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ABSTRACT

Amyloid deposition in cortical plaques and around cerebral vessels is a hallmark
of Alzheimer’s disease (AD). Amyloid also accumuilates, to a lesser degree, in
some nondemented elderly individuals, in the cerebral cortex and in the choroid
plexus (CP), a tissue in the cerebral ventricles which produces cerebrospinal
fluid (CSF). The cortical amyloid is composed mainly of aggregates of a
neurotoxic peptide called amyloid-8 (AB), of which there are two main
variants, AR42 and AR40, but the composition of CP amyloid has not been
determined, nor is it known if there is a relationship between amyloid
deposition in these two locations. This thesis characterizes amyloid deposition
in the CP and cortex of normal individuals, and investigates the effects of
aging and AD on the levels of proteins that may modulate AR neurotoxicity
and amyloid formation in these locations. Immunohistochemistry identified AR
and its associated proteins, apolipoprotein (apo) E, apoJ and transthyretin in
the CP of normal and AD subjects. However, Western blot analysis revealed
that apoE, not AR, is the major protein component of the CP amyloid. Soluble
forms of AR and apoE were identified in the CP and CSF. The concentrations
of AB42, apoE and transthyretin in the CSF remained constant with age,
indicating that the reduced levels of these proteins reported in the CSF of AD
patients is not age-related. In addition, we found that the levels of AR40
declined, suggesting a change in metabolism of the AR precursor with age.
In the cerebral cortex, the ratio of AB42- to AR40-positive plaques remained

constant with age at 2.6, but was reduced to 1.6 in AD brains. ApoE, apoJ



and transthyretin were present in a small minority of plaques in normal and AD
brains, indicating that these proteins do not play a central role in modulating
AR neurotoxicity in plagques. However, apoE was strongly associated with
cerebrovascular amyloid in normal individuals, while AR42 was the
predominant componentin AD vessels. Together, these studies have identified
changes in the levels and distribution of amyloidogenic proteins which are

specific for AD and they suggest a novel role for apoE in amyloidogenesis.



RESUME

Les dép6ts d’amyloide sous forme de plaques dans le cortex cérébral et autour
des vaisseaux cérébraux constituent un trait principal de la maladie d’Alzheimer
(MA). L’amyloide s’accumule également, bien qu‘en bien moindre quantité,
dans les cerveaux de certains individus 4gés mais non-atteints de démence.
Ces accumulations se produisent dans le cortex et le plexus choroide (PC), un
tissu situé dans les ventricules cérébraux et qui sécréte la plupart du liquide
céphalo-rachidien (LCR). L’amyloide corticale se constitue principalement
d’agrégats d’un peptide neurotoxique nommé amyloide-B (AR}, duquel il existe
deux variantes, AR42 et AB40. Cependant, la composition de I’'amyloide dans
le PC demeure inconnue. L’objectif principal de cette thése fut d’évaluer
I’accumulation d’amyloide dans le PC et cerveau de sujets normaux et de
déterminer les effet du vieillissement et de la MA sur les niveaux des protéines
pouvant moduler le dép6t d'amyloide. Une analyse immunohistochimique
identifia, dans le PC de sujets normaux et d’individus atteints de MA, de I'AR,
ainsi que des protéines qui lui sont associées, soit I"apolipoprotéine (apo) E,
IapodJ et la transthyrétine. Cependant une immuno-empreinte révéla que
[‘amyloide du PC se compose essentiellement d’apoE, et non de peptide AR.
De plus, de I'AR et de I'apoE sous forme soluble furent identifiées dans le LCR.
La concentration d’AR42, d'apok et de transthyrétine dans le LCR de sujets
normaux demeura constante avec |'age, alors que les niveaux d’AR40
déclinérent. Dans le cortex cérébral, le rapport entre les plaques contenant de

I’AR42 et celles contenant de I’AR40 est de 2,6 pour les sujets normaux et



reste constant avec I'dge. Ce rapport est réduit a 1,6 pour les individus
atteints de MA. L’apoE, I'apoJ et |a transthyrétine sont présentes dans trés
peu des plaques de sujets normaux ou malades, indiquant que les protéines
associées a I'AR ne jouent pas de réle important dans la modulation de la
neurotoxicité de I’AB. L’apoE est cependant fortement associée a I'amyloide
cérébro-vasculaire, alors que I'AR42 est liée au dépdt d'amylone_dans les
vaisseaux de sujets atteints de MA. En resumé, ces études ont identifié des
changements spécifiques & la MA dans les niveaux et la distribution des
protéines amyloidales et suggérent un réle - jusqu’a |1a méconnu - pour I'apoE

dans la formation de I'amyloide dans le cerveau.
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PREFACE
Format of the Thesis

This thesis comprises three manuscripts which are included almost
entirely in the format in which they are to be submitted for publication.
Connecting texts are provided in compliance with section b.2 of the
"Guidelines Concerning Thesis Preparation”, Faculty of Graduate Studies, and
Research, McGill University. These guidelines state:

"Candidates have the option of including, as part of the thesis, the text of one
or more papers submitted or to be submitted for publication, or the clearly-
duplicated text of one or more published papers. These texts must be bound
as an integra!l part of the thesis. If this option is chosen, connecting texts that
provide logical bridges between the different papers are mandatory. The thesis
must be written in such a way that it is more than a mere collection of
manuscripts; in other words, results of a series of papers must be integrated.
The thesis must still conform to all other requirements of the "Guidelines for
Thesis Preparation™. The thesis must include: A Table of Contents, an abstract
in English and French, an introduction which clearly states the rationale and
objectives of the study, a review of the literature, a final conclusion and
summary, and a thorough bibliography or reference list. Additional material
must be provided where appropriate {e.g. in appendices)} and in sufficient detail
to allow a clear and precise judgement to be made of the importance and
originality of the research reported in the thesis. In the case of manuscripts
co-authored by the candidate and others, the candidate is required to make an
explicit statement in the thesis as to who contributed to such work and to
what extent. Supervisors must attest to the accuracy of such statements at
the doctoral oral defense. Since the task of the examiners is made more
difficult in these cases, it is in the candidate’s interest to make perfectly clear
the responsibilities of all the authors of the co-authored papers.”
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Chapter 1 includes a general introduction to the accumulation of
proteins which may form or are associated with amyloid, with particular
reference to the aging CNS, and provides the rationale for the studies
presented in this thesis. Chapters 2, 3 and 4 contain the main findings of this
research, presented in manuscript form. Chapter 5 includes a general
discussion of the results and proposes a model for clearance of the AR peptide
from the CNS. The last section, List of Contributions, summarizes the major
findings of Chapters 2 to 4. The following people have contributed to the
research included in the present thesis. Dr. E. Zorychta is my thesis
supervisor. Dr. J. Richardson was the resource person who made it possible
to obtain tissue and cerebrospinal fluid samples and he assisted with the
analysis of immunohistochemistry slides. | carried out all of the laboratory

research with the exception of those activities specified in ii below.

i. Denosition of an amyloid containing apolipoprotein E occurs in the

choroid plexus with age. S. Kunicki, J. Richardson and E. Zorychta

ii. The effect of age, apolipoprotein E phenotype and gender on the
concentration of AR40, AR42, apolipoprotein E and transthyretin in
human cerebrospinal fluid. S. Kunicki, J. Richardson, P.D. Mehta, K.S.
Kim and E. Zorychta

P.D. Mehta developed the antibodies specific for AB40 and AB42. It
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was his laboratory that standardized the enzyme-linked immunosorbent
assays for AR quantification. In addition, his technician analyzed 17 of
the 56 samples for AB40 and AR42 content. K.S. Kim provided the
6E10 antibody used in the AR ELISAs and he sequenced the
commercially-obtained synthetic AB40 and AR42 to ensure sample

purity prior to antibody development.

An immunohistochemical study of plaque composition in the brains of
nondemented individuals: a comparison with Alzheimer’s disease. S.

Kunicki, J. Richardson and E. Zorychta
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CHAPTER 1.

Introduction



1.1 MOTIVATION

In this century, the average life expectancy in North America has
increased from 48 years in 1900 to approximately 76 years in 1991 (66).
During this time, the percent of people in the United States over the age of
sixty-five has tripled from four percent to 12.5 percent. This translates into
an increase from 3 million in 1900 to 31.6 million in 1990. As a result, a
variety of age-associated diseases which were relatively rare even 50 years
ago, are today being observed in a significant portion of our population. One
of the relatively frequent disabilities seen among the elderiy is dementia, an
impairment of cognition and memory that can range from mild to severe.

Age is the single most important risk factor for all dementias, including
Alzheimer’s disease (AD), the most common cause (24,164,178). Studies
conducted in North America, Europe and Asia all document an exponential
increase in the prevalence of dementia with age, with a doubling approximately
every five years. The incidence is around 1% at age 65 and 10% by age 80
(for a review, see ref 81).

The identification of chronological age as a risk factor for dementia
initially led to the assumption that dementia was an inevitable expression of
a natural aging process occurring in the central nervous system (CNS), rather
than a distinct disease. Today, some 90 years after Alois Alzheimer described
his now-famous case of dementia (2,3), it is recognized that dementia can

usually be attributed to one of two well-documented diseases: AD or vascular



dementia (64,178).

What is intriguing about AD is that several of the characteristic
histopathological changes found in the brains of demented patients can be
observed, albeit to a much lesser degree, in many nondemented individuals,
and the proportion of these individuals with lesions increases with age. For
example, deposition of amyloid (see below) is a central feature of the family
of diseases known as amyloidoses, and is a prominent characteristic of AD
brains. However, some amyloid deposits can be found in the brain, and other
tissues including the heart, spleen and pancreas, of many elderly individuals
free of any symptoms (200).

The mechanism underlying amyloid formation in disease and in
asymptomatic individuals remains elusive. A clearer understanding of amyloid
formation in normal people, compared to those with AD, may provide clues to
the pathogenesis of amyloidoses. The objective of this thesis is to address
this question by investigating some of the factors associated with aging that
may be related to amyloid formation in the human CNS. In this chapter, the
somewhat generic term amyloid is defined, and some examples of the diseases
in which amyloid deposits are observed are presented. This is followed by a
description of three components of the CNS which are prone to amyloid
deposition or which contain amyloidogenic proteins; the choroid plexus (CP),
the cerebrospinal fluid (CSF) and the cerebral cortex. Finally, a hypothesis is

presented concerning the relationship between the amyloid and amyloidogenic



proteins in these three areas.

1.2 AMYLOID AND AMYLOIDOGENIC PROTEINS

The term amyloid was originally employed by Virchow in 1853 to
describe a tissue deposit of unknown composition which had the staining
characteristics of starch or amylose. Following staining by iodine and sulfuric
acid, the amyloid, like starch, was visualized macroscopically as blue deposits.
Advances in biochemistry, together with electron microscopy, have revealed
that amyloids are composed of a family of diverse proteins that have in
common a specific conformation or shape, that of a 8-pleated sheet, illustrated
in Figure 1.1 (54,88,107). The B pleating of the peptides is responsible for
the characteristic staining of amyloid deposits by Congo red dye and
subsequent green coloration when viewed through a polarizing microscope
(Figure 1.2), as well as for the resistance of amyloids to proteolysis and
solubilization in physiological solutions (54).

Amyloids are derived from the processing of a variety of chemically
unrelated precursors. One constant finding in these diverse amyloids is the
presence of a serum glycoprotein which is a normal constituent of the
extracellular matrix, the p-component or pentagonal substance. The presence
of this protein may explain the positive staining of all amyloids by periodic-acid
Schiff (54). Proteins which have the potential to B-pleat and form amyloid are

said to be amyloidogenic. This includes proteins that can form amyloid
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spontaneously as well as those which require proteolytic processing or

addition/removal of other proteins (54).



Figure 1.1 A diagrammatic representation of Pauling”s model (1955} illustrating
the common conformation seen in all amyloids. Each sheet contains antiparallel
strands of a R-pleated peptide (the amino terminal of one peptide subunit is
joined to the carboxy terminal of another) interacting largely by hydrogen bonds
(strippled bars) the length of which determines the distance between the peptide
backbones (4.7 A). The peptide backbones (four of which are illustrated here)
are within the plane of the sheet, while the amino acid sidechains are
perpendicular to the plane of the sheet. The more sidechains there are, the larger
the distance between the sheets. For AR amyloid, the distance is about 10 A.



Figure 1.2 Amyloid in the CP of a normal 57 year old is visualized by staining

with Congo red dye and viewing under polarized light. The amyloid deposits,

commonly referred to as Biondi rings, are seen as red-green birefringent fibrils
(A). These deposits can also be stained by a rabbit antiserum called AA95 (B).

Original magnification is x400 (x800 for the insets).







1.2.1 Amyloidoses and their constituent proteins

Deposition of amyloid is the primary or secondary manifestation of a
diverse group of systemic and cerebral disorders referred to collectively as
amyloidoses (23). A partial list of diseases characterized by amyloid
deposition is presented in Table 1.1, along with the chemical nature of the
proteins which make up the amyloid. The purpose of this table is to illustrate
that amyloid is formed by diverse proteins and to draw attention to some of
the proteins which will be the focus of this research. For a more
comprehensive study of amyloidoses and their associated amyloids, the reader
is referred to a number of excellent reviews dealing with the subject
(54,56,101).

In AD, the amyloid is deposited in roughly spherical cortical lesions
known as classic neuritic plaques, as well as around cerebral vesseis. It is
composed mainly of aggregates of amyloid-8 (AR), a 39-43 amino acid
hydrophobic peptide that is derived from the transmembrane portion of a much
larger amyloid precursor protein, APP (57,79,108,144). Several lines of
evidence, including genetic predisposition associated with mutations in APP
(59, 119), have implicated AR as a key factor in the pathogenesis of AD. AR
also deposits as amyloid in the brains of patients with Down’s syndrome (58),
virtually all of whom develop a pathology identical to AD after the age of 50

(190).



o-

9

Congophilic amyloid angiopathy (CAA) is characterized by amyloid
deposition which is confined to the walls of the cerebral vessels. CAA is a
noted cause of spontaneous cerebral hemorrhage in elderly individuals with
normal blood pressure (179,184). In sporadic cases of CAA, the amyloid
deposits are composed of AR (31). In addition to sporadic cases, some
individuals appear to be genetically predisposed to amyloid deposition around
cerebral vessels. Amyloid angiopathy is a prominent feature of hereditary
cerebral hemorrhage with amyloidosis (HCHWA) of the Dutch (96,183) and
icelandic (63) types. In HCHWA of the Dutch type, both the normal AR and
a variant form of AR with an amino acid substitution at position 22, form
amyloid deposits around cerebral grey matter vessels and in the diffuse cortical
plaques which are occasionally obsenlved in these patients (96,183). The main
protein component of the amyloid in HCHWA of the Icelandic type is a mutant
protease inhibitor, cystatin C, which deposits around grey matter vessels
(27,51). Both types of HCHWA are associated with early-onset dementia
(51,62,183), and HCHWA-| patients generally suffer a fatal cerebral
hemorrhage at a strikingly young (20-40 years) age (63).

In senile systemic amyloidosis (SSA), a wild-type transthyretin (TTR),
or fragments thereof, forms amyloid which accumulates with age, mostly in
the heart (84). TTR also forms amyloid deposits in the autosomal-dominant
familial amyloid polyneuropathies (FAP), in which over 40 TTR variants have

been described. A wvariant of apolipoprotein A-1 and the plasma protein,
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geisolin, are also deposited in some types of FAP. This amyloid is commonly
found deposited in the autonomic nervous system, peripherai nerves, heart and
gastrointestinal tract (for a review see ref 141).

The mechanisms by which amyloid damages tissue are unknown. The
simple fact that amyloid mechanically displaces tissue shouid not be
overlooked as a contributing factor. In CAA for example, extensive deposition
of amyloid in the media and adventitia of arterial walls destroys the normal
structure of the vessels and is thought to weaken their walls (103,186). In
addition, the intima is often also damaged, and this may predispose the vessels
to hemorrhage (103).

In the case of AR, more complex mechanisms may be involved. In vitro
studies of primary cultures of rat hippocampus have shown that the AR
peptide is neurotoxic (204), and that the B-pleated conformation (162} and/or
aggregation of AR (69,162) is closely linked to this toxicity. Interestingly,
addition of Congo red dye to the hippocampal culture appears to attenuate this

neurotoxicity {(20).



|r DISEASE
Alzheimer’s Disease
Down’s Syndrome
Sporadic CAA
HCHWA-D
HCHWA-C
SSA

FAP type 1,2

PROTEIN
AB
AR
AR
AR and AR variant
Cystatin C variant

TTR

TTR, apoA1 variants

11

SITE

Plaques, vessels

Plaques, vessels

Vessels

Vessels (plaques)

Vessels

Heart

ANS, Heart, Gi

—

Table 1.1 Amyloid deposition is a prominent feature of many diseases. The

proteins which form the amyloid are equally diverse. See text for details and

specific references.

angiopathy; HCHWA: hereditary cerebral hemorrhage with amyloidosis; -D:

AR: amyloid-B peptide, CAA: congophilic amyloid

Dutch type; -I: Icelandic type; SSA: senile systemic amyloidosis; FAP: familial

amyloid

gastrointestinal tract.

polyneuropathies;

ANS: autonomic

nervous

system;

Gl:
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1.2.2 Amyloid deposition with age

Two areas known to accumulate amyloid with age are the cerebral
cortex and the CP, a tissue in the cerebral ventricles. Amyloid deposits in the
cortex of the elderly occur in many of the same areas prone to amyloid
deposition in AD, suggesting that a common mechanism may be involved in
amyloid formation. In contrast, deposition of amyloid in the CP has not been
linked to any particular disorder, and so has been relatively ignored. For
example, amyloid was first observed in the CP in 1918 (del Rio Hortega), a
mere eleven years after Alois Alzheimer’s reports, and yet the composition of
this CP amyloid remains unknown. As will be shown below, there is
tremendous communication between the CP and the cortex and proteins
produced in one area can be transported to the other. Thus it is entirely
possible that the amyloid which deposits in the brain of some normal elderly
people is derived from the same source as that in the CP. If this is indeed the
case, an understanding of amyloid formation in the CP could have significant
implications for our comprehension of the mechanism involved in amyloid
formation in the brains of AD patients.

The following sections will review what is known about the age-
associated accumulation of amyloid and amyloidogenic proteins in the CP and
cortex. A comparison will be made between individuals who do not present
with any clinical symptoms and those with AD. We begin with an overview
of the structure and function of the CP and describe its relationship with the

cortex before proceeding to examine amyloid deposition in these two areas.
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1.3 THE CHOROID PLEXUS AND AMYLOIDOGENIC PROTEINS

1.3.1 Morphology

The CP is a tissue found in all four ventricles of the brain (Figure 1.3).
The CP of the two lateral ventricles was discovered by Herophilus {¢c 335-280
B.C.) (163). It was almost two thousand years later before Willis (1664)
would describe the CP of the 4% ventricle and hypothesize that the CP
produces the fluid found in the ventricles (191). Finally, in 1695, Ridley
described the CP of the 3™ ventricle (142).

The CP is a network (plexus) of epithelium, blood vessels, connective
tissue and nerves. The epithelial covering (skin or chorion) is composed of
modified ependymal cells. Ependymal celis line the cerebral ventricles,
aqueduct and central canal of the spinal cord, and like the CP epithelium, can
pinocytose proteins and ions (123). The CP in all ventricles together is
estimated to contain approximately 100 million epithelial cells, most of which
are cuboidal to low columnar in shape, but which may become squamous in
older individuals (187). The epithelial cells sit on a weil-defined basal lamina

and are sealed by apical tight junctions, forming the blood-CSF barrier (Figure

1.4) (123).
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Figure 1.3 The CP is found in all four ventricles of the brain.
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Figure 1.4 A schematic representation of the CP illustrates the blood vessels,

basal lamina, numerous microvilli, tufts of cilia and tight junctions, which form

the blood-CSF barrier.




CEREBROSPINAL FLUID

ecp[’i\%rgliicail juﬁgggn Microvillus
cell ///
# 5\ 4 2y o 2d p
€3 &
%é’ Q%_., & % 7 @:C

—tt wnt = wm. ey wp m— e —m e w— — — —— —

E = Y N
=

Basal
lamina

BLOOD



16

1.3.2 CP Function
The CP seems small, it weighs only about 2 grams (187), compared to
the relatively large brain of approximately 1500 grams in which it resides (36).
However, as will be shown below, the intimate relationship between the CP
and the brain is essential for normal brain function. In particular, the CP
produces most of the CSF and regulates its compaosition, protecting the brain
from potentially toxic substances or from wild fluctuations in protein or ion
concentrations. The CSF serves as a vehicle for removal of metabolic wastes
and as a route of communication between various brain regions (for a review
see ref 36). The many notable functions which have been ascribed to the CP

depend primarily on an intact epithelium and are discussed below.

1.3.2.1 The blood-CSF barrier

The ability to regulate its chemical environment is essential for normal
brain function. To achieve this, two important barriers exist which separate
the blood from the brain and from the CSF which bathes the brain. The blood-
brain barrier (BBB) is formed by glial processes wrapped around brain capillaries
and by tight junctions between vascular endothelial cells (36). In contrast to
the brain, the capillaries in the CP are fenestrated and permit the passage of
macromolecules into the surrounding stroma (Figure 1.4). However, these
molecules are prevented from entering the CSF by tight junctions found at the

apical surface between all CP epithelial cells. These junctions effectively
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regulate passage of molecules into the CSF and form the blood-CSF barrier
(124). The membrane of the arachnoid villi (Figure 1.3) forms a second
component of the blood-CSF barrier. It impedes passage of solutes from the
relatively permeable vessels of the superior sagittal sinus into the CSF of the
subarachnoid space (36).

Early studies utilized horseradish peroxidase (HRP) to characterize the
blood-CSF barrier. Following intravenous injection of this tracer in rats, it
entered the CP epithelium, but did not pass into the ventricles (10). In
contrast, following injection of HRP into the latera! ventricles, this tracer could
be found in plasma (9). These studies demonstrate that in the case of HRP,
and possibly for other proteins, the epithelial cell function may be polarized.

in addition to forming a physical barrier, the CP has the capacity to take
up and degrade many compounds. A number of enzymes have been identified
in the CP epithelium, many of which are thought to be involved in normal
cellular metabolism and others which may be important components of a
chemical blood-CSF barrier. Examples of these enzymes include an
endoprotease which cleaves dynorphin A, dynorphin B and a-neoendorphin
(126), endopeptidase-24.11 which hydrolyses atrial natriuretic peptide and a
variety of neuropeptide processing enzymes, including carboxypeptidase E
(49).

The protective function of the CP is illustrated by studies performed on

rats and rabbits. Following intraperitoneal administration of lead, cadmium,



18

mercury or arsenic, the concentration of these compounds was many fold
greater in the CP of the lateral ventricles than in the CSF, brain or blood (206},
indicating that the CP may sequester compounds and thereby protect the CSF

and brain from influxes of toxic heavy metals from the blood.

1.3.2.2 Secretion of the CSF

The exact proportion of CSF produced by the CP is still a matter of
debate, with estimates varying between 60% and 90% of the total (36, 33).
The remainder of the CSF is thought to be derived from water and lipophilic
substances which can directly cross the vessel walls of the brain capillaries
{33,36) and from the cellular metabolites and secretions found in the
interstitial fluid of the brain (154).

The average totai volume of CSF in the human is about 160 ml,
including roughly 25 ml in the ventricles (109). CSF is produced at between
0.2 and 0.6 ml/min (34,146), with a peak production occurring around 2 a.m.
(125). The turnover rate of CSF in mammals is high, around 0.5% of the total
volume per minute, that is the CSF is completely turned over 4 to 5 times per
day (36). CSF production can be modulated by several factors, including sex
hormones and corticosteroids (99).

The majority of CSF is contained within the ventricles and subarachnoid
space, an area between the arachnoid and the pia mater of the brain and

spine, the remainder is found in the extracellular fluid of the brain (Figure 1.3).
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The CSF is thought to leave the subarachnoid space by means of bulk flow
through the arachnoid villi of the superior sagittal sinus, under a hydrostatic
pressure gradient, which is maintained by the continued secretion from the CP
and arteriolar and respiratory pulsations. The CSF in the spinal cord leaves
through the lymphatics (123).

The CSF provides buoyancy for the brain. A brain fioating in the CSF
has a virtual weight of about 50 grams, compared to approximately 1500
grams when measured in air (36). This cushions the nerve fibers, vessels and
other delicate membranes from the weight of the brain and from damage
during mechanical trauma (123).

The high turnover rate of CSF indicates that it serves other functions as
well, including acting as a medium between brain and blood, bringing nutrients
and removing waste from the brain. Molecules in the extracellular space of the
brain are thought to eventually diffuse into the CSF. In fact, it is estimated
that about 20% of the CSF proteins are produced by the brain (188). It has
been suggested that the CSF may transport by bulk flow, substances from one

part of the brain to another, as for example hypothalamic hormones

(4,124,199).
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1.3.2.3 The CP as part of a neuroendocrine pathway

A growing body of evidence suggests that the CP can act as a target,
a source and as part of a pathway involved in neuroendocrine signalling in the
brain. Autonomic nerve fibers are present in the CP. Receptors for arginine
vasopressin (AVP) and atrial natriuretic peptide on the CP epithelium suggest
that centrally-released transmitters liberated into the CSF can target the CP
and modulate its activity (124). For instance, AVP and atrial natriuretic
peptide can alter ion transport and reduce CSF production by the CP (166).
The presence of prolactin receptors in the CP epithelium suggests that the CP
may also be a target for pituitary hormones (19,92).

In addition to being a target, the CP can itself be a source of substances
which act on the brain. For example, the CP is the main source of insulin-like
growth factor-1l (IGF-I1) in the adult mammalian CNS (71). Receptors for IGF-II
are present in many parts of the brain and IGF-ll has been shown to have
trophic effects on glial and neuronal cells (89,93). Similarly, during gestation,
the CP of the fourth ventricle is thought to promote growth of the underlying
developing cerebellum through secretion of retinoic acid (203). Itis not known
if the CP secretes the retinoic acid directly into the area of the cerebellum or
if the retinoic acid is transported by a protein. Since TTR binds retinoic acid
in plasma (61), one might speculate that TTR synthesized by the CP (see
below) binds and targets the retinoic acid to TTR receptors in the cerebellum.

The CP is also part of a pathway that connects peripheral tissue to the
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brain. One example is the transport of the thyroid hormone thyroxine by TTR.
It has been proposed that transport of serum-derived thyroxine through the CP
and into the CSF is the major route of entry for thyroxine into the brain (25).

In summary, the CP synthesizes proteins for local metabolism in the CP
as well as for export to the brain. While it is evident that proteins which are
unique to the CP may carry out functions which are specific to the CNS, the
reason for CP synthesis of proteins which are also produced in the periphery
and found in the serum is less obvious. For example, TTR is found in the
serum, but it does not appear to cross the BBB at an appreciable rate and the
level of TTR in the brain is determined by synthesis in the CP (40,68). Protein
synthesis by the CP thus appears to be one part of a complex system by
which the CP monitors and regulates the composition of the CSF as required
by the brain. The importance of TTR in fundamental processes such as

supplying the brain with thyroid hormones (25) may help to explain why the

CP-derived TTR is regulated independently of the liver-derived serum TTR.

1.3.3 Amyloidogenic proteins in the CP

The CP synthesizes at least three proteins which are amyloidogenic:
TTR, APP and cystatin C, all of which are found in the CSF (22,62,153). TTR
seems to be produced solely by the CP epithelium and possibly the
leptomeninges, but nowhere else in the mammalian brain (40,68). In addition

to the physiological roles of TTR described above, TTR has also been
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implicated in a number of amyloidoses and can be found in cortical plaques
and around microvessels in AD brains (160).

The regulation of APP expression has been studied in numerous cell
types in the human brain, but production of APP by the CP has been almost
totally ignored. [t has been detected in sheep and rat CP, where it appears to
be synthesized early in gestation (129) and recently it was detected in the
human CP, where it may be metabolized into AR and secreted (78). Given the
location and function of the CP, the metabolism of APP and the factors which
regulate it in the CP warrant further study.

Cystatin C has been shown to be produced by the rat CP epithelial cells
(28). In addition to its ability to form amyloid, it may promote amyloid
formation by other proteins. Cystatin C inhibits cathepsin B (1), a protease
which is produced in the rat CP (134) and which can cleave APP inside the AR
domain (151). Inhibition of cathepsin B by cystatin C may therefore promote
accumulation and subsequent B-pleating of the AR peptide. Furthermore, like
APP (130,133), cystatin C has been identified in the plaques of AD brains
(73).

It is not known if any of these amyloidogenic proteins form amyloid in
the CP epithelial cells in normal individuals. The presence of these proteins in
the plaques of AD brains, together with their propensity to form amyloid
elsewhere in the body, suggests the possibility that they may promote amyloid

formation or form the amyloid in the CP of normal individuals. Indeed, TTR
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has been shown to form amyloid in the CP of patients with systemic
amyiloidosis. However, this amyloid was localized to the connective tissue and

arterial walls, and was not observed in the CP epithelium (74).

1.3.4 Changes with age
1.3.4.1 CSF secretion and composition

The production of CSF has been studied using magnetic resonance (MR)
imaging, which is thought to provide a more accurate estimate than
computerized tomography (CT} (174). However, MR imaging, like CT
scanning, has yielded conflicting resuits. The rate of CSF secretion was
shown in one study to decline from 0.41 mi/minute at age 28 to 0.19
mil/minute at age 77 years (110), and to remain constant in another study of
individuals aged 22 to 76 years (53). In contrast, the CSF volume in elderly
subjects has consistently been shown to be greater than in younger subjects
(152,172). As the CSF volume increases while the production remains stable
or declines, there appears to be a reduction in the turnover rate of CSF with
age. Consistent with this possibility is the observation that the mean
concentration of protein in the CSF, but not in the plasma, increases with age

(110).
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1.3.4.2 Amyloid deposits in the CP

Two large histological studies of CP from neonates to individuals aged
100 found age-related changes in the CP from all four ventricles (43,161).
Specifically, there was an accumulation of oxidized lipid in the form of
lipofuscin, and formation of numerous vacuoles in the cytoplasm. Distinctive
rod and ring-like structures, which are readily identified by the PAS stain for
carbohydrates, were often found in association with the cytoplasmic vacuoles.

These distinctive structures were first demonstrated in the CP gpithelium
by del Rio Hortega (1918), then confirmed by Gellerstedt (1932) and Biondi
(1933) using silver impregnation. They have come to be known as Biondi
rings, in reference to the fact that they are often circularin appearance. Biondi
rings, which are mainly found in the perikaryon and sometimes between
epithelial cells, have the staining properties of amyloid (see Figure 1.2) (41).
They are seldom seen in people younger than age 50, but are almost always
present in those over age 60 (161). The appearance of amyloid in the CP with
age is so consistent that it has been suggested that it may be one way to
verify the age of the deceased (45).

Transmission electron microscopy reveals that Biondi rings consist of a
slightly irregular core 2-7 ym in diameter, of amorphous fat-like material,
covered with a thin layer of amyloid fibrils (44). The appearance of these
structures resembles that of a secondary lysosome or residual body. It was

thus postulated that the fibrils form in conjunction with lysosomes, perhaps by
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partial degradation of a larger precursor, as is the case for most amyloids (44).

Immunohistochemical studies suggest that the Biondi rings may possess
AR epitopes, but not keratin, vimentin, desmin, actin, neurofilament, glial
fibrillary acidic protein, ubiquitin, tau protein or paired helical filament epitopes
(189). The positive staining by PAS (123) indicates that a glycoprotein is also
present in Biondi ring amyloid.

The Biondi ring amyloid has been isolated, but attempts to sequence the
protein have failed (44). Nonetheless, the purified amyloid has been
successfully used to develop antibodies in rabbits. This antiserum, referred to
as AA95, stains Biondi ring amyloid in histological sections (see Figure 1.2),
and recognizes a protein of about 50 kDa on immunoblots (44). The
development of AA95 should facilitate efforts to identify the protein in the
Biondi ring amyloid and to determine if this protein is present in the amyloid

deposited in the cortex as well.

1.4 AMYLOID AND AMYLOIDOGENIC PROTEINS IN THE

CEREBRAL CORTEX

The previous section showed that amyloid deposition occurs with age
in the CP, a tissue which plays a major role in controlling the chemical
environment of the cerebral cortex. Although the identity of the amyloid in the
CP is unknown, the possibility was introduced that it may be similar to the

amyloid found in the cortex in AD patients and in some normal aged
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individuals. The following section will deal with amyloid deposition and
associated lesions in the cortex. It will begin with a description of the lesions
common in AD brains, as most of our knowledge has been derived from this
source. Accumulation of amyloid and amyloidogenic proteins in the brains of
normal individuals will be discussed in the subsequent section, which wiill

include a comparison between the normal and the AD brain.

1.4.1 The Specific case of Alzheimer’s disease

One of the best-studied cerebral amyloidoses is AD. It first came to the
attention of the public in 1907, when Alois Alzheimer reported on the case of
a 55 year-old women who died four years after the onset of a severe
dementing illness. Postmortem examination of the brain demonstrated two
principal abnormalities, as seen by Bielschowsky’s silver stain. Throughoutthe
cortex were numerous argentophilic foci, similar to those initially described in
a human brain by Blocq and Marinesco (1892) and subsequently by Redlich
(1898) in cases of senile atrophy. The second change consisted of
widespread thickening and twisting of neurofibrils, often forming tangles,
within roughly every fourth neuron. This feature has come to be known as
Alzheimer’s neurofibrillary tangles (NFT). Within the next couple of years,
additional cases with similar histological changes had been reported, and in

1910, this dementia was given the name "Alzheimer’s disease” (12).
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Since these initial reports, much has been learned about AD, although

no cure or even reliable treatment is currently available. Modest estimates of
the prevalence of AD are that it affects about 10-15% of the total population
over 65 years of age, rising from 1% at age 65, to 10% at age 80 and to 20%
over 80 years of age (81,176). In a Canadian study, the proportion of the
population that was clinically diagnosed with AD was 1% in those 65-74 years
old and 26% in individuals 85 and over (21}). The estimates vary somewhat
according to the sample studied, the criteria for clinical diagnosis of living
patients and whether or not the diagnosis was confirmed postmortem.
Nonetheless, AD is considered to be the most common cause of dementia in

the Western World (24,164,178).

1.4.1.1 The neuropathology of AD

Although a clinical history of dementia is essential, at the present time
a conclusive diagnosis of AD can only be obtained postmortem, by examining
the brain for the presence of abundant plaques containing dystrophic neurites,
NFTs, granulovacuolar degeneration (GVD), neuronal cell loss and amyloid
deposition around cerebral vessels (for a review, see 193,194). While all of
these changes are certainly important in the pathogenesis of AD, cortical
plaques and NFT are considered to be the two hallmark lesions of the disease
(Figure 1.5), although much debate continues as to which of these two is

more closely related to the progressive and irreversible dementia in AD

patients.



Figure 1.5 The hippocampus from an AD patient reveals the presence of
plaques (A,C,E) and neurofibrillary tangles (B,D,F). These lesions can be
visualized by silver stains, including Bielschowsky’s silver stain (A) and the
methenamine silver (B} as well as by antibodies to tau (C,D,F). The

antibodies to tau stain dystrophic neurites (C), NFTs (arrows)} in neuronal soma
(D, F) as well as neuropil threads (arrowhead) (F}. Reactive astrocytes seen
in classic neuritic plaques can be stained by antibodies to glial fibrillary acidic

protein (E). Original magnification x250.
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Figure 1.6 Immunohistochemical localization of proteins in the cerebral cortex
of a subject with AD. The main protein component of the roughly spherical
plaques is aggregated AR (A}). A number of other proteins are sometimes
present in plaques. These include apoE (B), apod (C), cystatin C (D) and TTR
(E), which can be visualized by immunohistochemistry. Both amorphous
(arrow head) and cored {arrow) plagues can be seen following immunostaining.
AR immunoreactivity can also sometimes be found around cerebral vessels,
extending into the neuropil (F). This is referred to as dysphoric angiopathy.

Original magnification x250.
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Plagques

At least four morphologically distinct categories of plaques have been
identified in the human brain: diffuse, primitive neuritic, classic neuritic and
compact. The unifying feature of these different plaque types is that they all
contain the AR peptide (57,108). Immunohistochemical studies using recently
developed antibodies which can differentiate between the two main AR
variants isolated from AD brains, ARB40 and AR42, have revealed that the AR
containing 42 amino acids is the main AR variant in plaques. AR40 is also
present, but is found in fewer plaques than AR42 (76).

The diffuse plaques are variable in shape. They do not contain amyloid
and so cannot be visualized by Congo red dye, but can be detected by silver
stains and antibodies against AR (138,201,202). Diffuse plaques do not
contain swollen neurites (neuronal processes) and there is virtually no
detectable alteration in the surrounding neuropil (155). They can be found in
most areas of the brain, commonly being numerous in regions where classical
plaques are few, such as the brain stem, basal ganglia and cerebellum (192).
Primitive neuritic plaques contain swollen neurites which are seen as enlarged
silver-stained circular structures which can also be detected by antibodies
against tau (192). Primitive neuritic plaques are readily visualized by anti-A
antibodies, but do not have a central core of amyloid (112,113). Classic
neuritic plaques contain abnormal neurites arranged around a dense central

core of amyloid which is visualized by Congo red dye, and are associated with
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reactive astrocytes and microglia (193). Both the primitive and classic neuritic
plaques are also often referred to collectively as senile or neuritic plaques due
to the presence of dystrophic neurites. Compact ("burned-out”) plaques
consist of a core of tightly packed amyloid fibers and very few dystrophic
neurites (193). Table 1.2 presents a summary of the plaque types.

To confound matters, the plaque terminology is often used loosely in the
literature, making clear interpretations of the various reports difficult. For
example, the term amyloid plaque is often used to refer to plagques which
contain AR as shown by anti-AB antibodies, but which have not been stained
with either Congo red dye or thioiflavin S to identify amyloid. For the sake of
clarity, the terminology in Table 1.2 will be used whenever possible when
comparing the results obtained from various studies. Plaques which are said
to contain amyloid are those which stain positively with Congo red or
thioflavin S at the light microscopic level, that is classic neuritic and compact
plaques. Using the above criteria, it can be said that the majority of plaques
in the AD brain are primitive neuritic (201,202) and that the typical AD brain
has a total of about 1400 plaques per cubic millimetre (158).

A variety of proteins have been shown to associate with cortical AR
plaques (Figure 1.86). They have been the subject of a number of excellent
reviews (see especially ref 156 and 165) and so will be considered only briefly
here. ApoE (121,181}, apoJ (111), TTR (160) and cystatin C (73), have all

been identified in plaques. ApoE accelerates the formation of amyloid by AR
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in vitro (195,197) and may itself form amyloid fibrils in the plaques (198). In

contrast, apoJ and TTR inhibit amyloid formation by AB in vitro (127, 16,
153).

The proportion of plaques containing each of these proteins is not
known. Until a systematic analysis of plaque composition in both normal and
AD subjects is performed, one can only speculate on the role of these proteins

in amyloidogenesis in vivo.
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Plaque AR immunoreactivity Silver stain Tau Congo red l
Diffuse + + - -
Primitive + + + -
Classic + + + + H

Compact + + + + "

Table 1.2 Plaques can be distinguished by their staining characteristics. The

silver stain labels normal and dystrophic neurites, while tau immunoreactivity
is restricted to plaques containing dystrophic or abnormal neurites. Congo red
dye identifies amyloid. Compact plaques contain fewer dystrophic neurites
than neuritic (primitive and classic) plaques and the central core of amyloid is
not surrounded by a "halo” of AR immunoreactivity as it is in classic neuritic

plaques.
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Neurofibrillary tangles

The NFT first described by Alzheimer are large, flame-shaped or globular
masses, consisting of abnormal filaments running through the perinuclear
cytoplasm and often extending into dendrites, where they are referred to as
neuropil threads. They can be demonstrated by light microscopy using
conventional silver staining techniques and by anti-tau immunostaining (Figure
1.5). NFT also exhibit green birefringence when stained with Congo red, and
fluorescence when stained with thioflavin S. These latter staining properties
are consistent with an underlying B-pleated sheet structure of NFT (88). In
addition to intracellular NFT, extraceliular NFT ("ghost tangles™) have been
identified and are thought to be remnants of neurons which have degenerated.
In AD brains, NFT occur predominantly in the pyramidal cells of the cortex, the
hippocampus and the amygdala (70), as well as in the locus ceruleus and the
raphe nuclei of the brainstem (75). The majority of brains from AD subjects
have numerous NFT in the neocortex. However, in up to 30% of cases, NFT
are restricted to the entorhinal cortex and hippocampus. These cases are
classified as "AD without neocortical NFT" (175).

Ultrastructurally, NFT are composed of bundles of filaments
predominantly twisted about each other in pairs (60,86,87). In addition to the
paired helical filaments (PHF), variable amounts of straight normal
neurofilaments can also be found in NFT (5). PHF are also present in the

swollen neurites of neuritic plaques (60,86,87). Immunocytochemistry (37)
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and protein chemistry (94) have established that the microtubule-associated
protein tau forms an integral component of the PHF.

Microtubules are dynamic structures that are formed by assembly of
tubulin dimers, assembly being a reversible process. In vitro, tau promotes the
assembly of purified tubulin (42). The tau associated with PHF is abnormally
hyperphosphorylated (13,94). This hyperphosphoryiation may impair the
ability of tau to bind to and stabilize microtubules, presumably preventing
microtubule polymerization and allowing the microtubules to degenerate
(7,122). Since microtubules are important in cell structure and transport, the
accumulation of NFT in neurons may compromise axoplasmic and dendritic
transport and other functions which depend on an intact cytoskeleton.

Additional cytoskeletal proteins identified in the NFT include
neurofilament proteins (160 and 200 kDa) and microtubule-associated protein
2 {90). In addition, many NFT contain ubiquitin (115,132). The addition of
ubiquitin to NFT is thought to follow hyperphosphorylation of tau (7,115).
Ubiquitin has been implicated in a multi-enzyme pathway for metabolism of
abnormal and damaged proteins (95). Despite extensive research, the precise
nature of the tangle constituent which is ubiquitinated remains unresolved (for
a review, see ref 100). Finally, similar to plaques, NFT contain epitopes of

apoE (121) and TTR (160).
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CAA
Localized deposition of amyloid in cerebral and meningeal vessels,
particularly in small arteries and arterioles, occurs in almost all cases of AD
(65,179,184). This is also referred to as CAA because of the affinity of the
amyloid for Congo red dye. Capillaries and veins are less frequently affected,
as is any type of vessel in the white matter. The deposits are generally
localized to the outer media and adventitia of the vessels, and can sometimes
be seen in the basal lamina of capillary endothelial cells (114). "Plaque-like
angiopathy” or dysphoric angiopathy (Figure 1.6) is a less frequent form of
CAA, which primarily affects cortical parenchymal capillaries and often shows
infiltration of perivascular amyloid into the surrounding neuropil (145,184).
Both AB40 and AB42 are found around the vessels in the AD brain, with much
debate as to which is more prominent (106,144). As in plaques, apoE (121)

and TTR (160) may sometimes also be present.

1.4.1.2 The genetics of AD

The pathogenic pathway leading to AD is not well understood.
However, in a few cases a genetic etiology has been established. In these
families, transmission of AD occurs through an autosomal dominant fashion,

and members develop AD at a characteristically early age.



37

Chromosome 21
in some of these familial AD (FAD) patients, missense mutations in the
APP gene on chromosome 21 appear to be causal (53,119). For example,
affected members of the FAD of the Swedish type carry a double substitution
at amino acids 670 and 671 of APP (119). Cells transfected with the cDNA
of an APP carrying this double mutation produce 5-8 times more AR in vitro
than cells transfected with normal APP cDNA (26). A mutation at codon 717
of the APP gene that is found in some cases of AD (FAD717), is associated
with an increased production of AB42 (203). Observations such as these have
led to the speculation that overproduction of AR can cause AD. The mean age
of onset for individuals in these families is 50 years (52}. In addition, people
with Down’s syndrome, who are born with three copies of chromosome 21
instead of the normal two, exhibit an age-dependent increase in the total
number of plaques and invariably develop brain lesions typical of AD in their

5th and 6th decades (105,118,190).

Chromosomes 14 and 1

Chromosome 14 has been shown to be linked to FAD by a number of
earlier studies (120,149,167,182). Recently, missense mutations on a locus
of chromosome 14 (designated FAD3) on a gene called S182 (65,159) have
been associated with an onset of AD as early as 35 years in some families,

although other mutations in this gene are associated with an age of onset of
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up to 20 years later (for a review see ref 52). The autosomal dominant locus
associated with AD in the Volga German kindred has been localized to
chromosome 1 (97). The encoded protein of this candidate gene demonstrates
significant homology to the S182 protein (98), which is predicted to have
seven transmembrane domains, and is designated as STM2, for second seven
transmembrane protein. The age of onset in the eight families identified to
date, varies between 51 and 65 years (98). In both families, mutations in the

respective genes have been linked to an increased production of AR (203).

Chromosome 19

While cases of FAD have provided significant insight into the
pathogenesis of AD, they are relatively rare. In comparison, a common risk
factor for AD which affects both familial and sporadic cases has been linked
to chromosome 19 (131), where the apolipoprotein (apo) E gene (APQOE) is
located (35). There are three common APOE alleles, €2, €3 and €4, that
encode three apoE isoforms, E2, E3 and E4 (102). The combination of these
isoforms gives six phenotypes that can be identified on isoelectric focusing
gels, which separate the proteins on the basis of their different net charges.
The presence of the APOE €4 allele is associated with an increased risk of
developing AD and individuals with this allele develop AD about 15 years
earlier than those without the €4 allele. The APOE €4 allele is found in

approximately 50% of AD cases compared to only 14% of the general
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population (30,135,139,148,168). On the other hand, the presence of the
APOE €2 allele is associated with a decrease in the risk for development of AD
(29).

The exact route by which APOE €4 confers increased susceptibility is
not clear, but it has been linked to both plaques and NFT. AD patients with
the APOE ¢4 allele have a significantly greater number of cortical and
hippocampal AR plaques when compared to those with the €3 allele. The
same relationship is also seen in normal elderly subjects, even though these
individuals have significantly fewer plaques than their AD counterparts
(11,136,150). Both apoE3 and E4 bind AR in vitro, although some
controversy exists as to which binds AR with greater affinity (91,168). In
vitro studies suggest that binding of AR by apoE promotes AR amyloid
formation (195,197). ApoE has also been implicated in the formation of NFT
by promoting instability of microtubules (169).' ApoE3, but not apoE4, binds
tau in vitro (72). This binding is thought to prevent subsequent
hyperphosphorylation of tau thereby promoting the stability of microtubules

(122,169).

1.4.1.3 Sporadic AD
Genetic factors can predispose some individuals to AD and are even
causally associated with AD in some families. However, other factors can

promote or even cause AD independently of the known genetic components.
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A study of the incidence of AD in identical twins found only a 50%
concordance, pointing to the importance of non-genetic factors in AD as well
(77). Similarly, autopsy-confirmed AD in two identical twins with an age of
onset that differed by 15 years has been reported (205). Environmental
factors such as head injury (117,143) and exposure to estrogen therapy in
postmenopausal women (67,173} can respectively facilitate and retard the

development of AD.

1.4.1.4 The possible role of AR in AD

Although still a matter of much debate, several lines of evidence now
support the hypothesis that AR plays a central role in the pathogenesis of AD.
The mutations in the genes for APP, S182 and STM2 found in some FAD, are
associated with an increase in the production of AR, especially ARB42, and the
apoE €4 allele appears to promote formation of AR cortical plaques (see
above). Thus the inherited mutations and the presence of the apoE €4 allele
provide support for the idea that increased AR generation or aggregation may
lead to the development of AD. Recently transgenic mice have been produced
which overexpress the APP gene or carry the APP717 mutation (208,209).
These mice are characterized by an increase in the production of AR and by
the appearance with age of AD pathology and behavicral deficits. Such
models further underline the central role of AR in the pathogenesis of AD

(208,209). In addition, AR can initiate apoptosis in primary cultures of
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neurons and it may promote formation of NFT by stimulating an increase in the
intracellular levels of calcium (211). AR has also been shown to be cytotoxic
to vascular endothelial cells (210). The evidence linking AB, and in particular
the formation of AR fibrils, to the pathogenesis of AD has prompted a search
for therapeutic agents which can inhibit or even reverse formation of AR fibrils

(207).

1.4.2 The aging human brain
1.4.2.1 Chronological age as a risk factor

One of the most important, yet often overlooked aspects of the etiology
and pathogenesis of AD is that the disease is an age-related condition (80).
Even in individuals with a genetic predisposition, AD rarely develops before age
55 (52,82). In patients with Down’s syndrome, NFT, plaques and amyloid
deposits around vessels are absent before age 20, but numerous after age 50
(see ref 104 for a review). Furthermore, these lesions are virtually absent in
young healthy individuals in the general population, but can be observed, albeit
to a much lesser degree than in AD, in elderly people who are cognitively
intact (see below). This suggests that there may be factors inherent to the
aging process that modulate the ability of the brain to maintain homeostasis
or to respond to injuries, so that in those individuals who are predisposed by

genetic and/or environmental factors, NFT, plaques and amyloid deposits may
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accumulate with age. For this reason many investigators have begun to
characterize the changes which occur in the brain in normal aging and to

compare these changes to those observed in disease.

1.4.2.2 The age-associated accumulation of cortical lesions.
Cortical Plagques

Several studies have examined the brains of nondemented individuals
and found an increase with age in the proportion of subjects in which plaques
could be detected. The plaques were identified by a variety of techniques,
including the von Braunmuihl silver stain (177) and later, using antibodies
against the AR peptide (128). The focus of earlier studies was to identify
quantitative differences between normal and AD brains. These studies
suggest that some plaque formation is inherent to aging and unassociated with
dementia (32,171). Indeed, the adjustment with age of the number of neuritic
plaques required for the diagnosis of AD (85,112,113) is a reflection of such
a belief. That is to say that the number of neuritic plaques per unit area
required for the diagnosis of AD increases with age.

Recent studies showing AD pathology in some clinically normal
individuals have begun to blur the line between AD and normal brains. While
the brains of most nondemented individuals contain few or no neuritic plaques,
numerous neuritic plaques can be observed in a few people with mild or no

dementia. In one investigation of nondemented individuals, large numbers of
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plagues and NFT had already accumulated in a group of patients with only very
mild, barely detectable dementia, compared to the brains of the elderly
nondemented individuals who demonstrated few or no plaques (137). In
another study of patients who were clinically assessed six months prior to
death (48), it was observed that some nondemented subjects fulfilled the
neuropathological criteria of AD (85). Morris and co-workers (1996)
performed a prospective study of individuals over many years. These patients
were all found to be clinically normal at the last exam, about one year before
death. About half of these subjects (mean age 83 years) demonstrated very
sparse numbers of plaques, roughly 0.3% of which were classic neuritic
plaques (thioflavin S-positive), the remaining plaques were either diffuse or
primitive neuritic. In contrast, the other half of the subjects (mean age 87
years) had enough neuritic plaques to fulfil the histopathological criteria of AD
(85}, and about 15% of plaques were classic neuritic.

There are three possible explanations for these observations. The first
is that the presence of abundant neuritic plaques in clinically normal individuals
represents preclinical or incipient AD. Since a significant proportion of people,
including those into their ninth and tenth decades of life, are free of any
plaques (18,180}, it may be argued that the individuals with numerous neuritic
plaques are not aging "normally™ and that they have presymptomatic AD
(48,116).

A second possibility is provided by Katzman and co-workers who found
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a neuropathology consistent with AD in a group of patients (mean age 87
years) with preserved mental status (83). This group also had a significantly
greater brain weight and a greater number of large neurons (> 90 gmj} than
either their age-matched nondemented controls or AD patients. It was
speculated that these individuals either had less brain atrophy than is normally
found by this age or that these subjects started with more neurons and a
larger brain and thus had a greater reserve.

An alternative explanation may be that although the numbers of plaques
are comparable, the composition may differ in normal and demented individuals
and that consequently, the degree of neuronal damage may be less in
nondemented individuals. Thus, for example, while the classic neuritic plaque
is relatively rare in most nondemented subjects, it is commonly observed in AD
brains. Indeed, it appears that one of the differences between normal and AD
brains is that the neuritic plaques in AD are associated with a greater degree
of neuronal degeneration, as is evidenced by the presence of tau
immunoreactivity in paired helical filaments (8,47). In this regard, studies
performed by lwatsubo and colleagues are particularly relevant. They showed
that in AD brains, virtually all plaques are immunoreactive for AR42, but only
a subset contain ARB40 (76). Importantly, they noticed that the proportion of
plaques with AR40 immunoreactivity was significantly greater in AD brains
than in those from nondemented individuals (48). Thus in addition to the

number of plaques, the composition of plaques may differ in AD brains.
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To summarize, it may be said that our limited knowledge suggests that
at least some clinically normal individuals develop plaques while others do not.
The ability of the brain to compensate may vary and is perhaps reflected in the
age-adjusted criteria for the diagnosis of AD. Some differences in the
composition of these plaques between normal and AD subjects have been

identified and merit further study.

NFT

There is considerably less controversy surrounding the presence of NFT
in nondemented individuals. The ultrastructure of NFT is identical in aging and
AD (194), however, the NFT do not appear in the same areas. So for
example, while abundant NFT are common in certain neurons of the neocortex
in AD patients, neocortical NFT are either rare or absent in nondemented aged
individuals, even in those cases in which abundant neocortical neuritic plaques
are present (48,178). When present in normal people, NFT are generally
confined to pyramidal cells in CA1 of the hippocampus and to the entorhinal
cortex (17,116,137). Thus while the formation of NFT appears to be part of
the aging process, large numbers of NFT are present only in demented

individuals, including those with AD or supranuclear palsy (170).

CAA

The incidence of CAA increases with age (46,179,185). In normal
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elderly people, amyloid deposition is limited to the vessels of the cerebral
cortex with deposits only rarely identified in other parts of the brain. Most
investigators have found little evidence for amyloid in those under age 60,
however CAA can be observed in about 30% of individuals over 60 years old
(23,185). The main protein in CAA in normal individuals is AB, but it is not
known if AB40 or AR42 is the more common variant. While numerous
proteins, like apoE, TTR and cystatin have been identified around vessels in AD
brains, it remains to be established whether they are also present in normal

individuals.

1.5 THE AGING BRAIN AS A MODEL

The preceding sections described some of the changes observed in
normal individuals with age, with particular reference to the accumulation of
amyloid in the CNS. The main observations were that amyloid deposition is
a constant feature of the aged CP, where it is known as Biondi rings, and is
frequently presentin the cortex, mainly around vessels and in cortical plaques.
Together these observations suggests that there are factors inherent to aging
which promote amyloid formation. The identification of aging as a risk factor
for AD suggests that AD may result from an augmentation of a process that
invariably accompanies brain aging (157). If this is so, then the aging human
brain may provide us with a model to identify the temporal sequence of events

leading to AD, in the much the same way that the aging Down’s syndrome
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brain has contributed to our understanding of AD.

One of the potential advantages of studying normal people instead of
Down’s patients is that the normals are free of any known underlying disorder
which may directly affect plaque formation. For example, the concentration
of the APP in the serum and brain of Down'’s patients is increased about 1.5-
fold compared to controls and AD patients, possibly as a result of the extra
copy of the APP gene (147). Thus while increased APP levels may be
important in Down’s syndrome, additional factors may be involved in sporadic
AD and the underlying pathological mechanism in cperation in Down’s
syndrome may not be present in most AD brains. Similarly, studies of familial
forms of AD like those involving the Swedish mutations have yielded some
important clues about the pathogenesis of AD, but they, like the Down’s
syndrome cases, may represent only subsets of the AD population. A study
of nondemented aging brains could therefore provide information of particular
relevance to the majority of AD patients, for whom environmental factors may
be more significant.

A fundamental contribution of the aging brain model would be to
identify some of the changes associated with amyloid accumulation in normal
individuals. An understanding of some of the factors which promote amyloid
deposition may provide us with possible therapeutic targets. For example, an
age-related decline in the concentration of a protein such as TTR, which is

thought to keep AR soluble, may be one factor which would foster amyloid
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formation by AR.

1.6 THESIS HYPOTHESIS AND OBJECTIVES

The main goal of this project is to identify changes that occur in the
human CNS with age that could foster or possibly retard amyloid deposition.
The focus will be on the production and clearance of amyloidogenic proteins
and amyloid-associated proteins. Specifically, it will examine the age-
associated accumulation of amyloid and its constituent proteins, in the CP,
CSF and cerebral cortex, and it will attempt to determine how they may be
related. Based on the observation that there is an active exchange between the
brain, CSF and CP (see section 1.3.2), together with the age-associated
presence of amyloid in the cortex and CP, we hypothesize that the protein
composition of the amyloid in the CP is similar to that found in the amyloid
plaques of the brain and that the protein components of this amyloid can also
be detected in the CSF.

The first objective of this thesis is thus to characterize the amyloid in
the CP. In Chapter 2, we test the hypothesis that the CP amyloid contains
AR, apoE, apoJ, TTR and cystatin C. In Chapter 3, we examine the
quantitative changes in AB40, AR42, apoE and TTR in the CSF of
nondemented patients, aged 19 to 82 years, in an attempt to identify age-

related changes which may be associated with amyloid deposition in the
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cortex and/or CP. In Chapter 4, we characterize some of the changes in
amyloid-associated proteins in the cortex with age and address the question
of whether these changes are qualitatively, as well as quantitatively, different
from those seen in AD patients. Finally, chapter 5 integrates these results in

the form of a model.
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PREFACE TO CHAPTER 2

In this chapter, two main questions are addressed. First, can the
amyloid-B (AR) protein be found in the choroid plexus of normal and AD
subjects, and does it form amyloid in this tissue ? Second, can AR be found
in the CSF of these individuals ? We address these issues using two
complimentary approaches. First, immunohistochemistry is used to
characterize the CP amyloid. This is followed by biochemical analysis of the
amyloid, using reverse-phase high-performance liquid chromatography and

Western blot analysis.
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CHAPTER 2.

Deposition of an amyloid containing apolipoprotein
E occurs in the choroid plexus of the human brain

with age.

S. Kunicki, J. Richardson and E. Zorychta
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2.1 ABSTRACT

Amyloid accumulates with age in the cerebral cortex and in the choroid plexus,
a tissue in the cerebral ventricles which regulates the composition of
cerebrospinal fluid. Cortical amyloid deposits, which are more numerous in
Alzheimer’s disease, are composed mainly of amyloid-B, and sometimes also
contain apolipoproteins E and J, and transthyretin. These four proteins are
also present in cerebrospinal fluid. To investigate a possible relationship
between cortical and choroid plexus amyloid, known as Biondi rings, we
analyzed choroid plexuses obtained at autopsy from 37 non-demented subjects
aged 27-95 years, and from seven Alzheimer’s disease patients, aged 62-94
years. Ring-like structures were identified with increasing frequency with age
by a monoclonal antibody against apolipoprotein E and by the polyclonal serum
AA95, which labels Biondi ring amyloid. Such structures were occasionally
labelled by antibodies against apolipoprotein J and amyloid-B8. Western blot
analysis revealed that AA95 and anti-apolipoprotein E antibodies labelled
recombinant apolipoprctein E, as well as 34 kD and 45-80 kD proteins from
the choroid plexus and cerebrospinal fluid. These results demonstrate that the
choroid plexus contains proteins found in cortical amyloid and that with age,
one of these proteins, apolipoprotein E, may by itself, or in association with

another protein, form Biondi ring amyloid.
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2.2 INTRODUCTION
As humans age, localized depositions of amyloid occur within the brain,
both in the cerebral cortex (1) and in the choroid plexus (CP) (2,3), a tissue in
the cerebral ventricles which produces most of the cerebrospinal fluid (CSF)
and regulates its composition (4). Cortical amyloid accumulates in plaques and
around vessels, and individuals with Alzheimer’s disease (AD) are characterized
by larger quantities of cerebral amyloid than their age-matched controls (5).
This amyloid is composed mainly of a B-pleated amyloid B (AR) peptide (6,7},
but a number of associated proteins, including apolipoprotein (apo) E (8), apo
J (9) and transthyretin (TTR) (10}, can often be found in the amyloid deposits.
These amyloid-associated proteins are also present in the CSF (11,12,13) and
blood (14,15,16) where they are thought to bind soluble AR. The contribution
of these amyloid-associated proteins to the formation of amyloid is unclear. It
has been proposed that apoE may be a pathological chaperone protein which
binds to AR and promotes RB-pleating of soluble AR peptide into insoluble
amyloid (17). The role of apo J (9) and TTR (10) in AB amyloid plaques is not
known, but both of these proteins have been shown to inhibit amyloid
formation by AR in vitro (13,18).
Much less is known about the amyloid in the CP. Rod and ring-like
inclusions, which were first observed in the cytoplasm of the CP epithelial cells
of aged humans using silver staining (19,20), were later found to have the

staining properties of amyloid (2). These sites of amyloid deposition, known
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as Biondi rings, are named after one of the first investigators to study their
histological features (20). Ultrastructurally, Biondi rings consist of an
amorphous core of lipid-like appearance 2-7 ym in diameter covered with a thin
layer of amyloid fibrils (21). It has been proposed that the amyloid fiorils are
bound to either residual bodies {22) or cytoplasmic vacuoles (3), which may
explain the circular appearance of many of the amyloid inclusions.
Immunohistochemical studies suggest that Biondi rings may contain AR
epitopes, but not tau, paired helical filaments, keratin, vimentin, desmin, actin,
glial fibrillary acidic protein or ubiquitin epitopes (21,23). The amyloid has
been isolated from human CP, but the protein sequence could not be
determined (21). Characterization of the amyloid in the CP would be an
important first step toward understanding how amyloid accumuiates in the
aging CP, and whether its accumulation is related to age-associated changes
in CP function.

The well-documented exchange of proteins between the cortex, CSF
and CP (4,24), together with the age-associated accumulation of amyloid in
the cortex and CP (1-3), led us to postulate a relationship between the amyloid
in these two locations. We have previously shown that AR can be isolated
from the CP (25). [n the present report, immunohistochemical techniques and
Western blot analysis were used to investigate the possibility that Biondi ring
amyloid may be composed of the same proteins found in cortical amyloid

deposits, including ABR. In addition, we tested the possibility that the CP-
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derived cystatin C (26), which forms amyloid in hereditary cerebral hemorrhage
with amyloidosis of the Icelandic type (27), may form amyloid in the CP. In
this paper we present evidence that Biondi rings contain apoE, and that apo
J and AR, but not TTR or cystatin C, may sometimes associate with these

structures.

2.3 MATERIALS AND METHODS

2.3.1 Tissue

CP and CSF from the lateral ventricles of 37 normal subjects and CP
from seven AD patients were obtained at autopsy performed within a mean
postmortem period of 12 (5-25) hours. Cortical sections were obtained from
13 normal subjects and from five of the AD cases. Control subjects had no
clinical history of neurological disorders and postmortem examination of the
brains by a neuropathologist revealed no anatomical abnormalities or atypical
histology. Diagnosis of AD was made by clinical history and confirmed by
postmortem quantification of cortical plaques and tangles using the CERAD
criteria (5). Although tissue was obtained from a random sampling of
autopsies performed within a limited time postmortem, most control subjects
were male and most AD subjects were female. It was not possibie to reduce
the number of male control or female AD subjects as this would have resulted
in @ sample size that was too small for analysis. A summary of the cases is

provided in Table 2.1.
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2.3.2 Histochemistry

Tissues were fixed in 10% formalin and embedded in paraffin. Nine
serial sections of each CP were stained with Congo red to identify amyloid, or
incubated with an antibocdy and processed for immunohistochemistry. The
eight antibodies used were AA95, a polyclonal antibody against CP amyloid
(1:370), rabbit polyclonal antibodies against TTR (Boehringer Mannheim,
1:200) and cystatin C (Dako, 1:200) and monoclonal antibodies against human
apoE (Boehringer Mannheim, 14 ug/ml), apo J (Quidel, 1:32), and three
different regions of AB. The AA95 serum, a gift from Dr. P. Westermark, was
obtained from rabbits injected wifh amyloid pooled from four human CP (21).
The anti-ABR antibodies were against amino acids 1-15 (6E10, 1:50), 17-24
(4G8, 1:250) and 8-17 (Dako m872, 1:50) of the AR peptide. Antibodies
6E10 and 4G8 were gifts from Dr. K.S. Kim. Serial sections of frontal or
temporal cortexes were incubated with AA95 or anti-apoE antibodies in order
to ascertain if the protein labelled by AA95 is present in the cortex and to
compare its distribution to that of apoE.

To enhance immunoreactivity, tissues were immersed in 90% formic
acid for three to six hours before exposure to anti-AR antibodies, and for three
hours prior to staining with all other antibodies. Immunohistochemical staining
was performed as per manufacturers instructions using an Omnitags
avidin/biotin kit, with 3-amino-9-ethylcarbazole as the chromogen (Immunon,

Fisher), which produces a red reaction product. Sections were counterstained
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with hematoxylin. As a negative control, all antibodies, with the exception of
AAQ95, were preabsorbed with their respective antigens. In addition, control
sections, which were prepared for each antibody, were incubated with the
secondary but not the primary, antibody. Each slide was examined without
prior knowledge of case history, by two of the investigators.

For immunoabsorption analysis, 70 ¢l (50 ug) of recombinant apoE,
isoform 3, was added to 300 ul AA95 solution (1:370) and left at 4°C for 48
hours. Immunohistochemistry of the CP was then carried out using this

suspension as the primary antibody.

2.3.3 Biochemical Analysis

The protocol of Glenner and Wong (6), which was developed to isolate
amyloid from cerebral vessels, was used as the initial step in isolation of
protein from the CP. The resulting protein pellet was solubilized in 90% formic
acid then an equal volume of 0.1M tris-buffered saline was added to the
solution. Samples were purified on a superose 12 (prep grade) column
(Pharmacia) using a buffer of 70% formic acid, 1% acetonitrile and a flow rate
of 0.5 mi/minute. The superose column peaks were each run on a Vydac C4
reverse-phase high performance liquid chromatography (RP-HPLC) column,
using buffers previously described (28) at a flow rate of 1 ml/minute. Samples
of CSF were also chromatographed. The 3 to 4 major peaks which eluted

from the RP-HPLC column between 30 and 40 minutes, were each lyophilized,
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runona 15% SDS-polyacrylamide gel (29), then electrophoretically transferred
to a polyvinylidene fluoride membrane (Immobilon-P%?, Millipore Corp.) using
standard protocol (30). Membranes were blocked in 5% skimmed milk in Tris-
buffered saline, incubated in primary antibody overnight at 4°C, washed, then
incubated in secondary antibodies for 1 hour at room temperature. The
primary antibodies were mouse monoclonals m872 (1:100), anti-apoE (2
ug/ml) and anti-apo J (1:100) and rabbit polyclonal AA95 (1:100). Alkaline
phosphatase l[abelled goat anti-mouse and anti-rabbit igG (Sigma) at a dilution
of 1:4000 were the secondary antibodies and immunoblots were developed
using 5-bromo-4-chloro-3-indoyl-phosphate and nitroblue tetrazolium tablets
(Sigma). Synthetic AR, ,, (Research Biochemicals Incorporated), recombinant
human apok (Calbiochem}, apo J (Quidel Corporation}, TTR (Sigma), cystatin
(Sigma) and tubulin (ICN) were purchased commercially and used as standards

in Western blot analysis.

2.3.4 Statistics

To analyze changes in the CP with age, logistic regression analysis was
performed using SAS version 6.07, with age entered as a continuous variable.
A two-tailed Fisher’s Exact ;I'est was used to test for correlations between the
presence of amyloid, AA95, apoE, apo J and AR immunoreactivities. A p

value of 0.05 or less was considered significant.



93
2.4 RESULTS
2.4.1 Congo Red Staining and Immunoreactivity in Control CP

The presence of amyloid, as detected by Congo red staining, was first
observed in a 49-yeér—o[d and increased significantly with age (p= 0.003).
Rod- and ring-like amyloid deposits were observed in the CP epithelium (Figure
2.1) from all subjects 64 years and older, with the exception of one 73-year-
old. In total, amyloid was detected in 19 of the 37 cases. Vessels of the CP
were never found to have amyloid angiopathy.

The polyclonal serum AA95, which was raised against amyloid purified
from human CP and has been shown to label rod- and ring-like amyloid
inclusions (21), identified such structures in 30 CP. The remaining seven CP
did not demonstrate any form of AA95 immunoreactivity.

Epitopes of apoE and apoJ were frequently observed in the CP epithelial
cells, either diffusely throughout the cell, or in association with structures
resembling Biondi rings. However, antibodies against apoE and apodJ did not
label ring-like structures as consistently as AA95 did (Figure 2.2) and in
contrast to AA95, they sometimes produced only diffuse cytoplasmic staining.
Structures resembling Biondi rings were labelled in 26 of the 29 CP that were
apoE-positive, and in only 13 of the 28 CP that were apoJ-positive.

Similar to the results with Congo red staining, the percentof individuals
with Biondi rings detected by AA95-immunoreactivity in the CP increased

significantly with age (p= 0.008). However, AA95 reactivity was detected
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earlier and more frequently than Congo red-positive staining (Figure 2.3), being
first detected at age 45. CP from subjects 49 years and older, with the
exception of one 54 and one 62 vyear-old, all demonstrated AA95
immunoreactivity. Interestingly, AA95 immunoreactivity was observed not
only in all CP which contained amyloid, but was also seen in 61% of CP which
did not yet contain amyloid. The presence of AA95 immunoreactivity in the
absence of detectable amyloid was more frequently observed in young
subjects (Figure 2.3).

The percent of CP with anti-apoE immunoreactivity increased slightly
with age (p= 0.06), while anti-apcJ immunoreactivity remained unchanged
(Figure 2.3). A positive correlation was observed between the presence of
amyloid and immunoreactivity for AA95 (p = 0.003) and apoE (p = 0.019), but
not for apoJ. The ability of AA95 to identify Biondi rings was lost when AA95
was incubated with recombinant apoE prior to immunostaining (Figure 2.2).
In comparison, preabsorption of AA95 with apoJ did not eliminate staining of
Biondi rings by AAS5.

In only two cases was AR immunoreactivity found to associate with
ring-like structures. In these cases, Biondi rings could be identified by Congo
red, AA95, and antibodies against apoE and apoJ. AR has recently been
shown to be produced by human CP (31), but it was observed in only 16 of
the 37 CP examined, despite the use of three different anti-A antibodies to

maximize the probability of detection. The ability to detect AR did not vary
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between the antibodies since AR was identified in the same 16 CP by all of
them. The percent of CP with AR immunoreactivity did not change with age
(Figure 2.3). In comparison, immunoreactivity for TTR and cystatin, which are
also produced by the CP epithelium (26,32), was present in every case
examined and in the majority of epithelial cells in each section. .Antibodies
against TTR and cystatin never stained any identifiable structures, but instead

produced diffuse staining throughout the cytoplasm (Figure 2.2).

2.4.2 Congo Red Staining and Immunoreactivity in CP from AD subjects
The CP from the seven AD cases all contained amyloid and exhibited
AA95, apoE, cystatin C and TTR immunoreactivity. AR and apoJ
immunoreactivity was observed in three and six of these cases respectively.
As in normal subjects, only anti-apoE antibodies stained the vessels of the CP
and reactivity was confined to the tunica adventitia. The three cases which
demonstrated apoE epitopes around blood vessels also possessed
immunoreactivity in the epithelium. The Congo red and immunoreactivity
profile of AD cases (mean age of 81.7 years) was comparable to that seen in

the group of normal individuals over age 75 (mean age 85.8 years).

2.4.3 Biochemical Analysis
AR and apoE, but not apodJ, were isolated from the CP by the techniques

employed. In most normal cases tested, only a faint band of 4 kD AR-
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immunopositive protein was visible, indicating only a negligible amount of AR
was isolated. However, in some cases a much darker 4 kD immunopositive
band was observed (Figure 2.4a). ApoE, which could be consistently isolated
from the CP, was present in both a 34 kD and 45-80 kD protein bands (Figure
2.4b).

AA95 labelled apoE-immunopositive protein bands of approximately 45
to 80 kD from the CP and CSF of normal subjects. In addition, it labelled
protein of 34 kD from the CSF of normal patients and the 34 kD recombinant
human apoE (Figure 2.4¢). It did not react with the commercially-obtained

synthetic AR,_4,, apod, TTR, cystatin or tubulin.

2.4.4 Immunoreactivity in the Cortex

The study of cortices from normal subjects aged 14 to 72 vyears,
revealed that both AA95 and anti-apoE immunoreactivity could be detected in
astrocytes, neurons, corpora amylacea and around vesseis, particularly in older
individuals (Figure 2.5). As in the CP experiments, some differences in
immunoreactivity between AA95 and apoE were observed, with anti-apoE
antibodies demonstrating greater reactivity (Table 2.2).

Although statistical analysis was not possible due to the small number
of AD cases, both apoE and AA95 immunoreactivity were more prevalent in

AD than in control brains.



Figure 2.1 Amyloid and AA3S5 immunoreactivity in the CP from a normal 57
year old stained with Congo red dye to identify amyloid (A), and with the
AA95 serum, which was raised against CP amyloid and labels Biondi rings (B).
Congo red-positive amyloid inclusions are indicated by arrows.
Immunopositive protein is visualized as red 3-amino-9-ethylcarbazole reaction
products in the section counterstained with hematoxylin. Original

magnification is x400 and x800 for the inserts.
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Figure 2.2 Immunoreactivity in the CP of a normal 69 year old stained with
antibodies against apoE (A,B) and apoJ (C). ApoE immunoreactivity around
vessels was confined to the adventitia in all cases. Diffuse staining was
observed with antibodies against transthyretin (D) and amino acids 8-17 of the
AR peptide (E) in a 53 year old subject. AA95 adsorbed with apoE results in
a loss of staining of ring-like structures (F). Immunopositive protein is
visualized as red reaction products. Sections were counterstained with

hematoxylin. Original magnification is x800.
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Figure 2.3 Changes in the choroid plexus with age. The accumulation of
amyloid, as detected by Congo red staining, is compared with the presence of
AAS5, anti-apoE, anti-apoJ and anti-AR immunoreactivity in serial sections of
37 CP from non-demented subjects. Logistic regression analysis revealed a
significant increase with age in the presence of amyloid (p = 0.003) and AA95
{(p= 0.008) immunoreactivity and a slight increase in apoE {(p= 0.060)

immunoreactivity that did not reach significance.
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Figure 2.4 I[solation and Western blot analysis of AR, apoE and Biondi ring
protein. A: immunoblot of five micrograms of synthetic AR, 4, (lane 7) and
protein isolated from the CP of a normal 45 year old (/fane 2) reacted with an
antibody against amino acids 8-17 of AR. B: five micrograms of recombinant
apoE (/ane 7) and protein from the CP of a normal 66 year old (/ane 2) reacted
with anti-apoE antibody. The low molecular weight bands represent either
incompletely synthesized fragments of recombinant apoE or a degradation
product of apoE (47). C: samples probed with polyclonal antibody AA95. Five
micrograms of recombinant apoE (/ane 7), protein from the CP of a normal 46
year old (/ane 2) and CSF from a normal 35 year old (/ane 3). The migration
positions of the molecular weight markers are indicated on the left in

kilodaltons.
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Figure 2.5 AAS95 immunoreactivity in the temporal cortex. AA95
immunoreactivity was frequently observed in nondemented aged subjects and
also in AD patients. AA95 immunoreactivity in astrocytes (A) and around
vessels (C) in the cortex of a normal 61 year old. Diffuse cytoplasmic staining
in neurons (B} and in corpora amylacea (D} in the cortex from an 89 year old
AD subject. Immunopositive protein is visualized as red reaction products.
Sections were counterstained with hematoxylin. Original magnification is

x800.
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Control (years)

0-49

50-65

66-75

>75

Alzheimer’s disease

Mean Age

38.7 + 8.9
57.4 + 4.7
70.1 + 3.3

85.8 + 6.7

81.7 + 10.2

Females (age)

3 (27-46)

3 (50-65)

1 (75)

2 (89,95)

6 (62-94)

Males (age)

6 (25-49)

13 (52-64)

6 (66-73)

3 (77-84)

1 (83)

Table 2.1 Summary of cases. The mean age (+ SD), gender distribution and

age range studied for each age group is indicated. Patients with Alzheimer’s

disease have been grouped together.
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Percent Immunopositive Tissue

AA95 Anti-ApoE
Normal
Astrocytes 46 54
Neurons 38 69
Vessels 31 54
Plaques 0 87
Alzheimer’s disease
Astrocytes 100 60
Neurons 100 60
Vessels 80 80
Plaques 80 80

Table 2.2 Immunoreactivity in the cortex of normal and AD subjects. Frontal
or temporal cortical sections from normal and Alzheimer disease subjects were
stained with AA95, a serum raised against choroid plexus amyloid, or with an
antibody against apoE. The mean age was 55.4 (14-72 years) for control
subjects (n= 13) and 88.2 (80-94 years) for the group with Alzheimer’s
disease (n= 5). Plaques were present in only three of the normal cases
examined. The percent immunopositive tissue signifies the percent of brains

in which immunoreactivity could be observed.
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2.5 DISCUSSION

We have demonstrated that proteins found in cortical amyloid, which
accumulates with age (1) and is a hallmark of AD (5,6,7), are present in the
CP of both normal individuals and AD subjects. Moreover, we have shown
that at least one of these proteins, apoE, is a component of amyloid-laden
Biondi rings, lipid-like structures in the CP (21) which accumulate with age
(2,3).

Western blot analysis demonstrated that the polyclonal antibody AA95,
which was raised against CP amyloid and labels all Congo red-positive Biondi
rings in histological sections (21), reacts with recombinant human apoE. In
addition, protein between 45 and 80 kD from the CP and CSF as well as a 34
kD CSF protein were labelled by both AA95 and anti-apoE antibodies. These
results, combined with the observation that preabsorption of AA95 with
recombinant apoE results in a loss of staining of Biondi rings, strongly suggest
that at least one of the epitopes in CP amyloid is apoE.

The precise nature of the high molecular weight AA95- and apok-
immunopositive protein remains unclear. it may simply be a heavily
glycosylated apoE (33), or a dimer of apoE. A recent study has demonstrated
that high molecular weight apoE-immunoreactive proteins of 50 and 66 kD can
be isolated from the CSF of non-demented and AD patients (34). Although the
identity of the 50 kD protein was undetermined, it was suggested that the 66

kD protein was apoE covalently crosslinked by malondialdehyde and 4-
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hydroxy-2-nonenal, two reactive byproducts of lipid peroxidation. This cross-
linked apoE may be transported into the CP. In addition, such a conjugate
could form in the CP epithelium, which accumulates oxidized lipids with

age (3).

Alternatively, Biondi rings may be formed by apoE complexed to a
second, unidentified protein or compound. Indeed, electrophoresis of CP
amyloid revealed that a protein of approximately 6 kD co-purifies with the
approximately 50 kD AA95-immunoreactive Biondi ring protein, but is not
recognized by AA95 (21). Furthermore, in a brief report, AR epitopes were
identified in amyloid fibrils in the CP of one individual (23). Similarly, in our
studies AA95 did not react with AR, ., apoJd, TTR, cystatin or tubulin on
immunoblots, but antibodies against AR and apodJ, in addition to apoE,
sometimes stained ring-like structures within the epithelium. Together, these
results suggest the possibility that Biondi rings may be formed by a complex
of proteins, including apoE, and occasionally AR and apoJd. We are currently
attempting to generate such complexes in vitro to determine if other proteins
associate with apoE to form Biondi rings and to identify the nature of this
association.

The high molecular weight protein appears to be the predominant form
of apoE detected by AA95 in the CP, in contrast to the CSF which
demonstrated more robust labelling of the 34 kD apoE. The inability of AA95

to detect the 34 kD apoE in the CP as compared to the CSF may reflect a
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quantitative difference. in addition, it is highly likely that the apoE epitope(s)
of the polyclonal AA95 serum differ from that of the monocional anti-apoE
antibody as some differences in immunoreactivity between AA95 and anti-
apoE antibodies were observed in the cortex as well. It is possible that these
antibodies differ in their ability to detect apoE in diverse states, such as
glycosylated, dimerized or crosslinked, as discussed above. The production
of antibodies which recognize oxidatively modified, but not normal,
neurofilaments is consistent with such a possibility (35).

Both AA95 and anti-apoE antibodies could identify ring-like structures
in CP from individuals in which amyloid was not yet present, demonstrating
for the first time that in young individuals, some protein(s) accumulates in
Biondi rings prior to the deposition of amyloid. This was not apparent from
previous studies which have focused on amyloid deposition in the elderly.

The origin of apoE in the CP is unknown, and to our knowledge, it has
not been shown to be produced by the human CP. Two possible sources are
the CSF and the blood. The apoE in the CSF is derived from the brain (36),
where it is produced by astrocytes (37) and taken up by neurons (14). In
addition, we detected apoE and AA95 immunoreactivity in circular structures
called corpora amylacea, which accumulate with age (38,39) and are believed
to be extruded from neurons, possibly into the CSF (40). The presence of
apoE immunoreactivity around vessels in some CP indicates that the serum

may provide an additional source of apo E.
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The mechanism by which apoE may enter the CP from the CSF has yet
to be identified. A novel human apoE receptor resembling the LDL receptor,
has recently been identified and is postulated to play a role in the uptzke of
apoE-enriched HDL, including that found in the CSF (41). In support of this
concept, Northern blot analysis demonstrated abundant expression of the
mRNA for this receptor in the rat CP and ependyma of the ventricles (41). The
LDL receptor related protein (LRP), which is found in the CP and ependyma of
mice (42) is a second possible mechanism of entry for apokE.

We have shown that proteins found in cortical amyloid are presentin the
CP, yet unlike in the cortex, AR does not appear to be a major component of
CP amyloid. This indicates that either the concentration of AR in CP epithelial
cells does not reach a level at which AR can form amyloid, or that a
mechanism exists in the CP to prevent the formation of amyloid by AR. In this
respect, it is noteworthy that the CP-derived TTR (32), which has been shown
to inhibit the ability of AR to form amyloid fibrils in vitro (13), was not found
to associate with the Biondi ring amyloid. It may be that TTR acts as a
physiological chaperone to prevent amyloid formation by AR in the CP. A
study of the metabolism of AR and its precursor protein in the CP may help to
clarify why AR does not seem to readily form amyloid in this tissue.

Our results demonstrate that proteins associated with Biondi rings exist
in a non-B-pleated state in young individuals and may evolve with time into the

amyloid characteristically observed in many older individuals and in all AD
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subjects. Although our study did not.speciﬁcally address the mechanism of
amyloid deposition in the CP, our results lead us to speculate that there are
two possible processes by which preamyloid Biondi rings may accumulate
amyloid. The apoE of Biondi rings may be present initially in a form which is
not B-pleated, and therefore identified by AA95 but not by Congo red staining,
and it may R-pleat only later in life. In this respect it may resemble AR, which
can be found in a soluble form in the CSF (43,44) and in Congo-red negative
diffuse cortical plaques (45) but which deposits as insoluble amyloid in the
plaques and around vessels of the cortex with age (1) and in AD (5,6,7).
Support for this possibility comes from a report in which a 10 kD carboxy-
terminal fragment of apoE was isolated from cortical amyloid plaques, and a
recombinant apoE of this fragment was generated. This fragment was shown
to form amyloid fibrils in vitro (46). Alternatively, it may be that apoE never
R-pleats but instead with age becomes associated with another protein(s)
which does R-pleat. One candidate protein is AR, which has been found in
amyloid in the CP of one individual (23), but other proteins may also contribute
to this amyloid, and further studies are required to clarify the exact
composition of Biondi rings at different stages of life. Identification of the
protein(s) in CP amyloid is an important step towards defining the mechanism
of amyloid formation in this tissue, and it may contribute significantly to our
understanding of the age-associated changes in CP function and the

pathogenesis of AD.
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PREFACE TO CHAPTER 3

The previous chapter demonstrated three important points. The firstis
that although a number of amyloidogenic proteins can be identified and
isolated from the CP epithelium, it is apoE which constitutes the most
prominent component of the CP amyloid. Secondly, AR is present in the CP
epithelium, and it may sometimes associate with Biondi rings. The third
important finding was the detection of AR in the CSF of normal and AD
patients, indicating that AR is not a product of aberrant metabolism, and that
it can be found in a soluble form.

The next chapter examines the concentrations of AB40, AR42, apoE
and TTR in the human CSF at different ages in order to determine if there are
progressive changes in the amounts of any of these proteins with age and also
whether a relationship can be discerned between the levels of these proteins.
ApoJ and cystatin levels were not determined as the volume of CSF available
for analysis limited the number of proteins we could test for and we did not
have access to techniques which would allow accurate determination of their
levels. Thus the focus will be on the main protein component of plaques, AR,
with particular reference to the two major forms identified in plaques, AR42

and AR40.
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CHAPTER 3

The effect of age, apolipoprotein E phenotype and
gender on the concentration of AR40, AR42,
apolipoprotein E and transthyretin in human

cerebrospinal fluid.

S. Kunicki, J. Richardson, P.D. Mehta, K.S. Kim and E. Zorychta
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3.1 ABSTRACT

The two major isoforms of the amyloid-B (AR} peptide, ARB40 and AR42, are
normal constituents of the cerebrospinal fiuid (CSF). Both AR40 and AR42
can B-pleat and form amyloid deposits in the brains of Alzheimer’s disease
(AD) patients, and to a lesser extent in the brains of some nondemented aged
individuals, but the mechanisms regulating this process are not understood.
Factors which promote amyloidogenesis in vitro are an elevated concentration
of AR, the two carboxy-terminal amino acids of AR42 and the presence of
apoE. In contrast, transthyretin (TTR) inhibits formation of amyloid by AR.
We therefore tested whether there is a correlation between three well-
documented risk factors for AD, chronological age, gender and the presence
of the apoE4 allele, and the concentrations of AR40, AR42, apoE and TTR in
the CSF of normal individuals, age 19 to 82 years. The CSF levels of ail these
proteins except AR4Q0 are reduced in AD. In contrast, we found that the
concentration of AB40 declined with age while the concentration of AB42,
apoE and TTR remained constant. There was no relationship between gender
or apoE phenotype and the level of any of these proteins. These results
indicate that the changes observed in the CSF of AD patients are specific to

AD and are not modulated by age, gender or apoE phenotype.
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3.2 INTRODUCTION

Chronological age, gender and the inheritance of the apolipoprotein (apo)
E €4 allele are well-established factors affecting the individual risk of
Alzheimer’s disease (AD) (3,38,41,47,48) . However, the mechanisms linking
these risk factors to the pathogenesis of the disease are not understood.
What is known is that the incidence of AD is higher in women (3) and that
some of the neuropathological hallmarks of AD, including deposition of amyloid
in classic neuritic plaques and around cerebral vessels, can be observed in
many nondemented older individuals (48), although to a much lesser degree
than in AD subjects of a similar age (26). The number of neuritic plaques in
the brains of both normal (1) and AD patients (1,35,41) is influenced by the
APOE genotype, being greater in people with an APOE €4 allele compared to
those with either APOE €2 or APOE €3 alleles.

The amyloid deposits are formed primarily of aggregates of a B-pleated
peptide of 39 to 42(43) amino acids, called amyloid-B (AR) (11,24), which is
derived from a much larger amyloid precursor protein, APP (18). However, the
AR peptide can also be found in a non-B-pleated conformation in diffuse
plaques as well as around vessels in the brain {15,37,54). Soluble AR has also
been identified in plasma (33,43) and in the cerebrospinal fluid (CSF)
(31,43,45). Itis unclear what causes soluble AR to R-pleat and form insoluble

amyloid deposits.
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Three factors considered to influence the propensity of AR to form
amyloid are the concentration of AR, the length of the peptide and its
interaction with diverse proteins. Elevated concentrations of AR have been
shown to promote AR aggregation and formation of amyloid fibrils in vitro (17)
and may do so in vivo (6). Similarly, the additional two C-terminal amino acids
of AR42 confer an increased tendency towards aggregation into amyloid in
comparison to AR40 (17). The ability of numerous proteins to modulate AR
amyloidogenesis in vitro has also been recognized. Special attention has been
given to proteins which occasionally co-localize with AR amyloid deposits and
which are also found along with AR in the CSF, including apolipoprotein (apo)
E (29), apo J (9,25) and transthyretin (TTR) (44). These proteins all bind AR
(9,42,47,53), but with very different results. Apo E promotes formation of
amyloid by AR in vitro (52,53), while apo J (30) and TTR (42) inhibit it. It has
been suggested that TTR is the major protein which sequesters AR in the CSF
(42). The mechanisms by which these proteins influence B-pleating of AB is
not known.

The concentrations of AR42 (27) and apo E (2,22) are significantly
reduced in the CSF of AD patients compared to age-matched controls.
However, it is not known if the decline in these proteins occurs throughout life
and is simply accelerated in AD or if these changes are specific to the disease
process of AD. Since aging is associated with an increase in the incidence of

AD and an increase in the prevalence of amyloid deposition in the brains of
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normal individuals,’we hypothesized that the concentration of AB and its
associated proteins may gradually change throughout life. A systematic
evaluation of the effect of age on these proteins is lacking as studies of
nondemented individuals have been primarily on subjects over the age of 60,
included as age-matched controls for AD patients. We therefore measured the
concentration of AR40, AR42, apo E and TTR in human CSF throughout
adulthood, in males and females, from age 19 to 82 years. We also
determined the APOE phenotype in order to assess the impact of APOE €4 on

the CSF concentration of the proteins under investigation.

3.3 MATERIALS AND METHODS
3.3.1 CSF

CSF samples were obtained from lumbar punctures performed for
diagnostic purposes using routine protocol at the Montreal Neurological
Institute. Informed consent was obtained for the use of any remaining fluid
for research purposes. The CSF was spun at 1000 .RPM and 0.5 to 1.0 mi
aliquots wvere stored at -80°C until analysis. The sample population was
restricted to individuals with no case histories of dementia, stroke or recent
head trauma. In addition, only CSF which had cell counts, total protein and
glucose concentrations that fell within the normal range were included in this
study. The most common clinical reasons for obtaining CSF samples were to

rule out disorders such as peripheral neuropathy (n=11), a central nervous
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system tumor (n=9), multiple sclerosis (n =8), meningitis (n =3} or vasculitis
(n=3) and as part of a follow up after the diagnosis of a tumor in the
periphery, to rule out metastasis to the central nervous system (n=86). In
total, CSF from 39 female and 25 male subjects with a mean age of 561.2 +
17.0 years was studied (Figure 3.1). Both sexes were equally represented
among the different ages, as demonstrated by linear regression analysis and

by a two-sample t-test comparing the age distributions of males and females.

3.3.2 APOE phenotyping.

A CSF volume of 50 to 80 ul was prepared for isoelectric focusing as
described previously (13). In brief, the neuraminidase-treated CSF was run on
an acrylamide gel for 900 volt-hours, then electrophoretically transferred to a
polyvinylidene fluoride membrane (Immobilon-PS?, Millipore Corp.) using
standard protocol (49). Membranes were blocked in 5% skim milk in Tris-
buffered saline (TBS), incubated in anti-apo E antibody (2 ug/mi, Boehringer
Mannheim) overnight at 4°C, washed, then incubated in alkaline phosphatase-
labelled goat anti-mouse antibody (Sigma) at a dilution of 1:4000, for one hour
at room temperature (RT). Antibodies were diluted in 0.5% skim milk in TBS.
Immunoblots were developed using 5-bromo-4-chloro-3-indoyl-phosphate and
nitroblue tetrazolium tablets (Sigma). Recombinant human apo E 3 and apo E
4 (Calbiochem), along with plasma from subjects of known genotypes (gift

from Dr. Gilfix), were used as standards. In one of the 64 cases, the CSF
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volume remaining following protein concentration analysis was insufficient to

obtain an accurate phenotype.

3.3.3 Description of antibodies R162 and R164.

The polyclonal antibodies R162 and R164 have been characterized
elsewhere (36, submitted for publication}. Briefly, rabbit antisera were raised
against synthetic peptides (AnaSpec, San Jose, CA) that included AR residues
28 to 40, and 33-42 respectively. Western blot analysis demonstrated that
25 ng of AB40 can be detected by R162 (1:1000) but not R164 (1:1000) and
that 25 ng of AR42 is detected by R164 but not R162. In addition, enzyme
linked immunosorbant assays (ELISAs) demonstrated that the dilution 0f R162
required to detect 100 yg of AR was 1:15,000 for AB40 compared to <1:20
for AB42. The dilution of R164 required to detect AR42 was 1:8,000
compared to <1:50 for ARB40. Thus although there is some cross-reactivity
as shown by the ELISAs, R162 was much more specific for AB40 and R164
was much more specific for AB42. The sensitivity of these antibodies as

demonstrated by sandwich ELISAs is shown in Figure 3.2.

3.3.4 Quantitative analysis of CSF protein concentrations.
The amounts of AR and apo E were determined using a sandwich ELISA
as previously described (4,32). For AR ELISAs, 96-well NUNC U96 Maxisorb

Immuno plates were incubated overnight at 4°C with the monoclonal capturing
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antibody 6E10 (2.5 xg/ml), against amino acids 1-15 of AR (20). The plates
were washed using a microplate autowasher EL404 (Bio-Tek Instruments),
blocked with 10% normal sheep serum (Gibco BRL) for one hour at RT then
washed. CSF or AR standards (AR40, ARB42 Research Biochemicals
International) were subsequently added and left to incubate for two hours at
RT. Following a wash cycle, biotinylated detecting antibody was added and
left at RT for 75 minutes. The rabbit polyclonal antibodies R162 (1:200) and
R164 (1:100) were the detecting antibodies for AR40 and AR42 respectively.
Following a wash cycle, the wells were incubated with an avidin-biotin solution
prepared from a Vectastain ABC kit (Vector Laboratories, USA) for 45 minutes
at RT. The wells were washed, a substrate buffer containing o-
phenylenediamine dinydrochloride (Sigma, USA) was added for 30 minutes and
the reaction was stopped using sulfuric acid. The color reaction was read by
a Bio-Tek Instruments ELISA Reader EL311 at a wavelength of 490 nm.
Nonlinear curve fitting was performed using Bio-Tek Kineticalc EIA Application
software version 2.03 to convert optical densities to estimates of the protein
concentrations in the CSF. The linear assay range for AR40 and AR42 was
0.39 to 10 ng/ml (Figure 3.2).

The amount of apo E was determined in a similar manner, with a few
modifications. An affinity-purified goat anti-apo E antibody (Genzyme) was
used as both the capturing and detecting antibody. The wells were incubated

with capturing antibody for 2 hours at 37°C, blocked for one hour at room
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temperature, then incubated with either CSF or apo E3 standard (Calbiochem)
for two hours at 37 °C. The capturing antibody was conjugated with
peroxidase. The substrate reaction was carried out as above, and the colored
reaction products were measured using a Bio-Tek Instruments ELISA Reader
EL310 at a wavelength of 490 nm. The linear assay range was 0.5 to 10
ug/mi. The protein concentrations were estimated from the absorbance values
using Sigma Plot.

TTR levels were quantified using a radial immunodiffusion kit from
Behring Diagnostic Reagents, which includes TTR standards and anti-TTR
antibodies. To ensure that the protein concentrations fell within the assay
range of 33 to 467 yg/ml, the CSF was concentrated approximately five-fold
using a Speedvac.

For all analyses, samples were run in duplicate on the same day, which
allowed for calculation of the within-assay variability. The mean of the two

values was recorded as the concentration for each case.

3.3.5 Statistical analysis.

Chi square analysis vwas used to determine if the distribution of APOE
phenotypes in our sample set is comparable to those reported in four separate
Canadian studies, which included a total of 811 normal subjects
(13,28,34,40,46). The distribution of the six APOE isoforms (€ 2.2, 2.3, 2.4,

3.3, 3.4 and 4.4) was compared between males and females using the
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Fisher’s Exact test.

Linear regression analysis was used to determine if the concentrations
of the proteins varied with age or APOE phenotype. Following this, the
concentrations of AR40, AR42 and apo E were standardized as a ratio of TTR,
which has been shown to remain constant with age (8), in order to correct for
variability between individuals in protein concentration. The linear regression
analysis was then repeated. Multivariate regression models were developed
to test for possible interaction between age, gender and APOE phenotype. A
Bayes factor (BF) was generated for each model (19). Best models were
selected using the Bayesian information criterion (BIC), which has been shown
to produce more robust final models compared to the usual backwards or
forwards model selection techniques. Standard F statistics and two-tailed p
values were also calculated. Finally, Pearson correlation coefficients were
calculated to determine if a relationship between the concentrations of any of

the proteins could be identified.

3.4 RESULTS
3.4.1 APOE phenotype distribution.

Chi square analysis did not reveal any significant differences between
the distribution of phenotypes within our sample and within a larger population
of subjects studied previously (Table 3.1). Regression analysis did not detect

any age-associated trend in the distribution, such as preferential survival of
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individuals carrying certain APOE phenotypes. This was also true when
subjects were grouped into one of two categories: those with at least one
APOE <4 allele (2.4, 3.4, 4.4) and those without any €4 alleles (2.2, 2.3, 3.3),
thus the APOE €4 allele does not appear to have a negative impact on survival.

The distribution of the six APOE isoforms was not found by the Fisher’s
Exact test to be different between females and males, although the less
common phenotypes € 2/4 and € 4/4 were absent from the female and male
sets respectively. Similarly, the distribution of APOE phenotypes was not
found to be different between females and males when subjects were grouped

into those with at least one APOE €4 allele and those without any.

3.4.2 APOE phenotype and CSF protein concentration.

The mean CSF concentrations of each protein along with the intra-assay
and inter-assay variability are presented in Table 3.2. The CSF levels of AR42
are significantly lower than the concentration of AR40. As a result, the AR42
assay originally was not sensitive enough to detect AR42 in any of the initial
23 CSF samples tested. Following optimization of the AR42 assay (see
materials and methods for current sensitivity), this peptide was measured in
the remaining 33 CSF samples, 25 of which contained measurable amounts
of AR42. The age range of these 25 subjects was 21 to 77 years.

Linear regression analysis showed that the concentrations of AR40,

AR42, apoE and TTR did not appear to be modulated by the APOE phenotype.
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In each case, the BIC favored the null model compared to any other. These
results are presented in Figure 3.3. To address the possibility that there is an
interaction between age, APOE phenotype and gender which is masking the
effect of APOE phenotype on protein concentration, further modelling was
performed. As with APOE phenotype alone, the BIC favored the null model
over those containing age and/or gender and/or APOE phenotype as
parameters. These data suggest that the APOE phenotype does not modulate

protein concentration, regardless of subject age or gender.

3.4.3 Age, gender and CSF protein concentration.

After eliminating APOE phenotype as a potential confounding or
interactive variable, we proceeded to test for an effect of age on the CSF
concentrations using linear regression analysis with age as a continuous
variable. A significant decrease in AR40 occurred with age (p=0.025). On
average, the concentration of AR40 declined by 0.04 ng/ml each year (Figure
3.4). There was a similar trend observed for ARB42, however, it was not found
to be significant (p =0.093). Regression analysis failed to demonstrate any
significant changes with age in any of the other proteins or in the ratio of
AR40 to AR42. Comparable results were obtained when CSF protein
concentrations were standardized as a ratio of TTR concentration. A positive
correlation between the concentrations of AR42 and AR40 throughout life

(r=0.619, p=0.0010) was observed (Figure 3.5). No other correlations
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between the various proteins were detected. Gender had no significant effect
on protein concentration, although the ratio of ARB40 to AR42 was greater (p=

0.0519) in males (8.06) than in females (5.57).
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Figure 3.1 Distribution of age and gender of subjects tested. The mean age

of each group is indicated by a horizontal bar.




L RAujuAY §orone

° ooo“o"oo 00%:2 %% o

100

90

80
70 -
60 -
50
40 -
30
20

3OV

10

Female

Male



132

Figure 3.2 AR sandwich ELISAs. Synthetic AR4Q or AR42 was added to
6E10-coated wells. Bound antigen was detected by biotinylated R162 (anti-

AR40, dilution 1:200) or R164 (anti-AR42, dilution 1:100).
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Figure 3.3 CSF concentrations of AR (ng/ml), apo E (uzg/ml) and TTR (#g/mi)
grouped by APOE phenotype. The mean protein concentrations and standard
deviation are indicated for subjects with at least one apo €4 allele (®) and
those without any €4 alleles (O). There was no observable effect of APOE

phenotype on CSF proteins.
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Figure 3.4 The effect of age on the concentration of AR40, ARB42, apoE and
TTR as determined by regression analysis. Only AR40 demonstrated a

significant change with age.
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Figure 3.5 Correlation analysis of AB40 and ARB42 concentration in the CSF.
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APOE Isoform This Population Reported Prevalence
F:M % Total Percent
€ 2/2 1:2 4.7 0-2
€ 2/3 7:4 17.2 10-31
€ 2/4 0:1 1.6 0-3
€ 3/3 24:11 54.7 58-80
€ 3/4 5:7 18.8 19-27
€ 4/4 2:0 3.1 1-4

Table 3.1 Distribution of apoE phenotypes. CSF samples were phenotyped
by isoelectric focusing. The number of females (F} and males (M) with each
phenotype is indicated. The distribution of APOE isoforms in this study was
found by Chi square analysis not to differ significantly from that reported in
four other North American populations, which when combined, included 811

individuals (13,28,34,40,46).
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n Mean £ S.D. Assay Variability (%)
Intra Inter
AR40 56 5.52 + 2.56 ng/ml 4.9 8.6
AR42 25 1.14 + 0.48 ng/ml 3.5 11.0
AB40:AR42 25 6.27 £ 2.91 NA NA
Apo E 64 3.04 + 2.75 ug/ml 4.0 6.6
TTR 64 20.13 + 4.94 ug/mi 7.0 15.0

Table 3.2 Average CSF protein concentrations in adult humans aged 19 to 82
years. Assay variability values are given for the intra-assay and inter-assay
coefficients of variation. The levels of AR42 and apo E were below the limit

of detection in eight and one case respectively. NA, not applicable.
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3.5 DISCUSSION

The AR peptide is produced throughout life and can be found circulating
in the CSF {5}, yet AR rarcly forms amyloid deposits in the brains of
nondemented people under the age of 60 (48). AD, which is characterized by
significant AR amyloid deposition in the brain, is also uncommon before the
age of 60 (10). It is unclear why the aged brain is more prone to forming
these AR amyloid deposits. One possibility is that the capacity of the brain to
excrete the proteins involved in amyloidogenesis may decline with age,
resulting in their eventual accumulation.

The amyloid deposits are formed primarily of aggregates of the AR42
variant and include AR40 to a lesser extent (7,11,16,24). Additional proteins
are also present, including apo E (50) and TTR (44). These proteins are all
found in the CSF of normal individuals and, with the exception of AR40
(14,27), are significantly reduced in the CSF of AD patients (2,14,22,27,39).
Since age is a risk factor for AD, we wanted to determine if there is a gradual
decline in these proteins in the CSF with age or if the reduction in their
concentration is specific for the disease process.

The major findings of this work are that the proteins which are reduced
in AD are maintained at a constant level in nondemented individuals
throughout life, while AR4Q declines significantly with age. The gradual
decline in AB40 was shown using regression analysis on our data and is

supported by the observation that the average concentration of ARB40 in the
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CSF of our subjects, who had a mean age of 50 years, was 5.52 ng/ml, while
it was 3.04 ng/ml in a group of older individuals with an average age of 67
years (14). Although a negative trend in the concentration of AR42 with age
was also observed, it was not found to be significant. The mean
concentration of AR42 is comparable to that reported in older subjects
{(14,27), further suggesting that the concentration of AB42 in the CSF is
maintained in a more consistent manner throughout life.

The concentrations of both the brain-derived apoE (4,23), and the
choroid plexus-derived TTR (12}, two proteins thought to bind AR in the CSF
(42,47,53), also remained constant with age in our subjects. The mean CSF
concentration of apo E in our population is comparable to the mean
concentration reported for older normal subjects (2,21), further supporting the
conclusion that the CSF concentration of apoE remains stable throughout life.
Thus, the secretion of apo E and TTR into the CSF appears to be unaffected
by age, but is specifically disrupted in AD.

In addition to age, we examined the possible effect of a second risk
factor for AD, the APOE phenotype (38,41,47). Individuals with the €4 aliele
are at an increased risk of developing AD although the mechanism conferring
this increased susceptibility is unknown. AR deposition in control and AD
brains has been reported to increase as a function of APOE genotype, from
APOE €2/3 to APOE €3/3 to APOE €3/4 (35,38,41). However, we failed to

detect any modulating effect of APOE phenotype on the CSF concentration of
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any of the proteins examined, regardless of the age of the individual. Evidence
supporting this conclusion includes a study of normal older individuals in which
the APOE phenotype was found not to modulate the CSF apo E concentrations
(21), as well as from a study of AD patients in which the APOE genotype had
no effect on the CSF concentration of total AR or AB42 (51). Taken together,
these results suggest that the mechanism by which the APOE €4 allele
promotes AR deposition in the brain of normal individuals and AD patients is
not through a direct regulation of the secretion and/or removal of specific
proteins from the CSF.

The uniform distribution of males and females among the different ages
in our population allowed us to evaluate whether protein concentrations varied
as a function of gender. Although the incidence of AD is higher in women (3),
we did not detect any appreciable effect of gender on the concentration of any
of the CSF proteins examined.

{n conclusion, these data demonstrate that three of the risk factors for
AD, namely age, APOE isoform and gender, do not have a demonstrable effect
on the concentrations of ABR42, apo E or TTR in the CSF of nondemented
individuals. These proteins appear to be cleared from the brain or secreted
into the CSF at a uniform rate throughout adult life. Their reduced level in the
CSF of AD patients is a reflection of the disease itself, rather than an
accelerated form of the normal aging process. In contrast, the concentration

of AR40 gradually declines with age, and the implications of this observation
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remain to be explained.
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PREFACE TO CHAPTER 4

in the previous chapter we measured the CSF concentrations of proteins
which can deposit as amyloid in the CP and in the cerebral cortex. We found
that with the exception of a decline in AB40 with age, the concentration of
these proteins was relatively unaffected by three of the most widely
acknowledged risk factors associated with AD: age, gender and apoE
genotype. Thus, we concluded that the reduction of AR42, apoE and TTR
observed in the CSF of AD patients is specific to AD, and is not part of an
accelerated aging process.

We hypothesized that the differences in the composition of the CSF
between normal and AD patients may be reflected by differences in the
composition of plaques. More specifically, we speculated that there may be
detectabie differences in the plaque compaosition which might account for the
greater degree of neuronal degeneration associated with the plaques of AD
subjects. The next chapter addresses this possibility by comparing the plaque

composition between normal and AD brains.
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CHAPTER 4.

An immunohistochemical study of plaque
composition in the brains of nondemented

individuals: a comparison with Alzheimer’s disease.

S Kunicki, J Richardson and E Zorychta
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4.1 ABSTRACT
The brain of a patient with Alzheimer’'s disease (AD} is characterized by the
presence of numerous cortical plaques containing amyloid-8 (AB) and
dystrophic neurites, and by amyloid deposition around vessels. A smaller
number of cortical AR plaques can be observed in some nondemented elderly
individuals, but they are not usually associated with neuronal degeneration.
Apolipoprotein (apo) E promotes AR neurotoxicity in vitro while apoJ and
transthyretininhibit it. We used immunohistochemical techniques to determine
the distribution of the AR variants AR40 and AR42 as well as apoE, apoJ and
transthyretin in the plaques and vessels of normal and AD brains and to
investigate whether there is a gradual change with age. We found that apoE
immunoreactivity was more common in AD plaques but, as for apoJ and
transthyretin, it was restricted to a small proportion of plaques in both groups
of subjects. Thus, none of these proteins appear to play a central role in
modulating AR neurotoxicity in plaques. The ratio of plaques containing ARB40
to AB42 remained constant with age, but was significantly increased in AD
brains, suggesting that the greater presence of AB40 in AD plaques is not part
of an aging phenomenon. Finally, we found that cerebrovascular amyloid
deposition in normal subjects was closely associated with apoE
immunoreactivity, which increased with age, and not with AR

immunoreactivity, as in the AD brains.
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4.2 INTRODUCTION
Numerous studies have shown that deposition of amyloid-B8 (AR) in
cortical plaques and around cerebral vessels is a characteristic
histopathological feature of Alzheimer’s disease (AD) (44). Cortical plaques
identified by immunostaining with antibodies against AR, can be defined
morphologically as either amorphous with irregular boundaries, or cored with
a well-circumscribed centre that is usually, but not always, surrounded by a
halo (26}. AR is a 39 to 42(43) amino acid peptide, derived from the
membrane-spanning amyloid precursor protein, APP (14,28).
Immunohistochemical studies have shown that the main AR variant in plaques
is AR42, while a small proportion of plaques contain AR40 (11,17). Both of
these AR variants have been shown to be neurotoxic in vitro (4,29,47,57).
Cortical plaques are also found in some intellectually intact elderly
humans, particularly those over the age of 65, but they are fewer in number
(27,31,49). Remarkably, although the plaques in nondemented individuals
contain AR40 and AR42 (11), most plaques do not demonstrate any
detectable degree of neuronal degeneration (43,55). This is in contrast to AD
plaques, in which swollen neurites are a common trait (20,31). In fact, one
of the distinguishing features of AD brains is that the dystrophic neurites in
plaques are readily visualized by antibodies to tau, while plaques in normal
brains rarely contain tau immunoreactivity (2,9). Abnormal

hyperphosphorylation of tau in degenerating neurites may explain the selective
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immunostaining of AD plaques (18).

The greater degree of neuronal injury associated with AD plaques has
not been explained. A number of proteins can modulate AR neurotoxicity in
vitro, including apoE, apoJ and TTR, all of which have been identified in the
plaques of AD brains (30,34,46,51). ApoE enhances AR neurotoxicity in vitro
by accelerating amyloid fibril formation (23,53). In contrast, apoJ attenuates
the neurotoxicity of AR40 (3) and both apoJ and TTR inhibit amyloid formation
by AR (35,42). Cystatin C, an inhibitor of the cysteine protease cathepsin B
(1), has also been localized, along with APP in AD plaques (5,15). Cathepsin
B may cleave APP inside the AR domain (41), and inhibiting this enzyme could
therefore increase the level of intact AR.

It has yet to be resolved whether or not these AR-associated proteins
are a constant feature of plaques and thus their role in neurodegeneration
within the plaques remains to be established. We therefore wanted to
determine whether proteins which promote AR toxicity are more common in
AD plaques and whether proteins which attenuate this toxicity are more
common in the plaques of normal brains. To investigate this hypothesis, the
density of plaques containing apoE, apodJ, TTR and cystatin C was determined
in the frontal cortex and hippocampus from nondemented persons, aged 14 to
90 years, and in AD patients, aged 76 to 94 years. A wide age range of
nondemented individuals was included in order to determine the earliest age

at which plaques could be detected using newly-developed, highly sensitive
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anti-AR40 and anti-AB42 antibodies, and to determine if there is an evolution
from AR42 to AR40 in plaques with age, as there may be in Down’s Syndrome
(16,17). Based on their morphology following immunostaining, plaques were
classified as either amorphous or cored. Since it has been suggested that the
cored plaques represent a more mature plaque form (24), we wanted to test
whether the composition of the amorphous plaques differs from that of the
cored plaques, and whether or not their relative progression changes with age.

Cerebral blood vessels were also examined since AR is often deposited
both as amyloid and as soluble AR in the vasculature of AD brains and, to a
lesser extent, in normal individuals (50,52). Both AR40 and AR42 have been
identified around cerebral vessels in AD, although it has not yet been
established which of these two AR variants is the major component (26,40).
The AR variant which deposits around cerebral vessels in normal aged

individuals is unknown.

4.3 MATERIALS AND METHODS
4.3.1 Tissue

Cortical blocks from 27 nondemented individuals and 7 AD patients
were obtained from the Montreal General Hospital and the Montreal
Neurological Institute. The mean age (and standard deviation) of control and
AD subjects was 63 + 19 and 85.6 + 6.6 years respectively, with a mean

postmortem delay of 16 = 7 hours. Controls were free of any reported



158

dementia while AD cases had a clinical history of dementia and a diagnosis of
AD was confirmed postmortem (31). Although tissue was obtained from a
random sampling of autopsies, most control subjects were male and all AD
subjects were female. Cases with a history of cerebral hemorrhage, stroke or
other iliness related to the central nervous system (CNS) were not included in
the study, nor were those involving head injuries, which have been associated
with diffuse AR cerebral deposits at postmortem examination (39). The most
common immediate causes of death were cardiac failure (n=14) and
carcinoma, without CNS involvement (n=6). A summary of the age and

gender distribution is provided in Figure 4.1.

4.3.2 Histochemistry

For histochemical analysis, portions of the frontal cortex (Brodmann
areas 9/10) and the hippocampus (transverse section through the body of the
hippocampus) from all subjects were fixed in 10% formalin at room
temperature, embedded in paraffin and serially sectioned at 5 gm. Tissue
sections were stained with alkaline Congo red dye to identify amyloid, with a
modified methenamine silver technique, and with a variety of antibodies
described below. The modified methenamine silver technique has been shown

to be an effective method to identify plaques and neurofibrillary tangles (10).
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4.3.3 Immunohistochemistry

Frontal cortical and hippocampal sections from all cases were reacted
with a monoclonal antibody against amino acids 8-17 of AR (Dako m872,
1:50) and with rabbit polyclonal antibodies against AR40 (R162) and AR42
(R164), at a dilution of 1:100. R162 and R164 were gifts from Dr. P. Mehta
and are characterized elsewhere (38). Monoclonal antibodies against apoE
(Boehringer Mannheim, 14 ug/mil), apodJ (Quidel, 1:35) and tau (Sigma, 1:50)
as well as rabbit polyclonal antibodies against TTR and cystatin C (Dako,
1:375) were employed.

To enhance immunostaining, tissues were immersed in 90% formic acid
for 30 to 60 minutes before exposure to all antibodies except anti-tau (21).
They were subsequently washed in 0.1 M tris-buffered saline (pH 7.2) for
three hours and exposed to the primary antibodies overnight at 4°C.
Immunohistochemical staining was performed following manufacturers
instructions using an Omnitags avidin/biotin kit, with 3-amino-8-ethylcarbazole
as the chromogen (Immunon, Fisher), which produces a red reaction product.
Sections were lightly counterstained with hematoxylin. Control sections were
incubated with the secondary but not the primary antibody. In addition,
preabsorption of R164 with AR42, but not AR40, resulted in a loss of staining
as did preabsorption of R162 with AR40, but not with AB42. Each slide was
examined without prior knowledge of case history.

The density of both amorphous and cored piaques detected by each
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method was determined by counting plaques at a magnification of x125 using
an ocular with a ruled graticule of one square millimetre. For each slide,
plaques were counted in ten consecutive fields of one square millimetre and
the average count obtained was reported as the plaque count for that slide.
Each of the ten fields selected contained only grey matter. For hippocampal
sections, plaques were counted in Ammon’s horn, the dentate gyrus, areas
CA1 and CA2 and the subiculum. At the same time, the mean area of plaques
was determined using the image analysis package NIH Image 1.44 for the
Macintosh. The area of each plaque was calculated for the first 20

consecutive plaques. The mean value was recorded for each tissue section.

4.3.4 Statistics

To determine if there were significant differences between the numbers
of plaques stained by each of the techniques, a one-way analysis of variance
(ANOVA) was performed for both control and AD groups. This was followed
by paired t-tests, with two-tailed p values reported. To determine whether the
incidence of plaques (i.e. the likelihood of finding a plaque) increased with age
in normal cases, linear regression analysis was performed, with age entered as
a continuous variable. Paired t-tests were used to compare frontal and
hippocampal regions and to compare the number of cored and amorphous
plaques. Two-sample t-tests were used to compare plaque composition

between control and AD brains. A p value of 0.05 or less was considered
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significant. In those cases where the number of observations was small,
nonparametric Wilcoxon and Mann-Whitney tests were employed in addition
to the paired and two-sample t-tests. Comparable results were obtained with
parametric and nonparametric analysis and so only the results from parametric
analysis are presented. All analyses were performed using Systat version

6.0.1.

4.4 RESULTS
4.4.1 Characterization of plaques in nondemented controls
4.4.1.1 General Features

AR-immunoreactive plaques were identified in nine of the 27
nondemented subjects in both the frontal and hippocampal cortical sections
(Figure 4.1). The remaining 18 cases were free of any plaques. In the nine
cases, silver-stained plaques were detected in all sections except in the frontal
cortex of a 75 year old, which demonstrated only AR-positive plaques. The
anti-tau antibody stained plaques in the hippocampus of two of the nine cases.
In the first case (80 year old), six tau-immunopositive plaques clustered in an
area of about two square millimetres and in the second case (89 year old), one
tau-immunoreactive plaque was detected in the entire hippocampal section of
over two square centimetres. Congo red staining detected sparse amyloid
deposits in plaques in one of the nine cases, the 80 year old described above.

The R164 antiserum consistently labelled a greater number of plaques
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than either of the two other antibodies against AR, indicating that AR42 is the
predominant AR variant (Figure 4.2). The ratio of R164-positive to R162-
positive plaques was 2.2 in the frontal cortex and 3.0 in the hippocampus.
Epitopes of apoJ, TTR and cystatin C were present in plaques in a minority of
the brains, in contrast to apoE, which was found in most cases (Table 4.1).
However, in all cases, the antibodies to these proteins detected significantly
fewer plaques than did the antibodies against AR, and the staining was usually
not as robust (Figure 4.3).

All anti-AR antibodies identified cored plaques, but these plaques
represented only a small fraction of the total number of plaques seen in each
section, the vast majority of plaques were amorphous. The number of cored
plaques detected by R164, R162 or m872 was not significantly different, in
either the frontal cortex or hippocampus, implying that plaque cores contain
both AB42 and AR40. This is in contrast to amorphous plaques in which
AR42 is the predominant AR variant (Figure 4.2). AR antibodies labelled about
ten times more cored plaques than the anti-apoE antibody, indicating that apoE
is not a significant component of plaque cores. The proportion of cored apoE
plaques was 10% in the frontal cortex and 33% in the hippocampus.

The only notable differences observed between the frontal cortex and
hippocampus were the greater number of R164 (p=0.055) and R162
(p=0.044) cored plaques in the frontal cortex (Figure 4.2) and the greater

prevalence of epitopes for apoJ, TTR and cystatin C in the hippocampus (Table
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4.1). The density of plaques detected by antibodies to AB or apoE, or by the
silver stain was comparable in the frontal cortex and hippocampus as was the

average size of R164-positive and of R162-positive plaques (Table 4.2).

4.4.1.2 Age-Related Changes

The youngest individual to demonstrate plaques was a 53 year old, with
numerous (12/mm?) AR-positive plaques. The mean age of subjects with
plaques (70 years), was significantly greater (p= 0.016) than the mean age
of subjects without plaques (55 years). However, the actual number of
plagues detected by the three anti-AR antibodies or by silver staining did not
increase with age in the nine subjects (53 to 90 years) and the composition
of plaques, with respect to the AR variants, also remained constant with age.
Since the plaque density and the ratio of R164-positive to R162-positive
plaques did not vary with age, it appears that AR42 plaques do not evoive
with time into AR40 plaques. In addition, the size of R164 and R162 plaques
was comparable, and it also remained constant with age.

In contrast to plaque composition, the morphology of the plaques did
appear to change with age. Although the amorphous plaque was found to be
the most common at all ages, the number of R164 plaques that were
amorphous decreased with age while the number of cored plaques increased
in both the frontal cortex (p =0.025) and hippocampus (p =0.014). No such

trend was observed with R162 or m872 antibodies.
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4.4.2 Plaques in AD brains
4.4.2.1 General Features

The R164 antiserum identified a greater number of plaques than either
the R162 antiserum or m872 (Figure 4.2). The ratio of R164 to R162 plaques
was 1.5 in the frontal cortex and 1.6 in the hippocampus. ApoE-positive
plaques were found in all AD sections, but like apoJ, TTR and cystatin C, apoE
was found in only a small number of plaques (Table 4.1).

In the frontal cortex, AR42 was more prominent in both cored and
amorphous plaques than AR40 as R164 detected greater numbers of both
types of plaques than did R162. In contrast, in the hippocampus the two AR
variants appeared in an equal number of cored plaques, but antibodies against
AR40 detected fewer amorphous plaques (Figure 4.2). The fraction of apoE
plaques that were cored was 34% and 9% for the frontal cortex and

hippocampus respectively.

4.4.3 A comparison of plaques in normal and AD brains

In addition to differences in the density of plaques (Figure 4.2),
qualitative differences in plaque composition and morphology were observed
between nondemented controls and AD subjects. The most obvious difference
was that tau-immunoreactive plaques were identified in every AD section
examined as were numerous plagues containing amyloid deposits, in contrast

to brains from nondemented subjects, in whom these plagques were rare.
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Moreover, plaques immunoreactive for apoE, apoJ, TTR and cystatin C were
more commonly found in AD brains (Table 4.2). In addition, the proportion of
(R164) plaques which had a central core was greater in both the frontal
(p =0.028) and hippocampal (p =0.012) sections of AD brains than in normal
brains. The plaque size (R164) in AD brains was greater than in normal brains,

in both the frontal cortex (p =0.034) and hippocampus (p =0.033) (Table 4.2).

4.4.4 Vessels.

In normal individuals, the protein most consistently observed around
cerebral vessels was apoE, which was present in eight of the nine normal
cases with plaques and in 11 of the 18 cases without plaques (Figure 4.4).
In contrast to all other proteins, apoE immunoreactivity increased with age (p =
0.036), although this increase was restricted to the hippocampus (n =13/27).
R164 immunoreactivity, which was more prominent around vessels than
R162 immunoreactivity, was present in five of the nine cases with cortical
plaques and in six of the 18 cases which were free of any plaques.

Congo red-positive amyloid appeared first around vessels in the
hippocampus of a 53 year old and later in the frontal cortex of a 61 year old.
In total, amyloid angiopathy was present in the frontal cortex of five and in the
hippocampus of six normal subjects. Surprisingly, in cases with amyloid
angiopathy, AR immunoreactivity was frequently absent, while apoE

immunoreactivity was always present (Figure 4.5). Amyloid deposition around
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vessels in the frontal cortex was found only in those individuals with cortical
plaques, but was present in the hippocampus of two individuals that were free
of plaques.

A different pattern emerged in the cortex of AD patients. Amyloid
deposition was observed around blood vessels in the majority of AD cases
(Figure 4.4), and when present, was always accompanied by AR
immunoreactivity (Figure 4.5). In contrast, apoE immunoreactivity was absent
from two cases in which amyloid angiopathy was observed.

As in nondemented individuals, the predominant AR species around
vessels in AD subjects was AR42. However, infiltration of AR
immunoreactivity into the surrounding neuropil (dysphoric angiopathy) was
present in some AD cases, but never in normal subjects. These AR

immunoreactive areas were not counted as plaques.
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Figure 4.1 The age and gender distribution is indicated for nondemented
subjects, including those with (closed circle) and those without (open circle)

cortical plaques, and for AD subjects (triangles).
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Figure 4.2 Comparison between the number of plaques per square millimetre
in the frontal cortex (F) and hippocampus (H) of nine normal and seven AD
brains. Serial sections were reacted with rabbit antisera against AR42 (R164)
and AR40 (R162) and with a monoclonal antibody against amino acids 8-17
of AR (m872) and by a modification of the methenamine silver technique
(Silver). The number of AR-positive plaques in which a central core could be
identified is indicated by solid boxes. The mean number of plaques detected
in both the frontal and hippocampal sections was significantly greater in the
AD sections (n=7) than in cortical and hippocampal sections from
nondemented individuals (n=9) for R162 (p<0.005), R164 (p<0.005) and

m872 (p<0.01). Bars indicate standard deviation.
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Figure 4.3 Immunohistochemical staining characteristics of cortical plaques
in the hippocampus of a normal 69 year old. The rabbit sera R164 (A), R162
(B) stained numerous plaques, compared to antibodies against apoE (C) and
cystatin (D). Both cored plaques (arrows) and amorphous plaques (arrow
heads) can be seen. Immunopositive protein is visualized as red 3-amino-9-

ethylcarbazole reaction products. All sections were counterstained with

hematoxylin. Original magnification is x 250.
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Figure 4.4 The presence of Congo red (CR)-positive deposits and
immunoreactivity around cerebral vessels in nondemented controls (n=27) and
AD subjects (n=9). The percentage of positive cases refers to the percent
of sections in which amyloid deposition or immunoreactivity was observed
around vessels. AR immunoreactivity is reported for rabbit polyclonal

antibodies specific for AR42 (R164) and AR40 (R162).
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Figure 4.5 A comparison between amyloid-3 (AB) and apolipoprotein E (apoE)
immurioreactivity in sections demonstrating congophilic angiopathy. The
presence of apoE immunoreactivity is linked to amyloid deposition in
nondemented individuals, while AR (either AR42 or ARB40) immunoreactivity
is strongly associated with vascular amyloid deposition in AD patients. The
number of frontal (F) and hippocampal (H) sections in which vascular amyloid

deposition was noted is indicated in parentheses above the vertical bars.
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Case

Normal
Frontal cortex

Hippocampus

AD
Frontal cortex

Hippocampus

Antibody
ApoE ApoJ TTR Cystatin C
0.48 + 0.39 (7) 0.08 = 0.02 (3) 0.09 (1) 0.11 £ 0.04 (3)

0.18 = 0.04 (8)

0.64 = 0.17 (7)

0.93 £ 0.37 (7)

0.04 + 0.02 (4)

0.62 + 0.54 (4)

0.04 + 0.02 (5)

0.02 + 0.002 (4)

0.36 + 0.27 (2)

0.10 « 0.05 (4)

0.05 £ 0.02 (5)

0.17 + 0.04 (6)

0.34 + 0.16 (4)
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Table 4.1 The number of plaques per square millimetre identified in frontal and hippocampal sections by antibodies

against apolipoprotein E (apoE), apodJ, transthyretin (TTR) and cystatin C in nondemented individuals (n=9) and in AD

subjects (n=7). The mean and standard deviations are reported. Parentheses indicate the number of cases in which

the respective immunoreactivity was observed.



173

Plaque Size (um?)

R164 R162
Normal Frontal Cortex 163 = 70 347 + 464
Normal Hippocampus 198 = 62 187 = 44
AD Frontal Cortex 288 + 138* 380 + 224
AD Hippocampus 364 + 274** 316 + 244

Table 4.2 Comparison of plaque sizes (+ S.D) detected by antibodies against
AR42 (R164) and AR40 (R162). The average sizes of R164 plaques in both
the frontal cortex and hippocampus are significantly greater in AD patients

than in normal subjects (*p =0.034; **p=0.033).
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4.5 DISCUSSION

The histological characteristics and chemical composition of plaques
have been studied extensively in the AD brain which provides an abundant
source, having typically more than 1400 plaques per cubic millimetre
(11,17,45). In comparison, the composition of plaques in the brains of
nondemented individuals has been less well documented. We speculated that
the increased neuronal damage observed in AD plaques compared to plaques
control brains may be associated with differences in plaque composition
between these two populations. The aim of the present study was to
determine if such differences could be detected and whether changes in plaque
composition also occur with age in our group of nondemented individuals, as
it may in Down’s syndrome (16,17).

We found that most plaques in both AD and nondemented brains are
amorphous and that the principal AR peptide species in these plaques is AR42.
However, the ratio of AB40 to AB42 plaques was greater in AD brains. Our
results confirm earlier reports on plaques in normal (11) and AD brains (16,17).
In addition, we found that both plaque density and the ratio of AR40- to AR42-
immunopositive plagues remained constant with age, indicating that a gradual
accumulation of AR40 with time does not occur in nondemented individuals.

A small proportion of plagues in both normal and AD brains had a core
of AR immunoreactive material at their centre. In nondemented subjects these

plaques were labelled equally well by the R164 and R162 antisera, indicating
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that both AR42 and AB4Q0 are present in the plaque core. The number of
AR42-positive plaques which had a central core increased with age both in the
frontal and hippocampal sections, suggesting that there is a progressive
change in the morphology of plaques with age. Although the significance of
this change is unclear, it is interesting that the cored plaque is thought to be
a more mature plaque form (24). Moreover, the proportion of (AR42) plaques
which had a central core was more than doubled in AD brains compared to
normal brains. This suggests that a greater proportion of AD plagues have
"matured”. Together these results indicate that a gradual change in plaque
morphology may be a natural component of aging, in contrast to the
accumulation of AB40 in plaques, which may be more specific to AD.

Both AR40 and AR42 are neurotoxic (4,29,47,57), yet plaques in
normal brains generally do not contain the dystrophic neurites which are
typical of AD plaques (2,9,48,55). We therefore examined plaques for the
presence of proteins which can modulate AR toxicity in vitro.
Immunoreactivity for apoE, apoJ, TIR and cystatin C was observed in brain
sections from both AD and normal individuals, but appeared to be confined to
only a small fraction of plaques.

While some researchers have indicated that apoE immunoreactivity is
common in AD plaques (56), others have shown that apoE immunoreactivity
is present in only a small number of AD plaques (12,51). In the present study,

apoE immunoreactivity in plaques was observed in most control brains and in
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all AD brains. However, in both groups, the number of plaques labelled by the
anti-apoE antibody was only a small fraction of the total number of AR
plaques. In addition, only about 20% of apoE plaques were cored in either
normal or AD brains. These findings suggest that AR can accumuiate in
plaques, including those with cores, in the absence of apoE and that apoE
does not contribute significantly to neurodegeneration by promoting AR
neurotoxicity in plaques.

Both apoJ and TTR have previously been identified in the AD brain
(30,46), but it is not clear from these studies how often they present in AD
plaques and whether they are also present in cortical plaques of normal
individuals. By quantifying the plaque densities, we were able to directly
demonstrate that both apoJ and TTR are present in normal and AD brains, but
they are restricted to a very small subset of cortical plaques in both groups.
The significance of apoJ and TTR in these plaques is unclear. However, since
both proteins bind AR in the CSF and inhibit aggregation of AR in vitro (3,42),
their presence in AR plaques may have more to do with a failed attempt to
remove AR from the brain than a direct role in plaque formation.

Cystatin C was found in the plaques of brains from normals and AD
subjects, although again, only in a small number of plaques. Cystatin C could
theoretically promote AR accumulation by blocking enzymatic cleavage of APP
within the AR domain (41), through inhibition of cathepsin B (1). However,

although APP is found in plaques (36,37), the infrequent occurrence of
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cystatin C indicates that this mechanism does not contribute significantly to
the accumulation of AR within the plaques.

The densities of AR plaques in the subjects with AD and those without
dementia showed considerable overlap in this study, suggesting the possibility
that some normal subjects with plaques had incipient AD. However, while
plaques containing amyloid and tau-immunoreactive neurites were present in
every AD section, these plaques were rarely found in the normal brains. In
addition, a number of postmortem studies conducted on nondemented
individuails who were being clinically monitored as part of a prospective study
of aging, have reported plaque densities well in excess of what was observed
in our group of nondemented individuals, in the absence of any cognitive
impairment (6,7,8,11,19,33). Thus numerous plaques, particularly those
unassociated with tau immunoreactive neurites, can be observed in clinically
normal individuals.

Both AR40 and AR42 have been found in the cerebral vessels of AD
patients, but some controversy exists as to which variant is more common
(32,40). Our study found that, as in cortical plaques, AR42 is the predominant
form around vessels in both nondemented and AD subjects. This prompted us
to test whether or not other plaque associated proteins are also present around
vessels.

ApoE immunoreactivity was very common around vessels in normal and

AD brains. However, in contrast to AD brains, apoE immunoreactivity was
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more prominent than AR immunoreactivity in control brains and was more
closely linked to amyloid deposition than was AB immunoreactivity (see Figure
4.5). Furthermore, we found apoE immunoreactivity became increasingly
frequent with age in nondemented individuals. Since the prevalence of amyloid
angiopathy also increases with age (50,52}, it may be that apoE contributes
to amyloid formation around cerebral vessels. We have previously shown that
apoE is present in the amyloid deposits in the choroid plexus (22) and a
recombinant apoE fragment has been found to form amyloid fibrils in vitro
(54). Together, these results indicate that apoE may be another source of
amyloid in the brain.

TTR (46) and cystatin C (13) have been identified in cerebral vessels of
patients with AD and with hereditary cerebral hemorrhage of the Icelandic type
respectively, and we show here that they are also found around vessels of
normal individuals. The observation that many of the proteins found in plaques
are also present around cerebral vessels, suggests a common pathway leading
to amyloid deposition at both sites.

The recent development of sensitive antibodies specific for different AR
species has provided a powerful tool to help define plague composition,
particularly in non-AD cases in which the number of plaques, and consequently
the amount of protein deposited in the brain, may be insufficient for
biochemical analysis. Our study provides no evidence to suggest that in
nondemented individuals AR42 plaques evolve into ARB40 plaques. In addition,

despite the reported in vitro effects of apoE on AR, apoE does not appear to
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play a direct role in plaque formation in either AD or nondemented individuals.
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Amyloid deposition is a central feature of many diseases, including AD,
the most common cause of dementia in the Western world (5,41). The factors
which promote amyloid formation in the brains of patients with AD are just
beginning to be defined. Since advanced age is recognized as an
epidemiological risk factor for AD and is associated with an increase in the
prevalence of amyloid deposition in nondemented persons, it follows that there
may be changes which occur with age that promote amyloid deposition in the
CNS. Indeed, it has been suggested that AD is an accelerated form of aging
(37). Moreover, it is the greater density, not merely the presence, of the
neuropathological hallmarks of AD (classic neuritic plaques and NFT) that is
currently used to differentiate between AD and non-AD brains (20,28).

The experiments in this thesis were designed to further our
understanding of the age-associated accumulation of specific amyloidogenic
proteins and amyloid in the human CNS. This work focused on the cerebral
cortex and CP, as both accumulate amyloid deposits with age and they are
intimately connected to each other. in particular, the CP produces most of the
CSF in which the brain is suspended, and there is an active exchange of
proteins between these two areas.

This chapter will be divided into three sections. In the first part, the
data presented in this thesis are summarized and the contribution to our
understanding of amyloidogenesis is discussed. The data are then integrated

with the waork of others into a model describing amyloid accumulation in the
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cortex and in the CP. The last section concludes by suggesting further studies

which could directly test this model.

5.1 AMYLOID AND AMYLOIDOGENIC PROTEINS IN THE CP, CSF

AND CEREBRAL CORTEX: IMPLICATIONS OF THE PRESENT

FINDINGS

In order to understand how and why amylocid forms, a critical first step
is to identify the protein components of the amylcid. The main protein
component of cortical amyloid is an aggregate of AB, which in some familial
cases of AD is derived from a mutant APP (10,31). The Biondi ring amyloid
of the CP, like all amyloids, contains a glycosylated protein (9,33) and AR
epitopes have previously been demonstrated in ring-like structures in the CP
of one individual (45). Little else was known about this amyloid until Eriksson
and Westermark (see Chapter 2) developed an antiserum (AA95) which stains
the amyloid-laden Biondi rings.

The AASH antiserum was used in this thesis research to test the
possibility that the CP amyloid in Biondi rings contains the same proteins as
the amyloid found in the plaques of AD brains. As it turns out, although the
proteins found in the cortical plaques are present in the CP epithelium, the
compaosition of CP amyloid differs somewhat from that in the cortex (Chapter
2). Nonetheless, while the original hypothesis failed to be confirmed, the

testing of this hypothesis lead to several novel discoveries.
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Biochemical analysis revealed that the main protein component of Biondi
rings is apoE, although additional proteins like apoJ and AR may associate with
this amyloid. These results suggest the possibility that apoE, in addition to
AR, may form amyloid in the cortex. Support for this speculation comes from
three separate studies. Wisniewski and colieagues (1995} isolated an apoE
fragment from the cortical plaques from AD subjects and showed that a
recombinant apoE of this fragment forms amyloid in vitro. in addition, Chapter
4 provided evidence that apoE forms amyloid around cerebral vessels in normal
individuals. Furthermore, a variant of another apolipoprotein, apoA1, forms
amyloid in some cases of FAP (see ref 19 for a review). Together, these data
suggest a novel role for apoE in amyloidogenesis.

Importantly, this analysis also revealed that AR is present in both the CP
and CSF (Chapter 2). This demonstrated two important points. First, that AR
production is not a result of aberrant metabolism of its precursor APP.
Secondly, that AR can be produced and maintained in a soluble form, as is
evidenced by its presence in the CSF. To further substantiate these results,
the protein was submitted for sequencing. However, the unique chemical
properties of AR present many technical difficulties which could not be
resolved by our collaborators. Fortunately, at this time, two independent
laboratories (38,40) were able to sequence the protein from the CSF and
neuronal cultures and so were able to confirm these rather controversial

observations. With the publication of these findings came a revolution in our
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understanding of AD. The mere production of AR could no longer be held
accountable for AD.

Perhaps of equal importance, our results (Chapter 2) demonstrated that
although amyloid deposition occurs only later in life, all the ingredients
necessary for amyloid formation are present in the human CP throughout life.
In addition, by testing the AA95 serum and antibodies to apoE on sections of
CP from young subjects, it could be shown that Biondi rings appear first as
pre-amyloid Congo red-negative structures. The pre-amyiloid Biondi ring is an
intriguing analogue to the diffuse plaques which predominate in the brains of
young Down syndrome patients and in some older nondemented individuals.
Taken together, these results indicate that, as in the cortex, there is some
mechanism which prevents AR and apoE from forming amyloid in young
individuals, and that this mechanism may break down in some older people.

Thus, in both the CP and cortex, the presence of these amyloidogenic
proteins is, by itself, insufficient for amyloid formation to occur, at least in
young individuais. One reason may be that these proteins do not reach a
critical concentration necessary to form amyloid. To explore the possibility
that the concentrations of A3, apoE and TTR increase with age, these proteins
were measured in the CSF.

The concentrations of apoE and TTR in the CSF remained constant with
age, suggesting that synthesis and/or secretion in comparison to removal of

these proteins, remains stable throughout life. The apoE in the CSF is derived
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from the brain (4,25,35) while TTR is derived from the CP (12). The

concentration of AR40 in the CSF was shown to decline with age, while AB42
concentrations remained stable throughout life (Chapter 3). The preferential
decline of AR40 in the CSF could result from a selective deposition of AR40
in tissue. However, AR42, not AR40, is the predominant AR variant deposited
in the brain of nondemented individuals (Chapter 4). Alternatively, the decline
in AB40 may indicate that less AR40 is produced in the CNS with age,
reflecting a shift towards production of the more amyloidogenic AB42 with
time. Such a shift in APP metabolism, if indeed it occurs, could promote the
deposition of AB42 and the formation of amyloid. For example, a mutation in
the APP gene observed in some familial cases of AD (FAD717), has been
shown /in vitro to cause a preferential increase in the production and secretion
of AB42 as compared to AR40 (44).

In direct contrast to normal individuals, the regulation of the
concentration of these proteins is notably impaired in AD. The CSF
concentration of AR42, apoE and TTR (1,30), but not AR40 (14,30), is
significantly reduced in AD patients compared to age-matched controls. Since
these proteins do not decline progressively with age (Chapter 3), it can be
concluded that these changes are specific to AD and that they may be linked
to the pathogenesis of AD.

The reason AR42 levels are reduced in the CSF of AD patients is

unknown, but several lines of evidence suggest that it is likely a consequence
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of deposition in the brain, rather than as a result of a decline in AR42
synthesis. First, AR42 is the predominant AR variant deposited in plaques (17,
Chapter 4). Second, production of ARB42 in particular is increased relative to
AR40 in some cases of FAD (3). Third, a decline in the CSF concentrations
of another protein, cystatin C, is observed in patients with hereditary
amyloidoses of the Icelandic type, who are characterized by deposition of
cystatin C amyloid around cerebral vessels (11).

The reduction of TTR in the CSF indicates that the CP is also affected
in AD. The concentration of TTR may decline as a result of either a decrease
in synthesis and/or a decrease in its secretion into the CSF. The CP has been
found to undergo some changes in AD, including an accumulation of
antibodies to the basement membrane of epithelial cells (39), but the effect
that such changes may have on protein synthesis by the CP has not been
directly assessed. Since TTR may act as an anti-amyloidogenic agent, an
analysis of protein synthesis by the CP in AD cases is warranted.

ApoE, apoJ and TTR have all been identified in cortical and hippocampal
plaques, but unlike AR, it is nct clear how common they are in the plaques and
thus their role in amyloidogenesis and neurodegeneration in plaques remains
unknown. To address this question, the composition of plaques in normal and
AD brains was compared and we reported several unexpected findings
(Chapter 4). First of all, although apoE was present in plaques in every AD

brain examined, it was confined to a small minority of the plaques, suggesting
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that AR accumulation can occur independently of apoE. In addition, since
apoE was present in some nondemented individuals, most of whom did not
have any classic (amyloid) neuritic plaques, it appears that the presence of
apoE in vivo is not sufficient to cause AB to form amyloid. Thus although
apoE can accelerate amyloid formation in vitro {23,47), it does not necessarily
play this role in vivo within the plaques.

The second observation which was also surprising was that apoE was
found to be strongly correlated with amyloid deposition in the vessels of
normal individuals, much more so than AR (see Figure 4.5). Together with the
results from Chapter 2 and from studies which showed apoE can form amyloid
in vitro {(48), these results support the hypothesis that apoE, independently of
AR, can form amyloid in the brain and CP.

ApodJ and TTR were observed in cortical plaques in both normal and AD
brains. However, they were present in only a few brains and in a small
number of plaques. Given that in vitro studies have demonstrated an anti-
amyloidogenic effect of these proteins (2,34,36), it was hypothesized that
they would be common in the diffuse plaques of normal individuals, but the
data of Chapter 4 suggest that this is not the case.

Finally, one of the most pronounced differences between plaques in
normal and AD brains was the greater ratio of AR40 plaques to ARB42 plaques
in AD brains. Since ARB42 has been shown in vitro to form amyloid more

readily than AR40 (18,42), it is difficult to interpret these findings. One
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possibility is raised from studies of aging Down’s syndrome brains. In young
Down’s syndrome brains, plaques contain aimost entirely AR42, deposition of
AB40 begins only about ten years later (16,17). Since individuals with
Down’s syndrome invariably develop the lesions typical of AD by the time they
reach their fifties (27,29,46), it may be that plaques evolve with time in AD
as well. In normal individuals however, plaque compaosition (AB variants) does
not appear to evolve with age (Chapter 4). This suggests that the changes
observed in plaques of Down’s patients, and possibly of AD subjects, are
specific for the disease.

This leaves unanswered the question of why aging is asscociated with
an increase in the prevalence of AD. With respect to plaque formation, one
possibility is that there is a gradual increase in AB production and/or a gradual
decline in transport of AR out of the brain with age (see Figure 5.1).
Overproduction of AR is associated with AD in at least some patients (FAD
Swedish), and in an animal model of AD (6), but it is unknown whether or not
such an increase is common to all AD cases or whether it may occur gradually
with age.

There is some evidence to suggest that reduced transport may be
associated with plaque formation in AD brains. For example, there are NFT in
neurons of layers Il and [V of the entorhinal cortex which project to regions of
the hippocampus that are rich in ciassic neuritic plaques (13). In addition, the

ability of microtubules to polymerize, a process that is essential for normal



199

microtubule function, is significantly reduced in AD brains (15), perhaps in an
apoE €4 dose-dependent manner (32,43). Interestingly, a decline with age in
the amount of microtubules in the human brain and in the degree of
microtubule polymerization has been observed (49). The decline in
microtubules and their ability to polymerize may result in a decreased transport
of AR and other proteins out of the neurons, into the CSF. It is not yet known
if this decline is generalized or if, like the appearance of NFT, it is restricted to
specific neurons, perhaps those in areas prone to plague formation.

A gradual decline with age in the ability of the brain to transport
substances, including metabolic waste and proteins such as apoE or AR might
facilitate the changes specific to the pathogenesis of AD. This possibility is

discussed in greater detail in the following section.

5.2 REDUCED TRANSPORT IN THE CNS PROMOTES AMYLOID

FORMATION

In order to test the possibility that a reduced ability to clear AR from the
brain contributes to the accumulation of AR, it is paramount to identify the
system by which this peptide is removed. | propose that one route of
transport involves secretion of AR into the CSF, into the ventricles directly, or
into the subarachnoid space, at the surface of the brain or via the perivascular
space, also known as the Virchow-Robin space (see Figure 5.1). The

perivascular space is continuous with the subarachnoid space and could
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receive both brain-derived and serum-derived AR. From the CSF, AR may enter
the CP or leave the CNS by either the superior sagittal sinus or by the
lymphatics of the spinal column. A recent study in rats supports this
hypothesis. Injection of labelled AR into the rat ventricles was followed by
rapid uptake by the CP (7). The labelled AR was later found in the arteries,
but none of it entered the brain.

The AR may travel on its own, but the observation that numerous
proteins in the CSF can bind AR suggests that it may be transported by a
carrier protein, which perhaps maintains it in a soluble state and targets it to
specific receptors for eventual remaoval. It is possible that AR binds to these
proteins only after it reaches the CSF, however, the large volume of CSF
would make such a chance meeting unlikely.

One candidate transporter is TTR, since it is found in the cortex, binds
AR in the CSF and inhibits the ability of AR to form amyloid (36). The
observation that the TTR level in the CSF remains constant throughout life
(Chapter 3), but is specifically reduced in AD, makes it tempting to speculate
that this may be one factor leading to the accumuiation of AR in the AD brain.

ApodJ is a second candidate transporter molecule which also binds AR
in the CSF (8). The presence of a receptor for this lipoprotein on the epithelial
cells of the CP (23) indicates that apodJ and possibly an apoJ-AR complex may
be taken up by this tissue. The observation that apoJ binds AR in the serum

and may promote AR sequestration by cerebral capillaries (50), suggests the
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possibility that it may also promote AR sequestration in the CP.

Since apoE binds AR in the CSF in normal and AD subjects (43) and the
apoE in the CSF is derived from the brain (4,25), apoE must also be considered
as a potential transporter of AB. There are at least two distinct receptors for
apoE found on the CP epithelial cells (21,23). One of these, the LDL receptor
related protein (LRP), triggers endocytosis of the secreted form of APP (APP,)
in mouse embryonic fibroblasts (24). However, only APP, derived from
APP751 and APP770, isoforms which contain the Kunitz-type protease
inhibitor domain, are endocytosed by the LRP pathway (24). The endocytosed
complex is then directed to lysosomes where the apoE and or APP/APP, is
metabolized (24). Importantly, APP751 and APP770 isoforms are elevated in
the aging brain (22). Thus, it is conceivable that with age, the lysosomes in
the CP epithelium accumulate apoE and possibly its ligands, such as APP or
AR, to form Biondi rings.

Taken together, these studies suggest some possible causes of AR
accumulation in the aging brain and in AD, and they suggest one possible
mechanism for apoE accumulation in the CP Biondi rings. Some possible

experiments to test this model are discussed below.
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5.3 FUTURE DIRECTIONS

To address the possibility that the production or concentration of AR
and apoE in the brain increase with age, these proteins could be measured in
the brains of humans of different ages. An immunohistochemical evaluation
of the brains would be necessary to exclude those which have cortical
plaques, as these brains would presumably have higher levels of AR and other
plaque-associated proteins. [deally, CSF from these subjects would also be
analyzed in order to assess the relationship between cortical protein production
and secretion into the CSF.

Transport from the CSF into the CP could be examined in two ways.
First, labelled apoE, APP,, AR and complexes thereof could be injected into the
ventricles of an appropriate animal model and the uptake by the CP could be
monitored. To explore the possibility that these proteins enter the CP
epithelium by the apoE receptor and are subsequently targeted to lysosomes,
these same proteins could be added to culture media in the presence of apok
receptor antagonists like the 39 kDa receptor-associated protein (26) or
inhibitors of lysosome enzymes, respectively. In addition, it would be
interesting to test whether formation of Biondi rings (preamyloid and amyloid)
could be promoted or accelerated by exposing the epithelial cells to elevated
concentrations of apoE or AR variants.

Finally, the ability of the human CP to suppress amyloid formation by
AR, despite the continual presence of AR in the CSF is intriguing. Tissue
cultures of the CP could be used to explore whether proteins such as the CP-

derived TTR act as physiological inhibitors of amyloidosis in this tissue.
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Figure 5.1 A model proposing a possible route of AR transport out of the cerebral cortex. AR and other
proteins are continuously secreted into the CSF, either into the ventricles for remova! by the CP, or into the
subarachnoid space. An overproduction of these proteins and/or a decline in the transport system couid

promote accumulation of AR and other proteins in the cerebral cortex.




Young Normal
Proteins normally produced by the
brain, including A and ApoE, are
excreted into the CSF (ventricles, sub-
arachnoid space, shown here in grey).
The proteins are either removed from
the CSF by the CP or enter the superi-
or sagittal sinus.

Aged “Normal”
Protein production is increased and/or
transport of proteins out of the brain is
slightly decreased. Some protein is
therefore left to accumulate in the brain
while most AB, ApoE and other proteins
still reach the CP for removal. Residual
amounts of protein gradually accumu-
late to form Biondi rings in the CP.

AD Patient
Protein production is significantly
increased and/or protein transport is
severely impaired. Consequently, a
greater amount of protein is left to
accumulate in the cortex. A reduced
amount of AB and ApoE reach the CSF
and subsequently the CP.
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CLAIMS OF ORIGINALITY

Confirmed that AB is produced in healthy individuals, not only in
disease.

Demonstrated that AR is found in a soluble form in the CP and provided
further evidence that it is present in the CSF.

Showed that AR in the CP may associate with amyloid, but that it does
not seem to be the major component of this amyloid.

Identified apoE in the CP and, importantly, showed that it can be found
both as a soluble protein and as amyloid.

Established that the CSF concentrations of the major proteins of the
amyloid in the cortex and CP remain relatively constant in the CSF with
age. The exception was AR40, which declines with age. This
suggested the possibility that the metabolism of APP or secretion of
AR40 may change with age.

Further defined the protein composition of plaques in normal individuals
and in patients with AD and questioned the putative role of apoE in
amyloidogenesis by demonstrating that it is found in only a small subset
of plaques.

Identified differences in the composition of amorphous and cored
plaques. The major AR variant in amorphous plaques was AR42, while
both AR40 and AR42 were present in cored plaques.

Demonstrated that AR42 is the major AR variant around vessels in
normal individuals.

Provided evidence that apoE is strongly associated with vascular
amyloid depaosition in normal subjects, in contrast to AD patients, in

which AR is the main component of vascular amyloid.
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