Fig. 5. Serial sections of the temporal cortex stained with amyloid
S -protein (A P) immunostain (a), modified Bielschowsky stain (b) and
thioflavin S stain (c). Arrow indicates cerebrovascular amyloidosis (CA).

Dog No. 16, x180.







Fig. 6. Schematic diagram of the distributions of CA and three subtypes of

SP in four coronal sections at different levels through one cerebral

hemisphere of a 17-year-old dog (Dog No. 33). Dots represent CA in

sections A-D and diffuse plaques in sections E-H, respectively. Mature

plaques are represented by A and perivascular plaques by A. H in C;

hippocampus, NC in B; caudate nucleus, P in B; putamen, T in C; thalamus.
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Fig. 7. Serial sections of the frontal cortex stained with modified
Bielschowsky stain (a) and thioflavin S stain (b). The mature plague (M),

perivascular plaques (P) and CA (arrow) are topographically related. Dog

No. 33, x180.
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Fig. 8. Serial sections of the frontal cortex stained with periodic

acid-methenamine silver (a), modified Bielschowsky (b), Bodian (c¢), and
thioflavin S (d) stains. The mature plaque (M) contains a core of dense
amyloid deposits (arrow). The diffuse plaque (D) is not demonstrated by
Bodian and thioflavin S stains. Note the involved capillary, glial and nerve

cell bodies in the diffuse plaque (D). Dog No., 10, x360.







Fig. 9. Serial sections through a small diffuse plaque stained with modified
Bielschowsky stain (a-h). The diffuse plaque appears not to contain
capillaries. Note the involved glial and nerve cell bodies in the diffuse

plaque. Dog No. 5, x360.
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Fig. 10. ABP immunostain demonstrating amyloid deposits on the periphery

of an apparently normal neuron in the temporal cortex. Dog No. 16, x540.,
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Fig. 11. Cerebral cortices from a 8-month-old dog (Dog No. 5) (a) and a

17-year-old dog (Dog No. 25) (b). Note the apparent neuronal loss in b.

Nissl stain, x75.
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Fig. 12. Cerebral cortex from a 17-year-old dog (Dog No. 25), showing a
considerable increase in glial fibrillary acidic protein (GFAP)-positive

astrocytes (PA). GFAP immunostain, x120.







Fig. 13. Transmission electron micrograph of the cerebral cortex from a

14-year-old dog (Dog No. 17). Hypertrophic astrocytes contain lipofuscin

pigments (L) and bundles of intermediate filaments (F). x15,000, Bar = 1

AL TN







Fig. 14. Cerebral cortex from a 17-year-old dog (Dog No. 25), showing an

interstitial and perivascular accumulation of GFAP-PA. GFAP immunostain,

x240,

Fig. 15. Cerebral cortex from a 17-year-old dog (Dog No. 25), showing

hypertrophic GFAP-PA. Note the GFAP-PA surrounding the nerve cell

body (arrow). GFAP immunostain, x240.
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Fig. 16. GFAP immunohistochemistry of the central nervous system of the

dogs. Note the moderate to severe astrocytic gliosis in the aged dogs:
subcortical white matter of the cerebrum (a, Dog No. 21, x150);
cortico-medullary junction of the cerebrum (b, Dog No. 23, x110); spinal
cord (c, Dog No. 21, x150); cerebellum (d, Dog No. 24, x150); thalamus (e,
Dog No. 20, x150); hippocampus (f, Dog No. 16, x150); subependymal area of
the cerebrum (g, Dog No. 16, x150). Only occasional GFAP-positive fibers

(arrows) are demonstrated in the cerebral cortex of a 6-month-old dog (h,

Dog No. 5, x110).
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Fig. 17. Serial sections of the cerebellum stained with GFAP immunostain (a)
and Bodian stain (b). No obvious degenerative changes of the neural

architecture are observed in b. Dog No. 25, x75.
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Fig. 18. Transmission electron micrographs of the cerebral cortex from the

aged dog (Dog No. 17), showing a variety of degenerative profiles of
neural components: swollen synapse-like vesicles with dense contents (a,
x21,000); a dilated endoplasmic reticulum-like structure (E) (b, x15,000);
heterogeneous dense bodies (D) (c, x22,000); dark axon terminals (d,

x24,000). Note the increased number of glycogen granules in the

astrocytic processes (A). Bar = 1 um.










Fig. 19. Transmission electron micrograph of the cerebral cortex from a

18-year-old dog (Dog No. 26). Note the bundles of intermediate filaments
(F) in the process of a hypertrophic astrocyte surrounding the

degenerative neural components. x30,000. Bar = 1 zm.
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Fig. 20. Transmission electron micrograph of the cerebral cortex from a

12-month-old dog (Dog No. 6). No degenerative profiles of neural

components are observed. x13,000. Bar =1 um.







Fig. 21. a; Cerebral cortex from a 17-year-old dog (Dog No. 5), showing a

diffuse astrocytic gliosis with blood vessels (arrows) surrounded by a

GFAP positive network. GFAP immunostain, x175. b; Amyloid deposits are

not necessarily demonstrated in the vessels with astrocytic reaction when

a GFAP-stained section counterstained with thioflavin S is observed on a

fluorescent microscope. b is the same slide as a and visualized with

fluorescein filters., Thioflavin S stain, x175.
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Fig. 22. Serial sections from the cingulate cortex (a, b) and parietal cortex
(c, d) of a 17-year-old dog (Dog No. 5). Note no obvious difference in the
pattern and intensity of astrocytic gliosis between the area with senile
plaques (SP) (a, b) and the area without SP (c, d). a and c¢; modified

Bielschowsky stain, x120. b and d; GFAP immunostain, x120.
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Fig. 23. Serial sections from the cingulate cortex of a 17-year-old dog (Dog
No. 4). A diffuse plaque (D) and a mature plaque (M) are stained with
modified Bielschowsky stain (a). Note processes of GFAP-positive

astrocytes involved in the mature plaque (M) in a section stained with

GFAP immunostain (b). x175.







Fig. 24. Electron micrograph of an apparently normal-looking capillary
wrapped with a process of astrocytes. Cingulate cortex. Dog No. 4, x12,000.

Bar =1 um.
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