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Preface

Almost four decades of increasingly faster and more intensive research on
Alzheimer’s disease (AD) have brought major advances in our understanding of its
pathogenesis, improved tools for diagnosis, and strategies for its treatment. This
research has shown us that exploring the factors leading to cognitive impairment is
mired with elusive goals and unexpected leads toward the mechanisms responsible
for this pathology. This complex, yet fruitful process has allowed us to contribute
to building a solid foundation of knowledge in the neurosciences, to tackle the
biological basis of AD, and related neurological disorders.

This book contains 20 seminal chapters by authors with different views that in a
multidisciplinary approach focus on the main issues of neuroanatomical, neuropatho-
logical, neuropsychological, neurological, and molecular biological aspects of AD.
The idea for this collection arose during the preparation of the proceedings for the
International Summit Meeting “Current Hypotheses on Alzheimer’s Disease” and
was warmly received by the prestigious editorial house Springer Verlag. The book
you now have the opportunity to read is the result of substantial efforts by many
people, including the editors and their collaborators. The main goal has been to
summarize in several chapters the contributions presented in an international
gathering held November 22-25, 2007 at the Conference Town in Refiaca, Vifa del
Mar, Chile, attended by some of the leading scientists in the field. Presentations
focused on milestones in research that have illuminated Alzheimer’s investigations
during the past decades and will continue at the forefront.

This prolific event was organized by the International Center for Biomedicine
(ICC), a leading center of excellence established in Chile that has contributed to
research for decades, fostering neuroscience research, advanced education, and
international collaboration. For many years, the ICC has been at the forefront of
AD research, organizing numerous symposia, international laboratory courses, and
publications on key discoveries in the biomedical sciences.

AD is the most prevalent cause of dementia throughout the world, and the fourth
cause of death in developed economies after cancer, cardiovascular disease, and
stroke. AD afflicts over 5 million people in the United States, about 12% of those
older than 65 years old, and at least half of those older than 85 years of age.
Furthermore, considering that AD accounts for the largest number of cases
of dementia, and that other conditions, including dementia with Lewy bodies,
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vi Preface

fronto-temporal dementia (FTD-17), and vascular dementia, also increase in occur-
rence with age, the steadily increasing prevalence of these pathologies in numerous
aging societies all over the world constitutes one of the major medical and scientific
challenges on a global scale. Unfortunately, we still do not have reliable and defini-
tive biomarkers for AD, and a certain diagnosis is still possible only postmortem.
Many hypotheses have been proposed on the biological basis for this disease, and
even more are the subjects of discussion on the World Wide Web, a veritable “fac-
tory” of AD hypotheses. Addressing this situation, the purpose of the meeting in
Chile was to bring together a representative group of those who have developed the
most promising and challenging hypotheses to date, to attempt to integrate these
ideas into a common theory of AD.

Dialogue is beyond baptists, tauists, or agnostics. AD is developing as a pleo-
tropic disease closely linked to the aging processes and involving cytoskeletal
proteins, kinases, radicals, metals, genetics, inflammation, viruses, nucleation, and
amyloid a, with all playing a critical and complex role. Reductionism has not
reduced AD any more than for other age-related degenerative diseases. Changing
perspectives mark the beginning of a second century of AD.

The experience of preparing this book has been very rewarding, and we are
grateful to all the contributors who submitted their chapters and were collaborative
in the exhaustive reviewing process at the editorial level. We thank especially
Bethany Kumar for her invaluable support in coordinating efforts among editors
and authors, and Nancy Rawls for assisting with the editing process. We also thank
numerous attendants, students, postdoctoral fellows, and health professionals who
participated in the event and who contributed helpful viewpoints, criticisms, and
incisive questions that enriched the contributions to this book.

We hope that this book will mark the beginning of a tradition of developing
exciting meetings on the theoretical foundations guiding research into very chal-
lenging dilemmas in biomedicine, and thus contribute to solving major public
health problems that afflict mankind.

Santiago and San Antonio, 2008 Ricardo B. Maccioni
George Perry
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Role of AP Degrading Enzymes in Synaptic
Plasticity and Neurogenesis in Alzheimer’s
Disease

Leslie Crews, Brian Spencer, and Eliezer Masliah

Abstract Alzheimer’s disease (AD) is a leading cause of dementia in the aging
population. This progressive neurodegenerative disorder is characterized neu-
ropathologically by the presence of plaques composed of amyloid-f3 (AB) peptides
and neurofibrillary tangles containing phosphorylated tau; however, neurodegen-
eration in AD probably initiates with damage to the synaptic terminal. In addition
to the neurodegenerative features of AD, the pathological process in this disorder
is accompanied by significant alterations in adult neurogenesis in the hippocampus.
Although the precise mechanisms leading to neurodegeneration and neurogenic
alterations in AD are not completely understood, several lines of investigation
indicate that enzymatic cleavage of Af may play an important role in preventing or
reversing the neurodegenerative process in AD. Neprilysin (NEP) is one such Af-
degrading enzyme, and in addition to its AB-dependent effects, NEP is capable of
promoting neurogenesis and synaptic remodeling. Since this endopeptidase is capa-
ble of cleaving a wide range of neuropeptides with neurotrophic activity, its trophic
action in the CNS is probably related to enzymatic processing of substrates such as
neuropeptide Y (NPY) that results in the generation of neuroactive products. Thus,
NEP represents a unique example of a proteolytic enzyme with dual action: deg-
radation (AP) and processing (NPY); both actions are neuroprotective. Therefore,
understanding the effects of NEP on NPY and other neuropeptides might provide
new information about the neuroprotective mechanisms of NEP in the mature CNS
and in animal models of AD.

Keywords Synapse loss, Neurodegeneration, Neurogenesis, APP, Neprilysin
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1 Introduction

Alzheimer’s disease (AD) continues to be the leading cause of dementia in the aging
population [1]. Over 5 million people live with this devastating neurological condi-
tion and it is estimated that the USA will experience an average 50% increase in
patients with AD by the year 2025 [2]. AD is a progressive neurodegenerative disor-
der that specifically damages limbic structures, the association neocortical pathways
[3-6], and the cholinergic system [7, 8]. Although the key neuropathological diagnostic
features of AD are the presence of plaques — composed of amyloid-f3 (AP) peptides and
the neurofibrillary tangles containing phosphorylated-t [9], the neurodegenerative
process in AD probably initiates with damage to the synaptic terminals [10, 11]. It
has been postulated that the early synaptic pathology leads to axonal abnormalities
[12], spine [13], and dendritic atrophy [14] and eventually neuronal loss [11, 15].

Although the precise mechanisms leading to neurodegeneration in AD are not com-
pletely understood, several lines of investigation indicate that alterations in the amyloid-
[ protein precursor (ABPP), resulting in the accumulation of Af and ABPP C-terminal
products, might play a key role in the pathogenesis of AD [16-20] (Fig. 1a). Several
products are derived from ABPP through alternative proteolytic cleavage pathways, and
enormous progress has recently been made in identifying the enzymes involved [21-25]
(Fig. 1b). Therefore, disruption of the mechanisms involved in modulating synaptic
plasticity might be responsible for the characteristic cognitive deficits in AD patients
and as such represent an important target for treatment development.

2 Alterations in ABPP Processing, Synaptic Plasticity,
and Neurogenesis in AD

The most significant correlate to the severity of the cognitive impairment in AD is the
loss of synapses in the frontal cortex and limbic system [10, 11, 26, 27]. The pathogenic
process in AD involves alterations in synaptic plasticity that includes alterations in
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a b ABPP . AB
Yy ARy
Oxidative stress I [ Tau polymerization ---> Tangles
Signaling alterations (kinases) a=synuclein ---> Lewy bodies
Mitochondrial dysfunction l l G
Lysosomal pathology 4
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Fig. 1 Mechanisms of AP toxicity and clearance. (a) Accumulation of AP oligomers might be
involved in promoting synapse damage and neurogenesis defects. (b) Ap-degrading enzymes such
as neprilysin (NEP), insulin-degrading enzyme (IDE), and endothelin-converting enzyme (ECE)
play a central role in AP clearance (See Color Plates)
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formation of synaptic contacts, changes in spine morphology, and abnormal area of
synaptic contact [28]. However, other cellular mechanisms necessary to maintain
synaptic plasticity might also be affected in AD [29-31]. Recent studies indicate
that neurogenesis in the mature brain plays an important role maintaining synaptic
plasticity and memory formation in the hippocampus [32] (Fig. 2).

In the adult nervous system, motor activity and environmental enrichment (EE)
have been shown to stimulate neurogenesis in the hippocampal dentate gyrus (DG)
[32, 33]. Interestingly, studies in human brains [34] and transgenic (tg) animal
models have demonstrated significant alterations in the process of adult neurogenesis
in the hippocampus in AD [35-39]. The deficient neurogenesis in the subgranular
zone (SGZ) of the DG found in our ABPP tg mice [40] (Fig. 2) is consistent with
studies in other lines of ABPP tg mice and other models of AD that have shown
decreased markers of neurogenesis, such as bromo-deoxyuridine (BrdU)+ and
doublecortin (DCX)-positive cells, with an increase in the expression of markers of
apoptosis [39, 41-43]. Although a different study reported increased neurogenesis
in the PDABPP model [38], a more recent and comprehensive analysis showed that
while in the molecular layer (ML) of the DG there is an increased number of NPC,
in the SGZ markers of neurogenesis are decreased, indicating that in PDABPP ani-
mals, there is altered migration and increased apoptosis of NPC that contributes to
the deficits in neurogenesis [37].

Thus, alterations in synaptic plasticity in AD might not only involve direct damage
to the synapses but also interfere with adult neurogenesis (Fig. 1a). The mechanisms
of synaptic pathology in AD are the subject of intense investigation. Studies in
experimental models of AD and in human brain support the notion that aggregation
of AP, resulting in the formation of toxic oligomers rather than fibrils, might be
ultimately responsible for the synaptic damage that leads to cognitive dysfunction
in patients with AD [44-46] (Fig. 1a). Supporting this notion, it has been shown

Mouse hippocampus
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Fig. 2 Neurogenesis in the hippocampus in ABPP tg mice and neuropeptide (NPY)-R expression.
(a—c) Doublecortin (DCX)-positive neuronal precursor cells (NPC) in the hippocampus subgranular
zone (SGZ). (d and e) In the mThy1-ABPP tg mice, the numbers of NPC in the SGZ are reduced.
(g—j) NPY-R2 is colocalized in the neuronal marker MAP2 in the mature hippocampus and in
primary hippocampal cultures (n = 12 mice per group) (See Color Plates)
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that AP oligomers reduce synaptic transmission and dendritic spine movement
[14, 44, 47], and interfere with axoplasmic flow and activate signaling pathways
that might lead to synaptic dysfunction, t-hyperphosphorylation, and cell death.
Moreover, a dodecameric AP} complex denominated *56 has been recently character-
ized [48] in brains from ABPP tg mice and shown to contribute to the behavioral altera-
tions in these animals. The differential effects of this and other toxic oligomeric arrays
of AP in mature and developing neurons and synapses await further investigation.

The accumulation of AP in the CNS and the formation of toxic oligomers most
likely depend on the rate of AP aggregation, synthesis, and clearance (Fig. 1b).
Although most effort has been concentrated at elucidating the mechanisms of Af3
production and aggregation [22-24, 49, 50], less is known about the mechanisms
of AP clearance. This is important because while most familial forms of AD might
result from mutations that affect the rate of AP synthesis and aggregation, sporadic
AD might be the result of alterations in AP clearance (Fig. 1b). Pathways involved
in AP clearance include binding to LDLR-related protein (LRP) ligands such as
apolipoprotein E (ApoE) [51, 52], lysosomal degradation [53, 54] and cleavage by
proteolytic enzymes such as neprilysin (NEP), insulin-degrading enzyme (IDE),
angiotensin-converting enzyme (ACE), endothelin-converting enzyme (ECE), and
matrix metalloproteinase-9 (MMP9) [55-61] (Fig. 1b).

We utilized lentiviral vectors to investigate the ability in vivo of some of these
AB-degrading enzymes at clearing amyloid and ameliorating the neurodegenerative
pathology in tg mice [62, 63]. We found that NEP was capable of reducing plaque
load, soluble A levels, synaptic pathology, and behavioral deficits. This is consist-
ent with previous studies using tg mice or other viral vectors [63—65], and supports
a role of NEP in the treatment and pathogenesis of AD.

3 The Role of AB-Degrading Enzymes in the Clearance of A}
Aggregates and the Pathogenesis of AD

Considerable progress has been made toward identifying endopeptidases, which
directly degrade AP and play an important role in the homeostatic control of this
peptide. Among them, NEP (also known as CD10 or EC 3.4.24.11) — a zinc metal-
loendopeptidase [66] — has been identified as a critical AB-degrading enzyme in the
brain [56, 57] (Fig. 1b). Other NEP family members, for example ECE, may con-
tribute to amyloid catabolism and may also play a role in neuroprotection. Another
metalloproteinase, IDE, has also been advocated as an amyloid-degrading enzyme
[59] and may contribute more generally to metabolism of amyloid-forming peptides.
Other candidate enzymes proposed include ACE, some matrix metalloproteinases,
plasmin, and, indirectly, thimet oligopeptidase (endopeptidase-24.15) [60, 67].
NEP is capable of degrading both A} monomers and oligomers (but not fibrils)
[68] (Fig. 1b). NEP levels are reduced in the brains of AD patients [69—73] and a
potential genetic linkage is currently being investigated [61, 74—76]. Further sup-
porting a central role for NEP in AD, previous studies have shown that chemical
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inhibition of NEP with thiorphan or crosses between ABPP tg and NEP-deficient
mice results in rapid accumulation of AP and pathological deposition in rodents
[57, 77]. Moreover, we and other groups have shown that overexpression of NEP
by gene transfer with viral vectors [63—65], neuronal promoters [59], or induction
[78] resulted in a reduction in amyloid pathology [76, 79—81]. NEP concentrates at
the synaptic terminals [64] where it is most effective at reducing A oligomers [68].
Although considerable effort has been placed at investigating the effects of NEP on
AP levels, less is known about the trophic effects of NEP, its effects on other ABPP
products and substrates, and to what extent this might play a role in the mecha-
nisms of synaptic plasticity, neuroprotection, and neurogenesis.

Remarkably, under basal conditions, levels of NEP expression might be regulated
by neuronal activity similar to what has been described for neurogenesis. For example,
gene array studies in ABPP tg mice exposed to increased physical activity have
shown that reduction in the AD-like neuropathology might be associated with
increased NEP expression [82]. Moreover, our recent studies have shown that in
addition to the effects on A levels, NEP is capable of promoting neurogenesis and
synaptic remodeling [62, 83, 84]. Although it is clear that physical activity promotes
neurogenesis and learning in the hippocampus [85], it is still controversial what is
the effect of physical activity and intellectual EE on amyloid deposition. While some
studies have shown a reduction [82, 86], others have shown either no changes [87]
or an increase [88]. Differences might be related to the characteristics of the EE and
physical activity, the gender, and the ABPP tg line. A recent study suggests that
combined physical activity and intellectual EE (referred as “complete enrichment™)
is necessary to reduce AP load and increase synapses in ABPP tg mice [89].

Taken together, these data suggest that in addition to the AB-dependent effects,
NEP might exert a trophic action in the CNS via AB-independent pathways. In
addition to AP, the endopeptidase NEP is capable of cleaving a wide range of neu-
ropeptides with neurotrophic activity, including SOM, SP, ENK, and NPY [67], and
might regulate the activity of growth factors. Studies by Saito et al. [55] have shown
that SOM and NEP coregulate their expression and we have recently shown that
NPY fragments resulting from NEP proteolysis might be neuroprotective [83]
(Fig. 3). NPY, a 36-amino acid long molecule, is the most abundant neuropeptide
in CNS and NEP cleaves NPY at the C-terminal region generating two fragments
with potential neuroactivity (Fig. 3).

Interestingly, NPY has been shown to be neuroprotective and to promote the
proliferation of neuronal precursor cells. NPY stimulates neuronal progenitor pro-
liferation in vitro and in neurogenic brain regions [66, 90-92] (Fig. 2). Of these
peptides that function as regulators of neurogenesis, NPY is widely expressed
throughout the brain and has been shown to be an important participant in many
neural functions, from social and feeding behavior [93] and circadian rhythm [94]
to seizure control [95], learning, memory, and depression [96]. Interestingly, these
latter functions are associated with activity of the hippocampus — where the DG
shows particularly high NPY-like immunoreactivity [97] — and in this context,
NPY’s neurogenic effects may partially be responsible for the role of NPY in these
widely varied functions [66]. NPY receptors are present in the hippocampus in
areas of neurogenesis (Fig. 3).
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Fig.3 Metabolic processing of neuropeptide Y (NPY) in the CNS and neuroprotection. Neprilysin
(NEP) might ameliorate the neurodegenerative pathology in Alzheimer’s disease (AD) by reducing
AP and by generating protective CTF-NPY that may bind the Y2 receptor (See Color Plates)

Thus, NEP represents a unique example of a proteolytic enzyme with dual
action: degradation (AB) and processing (NPY); both actions are neuroprotective.
Therefore, understanding the effects of NEP on NPY and other neuropeptides
might provide new information about the neuroprotective mechanisms of NEP in
the mature CNS and in animal models of AD.
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Pore-Forming Neurotoxin-Like Mechanism
for AP Oligomer-Induced Synaptic Failure

Luis G. Aguayo, Jorge Parodi, Fernando J. Sepilveda, and Carlos Opazo

Abstract Cortical and hippocampal synapse densities are reduced in Alzheimer’s
disease (AD), and this strongly correlates with memory dysfunction. It is now believed
that these changes in neuronal networking occur at the onset of AD and may lead to the
neuronal loss displayed in later stages of the disease, which is characterized by severe
cognitive and behavioral impairments. Mounting evidence indicates that amyloid-3
(AP) oligomers are responsible for synaptic disconnections and neuronal death. One
of the main consequences of A} oligomers interaction with neurons is an increase in
intracellular Ca®* concentration that could, when large enough, cause a marked altera-
tion in ionic homeostasis. It has also been postulated that Ca?* influx occurs when Af3
oligomers induce the opening of Ca** channels or the disruption of the plasma mem-
brane. We recently found that the effects of A} oligomers on synaptic transmission
are similar to pore-forming toxins, such as o-latrotoxin, a neurotoxin from the black
widow spider. Here, we discuss evidence supporting a neurotoxin-like mechanism for
the effects induced by A oligomers on neuronal membranes, which could explain the
alterations in the functionality of synapses in the central nervous system in AD that
leads to major neurodegeneration with time of exposure to Af} oligomers.

Abbreviations Af: amyloid- peptide, AD: Alzheimer’s disease; a-LTX:
o-latrotoxin; ABPP: amyloid-fB protein precursor; Ca*: calcium; LTP: long-term
potentiation; pS: picoSiemen

1 Increase in Soluble AP Oligomers is a Key Factor for
Alzheimer’s Disease Onset

One of the main histopathological features of Alzheimer’s disease (AD) is the
presence of extracellular proteinaceous deposits in the brain, identified as senile
plaques [1], which are enriched in amyloid-$ (AB) peptide oligomers. It is widely
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accepted that AD onset can be initially triggered by interaction of A} oligomers
with the brain parenchyma [1, 2]. However, the specific biochemical/structural
characteristics of the AP oligomers that induce the neurotoxicity observed in AD
have not been thoroughly identified, but it has been suggested that soluble A
oligomers (ranging from 17 to 56 kDa) [2, 3] are key determinants for neurotoxicity,
including synaptic failure, observed in AD [2]. In agreement with this, the levels
of soluble AP oligomers appear to correlate well with the severity of AD dysfunc-
tion [2, 4]. Interestingly, these soluble oligomers produced synaptic toxicity as
expressed by inhibition of hippocampal long-term potentiation (LTP) in vivo and
alterations in complex animal learning behaviors [2, 5]. These data strongly suggest
that AD onset, probably associated to a mild synaptic dysfunction, occurs before
amyloid plaque formation. However, the mechanism (pre- or postsynaptic) by
which AP oligomers cause synaptic dysfunction is largely unknown.

Additionally, previous studies have shown that Af oligomers affect neuronal
morphology and survival, and produce axonal and dendritic dystrophy [6]. These
alterations seem to occur following amyloid deposition in the brain, indicating that
accumulation of AP oligomers precedes the alterations in neuritic morphology [7].
Thus, these studies provide evidence suggesting a decrease in neuronal networking
in AD as a product of AP oligomers accumulation. How this A oligomers accu-
mulation produces such a strong disruption in synaptic transmission in the central
nervous system is currently under active investigation with the aim of discovering
therapeutic targets and disease-modifying treatments.

2 Early Synaptic Alterations Precede AD Onset

It has been postulated that alterations in synaptic plasticity might be the primary
failure responsible for the cognitive dysfunction in AD [8]. However, the scope and
strength of studies supporting this challenging suggestion is only now being con-
sidered at the cellular and molecular level. It is currently known that synaptic
transmission in the brain can be altered by specific and nonspecific mechanisms at
pre- or postsynaptic sites.

In the case of AP, studies in hippocampal neurons treated with synthetic AP
oligomers showed that it reduced the number of synaptic contacts and various pre- and
postsynaptic proteins, thus suggesting extensive alterations in neuronal connectivity
[9, 10]. In agreement, transgenic mice models overexpressing amyloid- protein
precursor (APPP) showed a marked reduction in synaptophysin levels [11].
Interestingly, it was reported that synapse loss was highly correlated to neurological
deficits observed in mild-to-severe stages of AD, supporting a direct link between
cognitive functions and neurotransmission [12]. Furthermore, it was shown that
early changes in synaptic morphology and markers such as synaptophysin correlate
better to disease progression, suggesting that synaptic components are the most
probable targets for the early neurotoxic actions of AP oligomers. Specifically,
several proteins having well-defined functions in synaptic vesicle endocytosis,
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including AP2, AP180, dynamin, and synaptotagmin, have been reported to be
extensively altered in AD [13].

How A oligomers are able to produce this myriad of effects on synaptic proteins
is unknown, but it is possible that these changes have a common triggering membrane
mechanism. Nevertheless, these findings suggest that AD is associated with failure in
the cellular machinery responsible for synaptic release and recycling. Additionally,
alterations in synaptic proteins produced by the action of AP oligomers can explain
its functional impact in models of cellular learning and memory, such as LTP [5].
Here, we are proposing that AB oligomers affect synaptic transmission through its
channel-forming properties (see below). If AP oligomers cause synaptic transmission
failure by pore formation, the following steps must occur for this mechanism to be
demonstrated: (1) interaction of A} oligomers with neuronal membranes, (2) pore
formation, (3) increase in intracellular calcium, (4) sustained increase in vesicular
release, and (5) vesicular depletion (synaptic failure). We have found that AP} oligomers
produce several of these cellular events, as described below.

3 Calcium and Synaptic Dysfunction in AD

There is a current growing body of evidence suggesting the existence of a dysfunc-
tion in intracellular Ca** homeostasis in AD [14]. Prefibrillar AB oligomers have
been shown to elevate Ca*" in neurons. This increase in intracellular Ca** can follow
receptor activation [15], modulation of voltage-activated Ca** channels [16], and
influx via nonselective cations or by pore/channels formed by AP oligomers [17].

Analysis of the peptide secondary structure suggests the possibility of ion channel
formation induced by membrane-bound A oligomers [18]. The AB-pore/channel
hypothesis was first proposed by Rojas and collaborators at the NIH using artificial
membranes. They demonstrated the formation of pores with A, that were highly
cation-selective, allowing permeation of Ca?*, Na*, and Cs* [19]. These early studies
in synthetic membranes were validated in membranes from hypothalamic cell
lines [20]. Interestingly, cholesterol levels favored the formation of AP channels in
artificial and hypothalamic membranes [20, 21]. Single channel measurements
showed that the behavior of the A, , -induced channels were exceptionally complex,
in addition to their strong dependency on Cs* concentration and variability of single
channel conductance (50-500 pS) [21]. Also, it was found that Zn?*, known to bind
AP in solution [22], blocked ion current flow [21], suggesting that the AP amyloid
pore can be a pharmacological target. All together, the data suggest that AP oligomers
do not form a unique, well-behaved type of ion channel, but they contribute to the
formation of a complex multiple family of conducting pores [23]. Interestingly,
using an “oligomer-enriched” form of Af, an increase was shown in lipid bilayer
conductance, in the absence of unitary events, adding to the complex behavior of
the peptide in the membrane [24].

In conclusion, it is evident that AP} oligomers are able to increase the conduct-
ance in artificial membranes, but this has not been demonstrated in biologically
relevant cell (neuron) membranes.
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4 Proposed Neurotoxin-Like Mechanism for A
Oligomer-Induced Synaptic Failure

The cellular and molecular mechanisms that induce AD are largely unknown and
deter development of effective disease-preventing/modifying therapies. The most
accepted working hypothesis of AD is that excess of A oligomers either (1) bind
to membrane receptors affecting their functions [25], (2) interfere with signaling
cascades [26], or (3) directly disrupt neuronal membranes causing pore formation
thus leading to alterations in ionic homeostasis [21]. Although the latter is an attrac-
tive hypothesis because it could explain several effects of AP oligomers on brain
synapses, it has not been documented to occur in brain neuronal membranes and
this could be due to the high complexity of biological membranes, such as hetero-
geneity in native ion channels and receptors.

In an attempt to elucidate the mechanism by which A oligomers induce synap-
totoxicity, we undertook an experimental approach to characterize how A oli-
gomer affect synaptic transmission and compared these effects with those produced
by neurotoxins known to form membrane pores. We found that the effects of A
oligomers, although at higher concentrations (nM vs pM), were very similar to
those of pore-forming o-latrotoxin (o-LTX, 130 kDa) allowing us to suggest that
its neurotoxicity was dependent on pore formation within the cell membrane. For
example, similar to a-LTX [27, 28], we found that A} oligomers directly increased
membrane conductance and intracellular calcium causing an early increase and a
delayed failure in synaptic release (Fig. 1b).
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Fig. 1 Effects of AB, , oligomers on synaptic activity of hippocampal neurons. a The scheme
illustrates pre- and postsynaptic components of a central synapse. The vesicles are released in a
calcium-dependent fashion. Presynaptic activity can be determined by the presence of vesicular
proteins (SV2) or by the staining of synaptic vesicles with fluorescent probes such as FM1-43
(red dots). The postsynaptic membrane currents associated to the vesicular release and postsynap-
tic receptor density can be analyzed using the patch clamp technique. b Time-dependent biphasic
effect of 500 nM AP oligomers on synaptic transmission in hippocampal neurons. The effects of
AP oligomers were blocked by lowering extracellular calcium or by adding Na7 (broken line). The
values were obtained from three independent experiments. (See Color Plates)
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It has been recognized for several years that o-LTX can alter membrane perme-
ability generating nonselective ionic pores [29]. Therefore, the mechanism for
toxicity depends on attachment to the cell membrane and disruption of ionic perme-
ability [27]. The majority of studies with a-LTX strongly support the idea that the
main increase in intracellular calcium results from Ca*" entry through nonselective
cation channels formed by membrane-bound toxins [30]. Once bound to neuromus-
cular junction membranes, o-LTX forms oligomeric structures that stimulate
exhaustive release of neurotransmitters [29]. One of the most distinguishing
features of a-LTX on the synapse is that it produces a marked vesicular depletion [31].
Interestingly, we found that A oligomers were able to mimic all of these effects in
hippocampal neurons. For example, when examining the effects of nanomolar
concentrations of AP, _, oligomers on the spontaneous synaptic activity in living
hippocampal neurons, using patch clamp and fluorometric imaging (Fluo-3 and
FM1-43) (Fig. 1a), we found that the effects of low concentrations of Af} oligomers
on synaptic transmission were biphasic, with a rapid facilitation followed by a
delayed failure (Fig. 1b). We also found that the delayed synaptic failure correlated
nicely with a decrease in several presynaptic proteins, such as SV2 (Fig. 2a and b).
These results indicate that AP} oligomers were able to produce a significant loss of
connectivity in central neurons participating in learning and memory, which is in
agreement with the idea that cognitive alterations in AD are associated to a synaptic
failure [8, 12]. More importantly, blockade of the A pore with a small peptide,
previously shown to inhibit AP} oligomers-induced increase on membrane perme-
ability [32], protected the hippocampal neurons from synaptotoxicity, maintaining
high levels of SV2 associated to neurotransmitter vesicles in the presence of A3
oligomers (Figs. 1b and 2).

We propose that future studies of this membrane phenomenon will reveal that
the target of AP oligomers are not another protein, but will show that AB oligomers
themselves are the cellular target thereby explaining the failure of pharmacological
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Fig. 2 The effect of A, ,, oligomers on vesicular SV2 level was blocked by Na7. a Western blots
for SV2 obtained from hippocampal neurons incubated in the absence (control) or presence of Af,
oligomers (100 and 500 nM) during 24 h. b Quantification of SV2 levels in the absence or presence
of Na7 (200 nM). Note that Na7 blocked the reduction in SV2 induced by A oligomers.



18 L.G. Aguayo et al.

agents to modify the course of AD. Additionally, these studies should provide a new
rationale for the development of drugs that block the Af3 pore and possibly interfere
with AD onset.

Our data indicates that the effects of Ap oligomers on intracellular Ca** play a
key role in the alterations on synaptic transmission induced by the peptide, which
is in agreement with previous studies involving this divalent cation on A oligom-
ers effects. For example, we found that the effects of AP oligomers on intracellular
calcium and its associated synaptic transmission were largely attenuated by reduc-
ing the influx of calcium either by removal of this cation or by pharmacological
means (Figs. 1b and 2). Thus, it is possible to conclude that the synaptic effects of
A oligomers are calcium-dependent [14] and able to be modulated.

Several questions concerning the mechanisms for AP oligomers insertion and
perturbation of neuronal membranes should be resolved in future studies. For
example, although formation of a-LTX pores seems to be mostly independent of
membrane receptors, some membrane proteins could facilitate pore insertion [29].
Equivalent mechanisms may be true for the interaction of AP oligomers with
neuronal membranes. Studies of the features of o-LTX using cryoelectron micros-
copy demonstrate that o.-LTX penetrates the cell membrane and forms pores having
a large diameter (10-25 A) that facilitates the release of several neurotransmitters
(e.g., norepinephrin, glutamate, and gamma amino butyric acid) by a nonvesicular
efflux mechanism [29]. Such data is not available for AB-induced pores, but functional
studies have indicated that AP pores are able to carry divalent cations [19, 33].
The inner diameters of AP pores, estimated by atomic force microscopy and
molecular dynamics analysis [34, 35], have a similar range (15-20 A). Therefore,
they might permit the nonvesicular efflux of several metabolites, generating important
changes in the metabolic cellular state. Because of the remarkable similarities in the
mechanism of action between these pore-forming neurotoxins and AP oligomers
(Table 1), we postulate that a pore-forming mechanism might explain how Af
oligomers induce the synaptic dysfunction and neurodegeneration in AD (Fig. 3).
We propose that A} oligomers might also bind to postsynaptic membranes causing
their remodeling, but with a slower time course.

Table 1 Comparison between a-LTX- and AP oligomers-induced pores

'a-LTX 2AB References

MW of monomer 130 kDa 4 kDa [21, '29]

Proposed number of monomers/pore 4 >12 and <24 ['29, 235]
Channel conductance (approximated) Multiple levels,  Multiple levels, [221, 127]

100-300 pS 50-500 pS

Estimated inner pore diameter 10-25 A 15-27 A ['29, 235]
Main cations transported Ca*, Na* Ca*, Na*, Cs* [219, '27]
Effective protein concentration <1-10 nM 100-500 nM ['27, 233]
Onset of synaptic action 20 min 30 min ['28, 233]
Acute enhancement of vesicular release yes yes ['31, 233]
Delayed vesicular depletion yes yes ['31,233]
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Fig. 3 Proposed hypothesis that explains the effect of AB oligomers on synaptic transmission.
a AP oligomers bind to the membrane inducing the formation of pores in the pre- and postsyn-
aptic membranes. The pores allow calcium to enter the cell and this event can be blocked
by Na7. b Proposed series of events that leads to AD. Its initiation depends on oligomeriza-
tion and membrane perturbations that lead to a calcium dysfunction and alterations in synaptic
transmission. (See Color Plates)

5 Conclusions

We are currently studying the mechanisms that can explain the changes in intracel-
lular calcium and synaptotoxicity following AP oligomers application to brain
neurons by testing: (1) voltage-dependent calcium channels, (2) N-methyl D-aspartate
(NMDA) receptors, and (3) membrane conductance following A} pore or channel
formation. From this data, we expect to learn how A oligomers inhibits synaptic
transmission in brain neurons involved with learning and memory, with the aim of
stopping or better still, reversing this process. The most interesting feature of A
oligomers on synaptic transmission is its biphasic action which leads to a strong
synaptic failure that we interpret as a process of synaptic depletion. Interestingly,
when the early effects of AP oligomers were blocked with low extracellular
calcium, cadmium, or ruthenium red, the neurons did not show synaptic inhibition
suggesting that the delayed inhibition was similar to the synaptic depletion induced
by a-LTX.

According to previous and present evidence, three principal steps are involved
in the neurotoxin-like mechanism for the action of A oligomers to induce the early
synaptic effects needed to trigger AD onset. First, AB oligomers have to bind to
neuronal cell membranes, pre- and postsynaptic, long enough to ensure AB-AP
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interactions into the membrane. Second, AP} forms oligomers into the cell mem-
brane to allow the formation of a pore. Third, a sustained flow of cations (Ca*", Na*)
through the A pores initiates the modification of synaptic activity, which leads to
remodeling synaptic morphology. We postulate that understanding the precise
mechanism for each of these steps will greatly facilitate a pharmacological therapy
urgently needed for the world-wide population affected by AD.
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Interventions in Aging and Neurodegenerative
Disease: Effects on Adult Stem Cells

Adam D. Bachstetter, Carmellina Gemma, and Paula C. Bickford

Abstract Throughout the entire life span, stem cells are present in many organs of
our body and continue to produce new cells which are critical to maintain homeos-
tasis and to repair damaged tissues. In the brain, stem cells generate new neurons
through a process called neurogenesis. With age, stem cells lose their ability to
generate new cells, although the number of stem cells remains constant over time.
This may be due in part to cellular stresses such as inflammation, oxidative stress,
and loss of trophic factors that accumulate with age. A better understanding of the
regulatory factors which control neurogenesis is necessary in order to utilize the
potential of the endogenous adult stem cells to treat the degenerative condition.

Abbreviations AD: Alzheimer’s disease; CNS: central nervous system; GCL:
granule cell layer; IL: interleukin; NSAID: nonsteroidal anti-inflammatory drug;
NSCs: neural stem/progenitor cells; 6-OHDA, 6-hydroxydopamine; PD, Parkinson’s
disease; SGZ: subgranular zone; TNF: tumor necrosis factor-a

1 Introduction

Neurodegenerative diseases of aging such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD) are associated with a profound loss of synaptic plasticity
and regionally selective cell loss. A similar loss of synaptic plasticity also occurs
with normal aging, albeit not as severe and with less evidence for cell loss. The
causes of the loss of synaptic plasticity are debatable but the results are clear to the
patients who suffer from this devastating disease. As the population ages, there is a
pressing need to develop therapeutic interventions for age-related neurodegenerative
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diseases, both for the patient and for those who will have the demanding responsi-
bility to care for them. One aspect of neural plasticity is neurogenesis. It is now well
accepted that neurogenesis occurs in at least two germinal centers in the brain. One
of the neurogenic regions is the subventricular zone. The other known region found
in the hippocampus is in the subgranular zone (SGZ) of the dentate gyrus, where
neurogenesis has been found in humans as old as 72 years of age [1]. Addition of
new neurons to the brain is complementary to synaptogenesis, which is another
means of synaptic plasticity. Understanding the mechanisms that regulate neuro-
genesis is necessary to utilize this potential reservoir of synaptic plasticity to
increase the quality of life of our aging population, with and without AD.
There are five phases of hippocampal neurogenesis:

1. The first phase is proliferation of the neural stem/progenitor cells (NSCs) which
occurs in a region called the SGZ, which is roughly defined as a two-cell diameter
band occurring on the hilus side of the granule cell layer (GCL).

2. The second phase is the survival of the proliferating NSCs. During this phase,
the number of surviving neurons can vary greatly depending on the strain of
animals used and can be as great as ~75% or as few as 25% of the amount
of proliferating cells [2].

3. The third phase, occurring in concert with the second phase, is the differentiation
of the newly born cells. In this phase, the majority of cells do become neurons,
with a smaller percentage becoming astrocytes and oligodendrocytes.

4. The fourth phase involves migration of the neurons into the GCL, with most of
the migration occurring around the first week [3].

5. Finally, the fifth phase involves the functional maturation of the neurons in the
GCL which occurs around 4 weeks of age, but some cells may take weeks or
even months longer to fully mature [4].

It has also been demonstrated that those adult born neurons that survive after
4 weeks will likely be present at least 11 months later [3]. The majority of the
decrease in neurogenesis with age appears to occur mostly in the first phase where
there is a decrease in proliferation with advanced age [5]. Survival of the newly
born cells appears to be unaffected by age, while maturation of the cells particularly
in developing a mature neuronal phenotype and migrating into the GCL does seem
to be affected by age [5].

Beyond the limited effect of synaptic plasticity in the two germinal centers in the
brain, neurogenesis from endogenous NSC may provide an alternative to transplanta-
tion of stem cells as a means to replace damaged neural tissue after brain injury, such
as stroke, or as a result of a neurodegenerative condition. A growing body of research
shows that neurogenesis may occur in ‘“nonneurogenic” regions as a result of a stroke
or neurodegenerative disease [6]. There is also the hope of recruiting NSCs from the
neurogenic regions of the brain to replace damaged cells after injury [7]. Before either
strategy of using neurogenesis as a therapeutic source of new cells can be imple-
mented, a better understanding of the regulation of neurogenesis is necessary.

In many pathological conditions, including AD and PD, neurogenesis is dramati-
cally affected by the pathology [8—11]. Neurogenesis shows a significant decrease
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with age [12—-14]. The majority of the suppression of neurogenesis with age appears
not to be NSCs autonomous but is more a function of the microenvironment, as any
number of environmental alterations can increase or decrease neurogenesis (reviewed
in [15]). Furthermore, the pool of NSC appears to be intact with respect to the total
numbers of available cells [16], providing more evidence that that the neurogenic
niche is at least partly responsible for the decrease in neurogenesis with age.

That cellular senescence occurs with age has been known since the 1960s [17],
but the importance of the cellular senescence within the aged niche has only
recently become an area of active interest. A clear example of the importance of the
extrinsic or systemic influence on the stem cell niche was demonstrated in the stem
cells that are found in the muscle, called satellite cells. Like the NSCs, the satellite
cells in the muscle lose the potential to regenerate damaged tissue with age. In an
elegant experiment, when aged rats were exposed to the systemic environment of a
young rat by parabiosis, the satellite cells were rejuvenated in the aged rats as dem-
onstrated by an increase in the proliferation rate. Conversely, in young rats, the
exposure to the circulation of the aged rats caused a decrease in the regenerative
potential of the satellite cells [18], again supportive of an extrinsic/circulating factor
that is influencing the proliferation of the stem cells in the aged animals. It is not
clear whether the mechanism involved in the effect in the muscle would hold true
in the brain, but the implication is that the aged environment is detrimental to stem
cell function. This also holds true for even the most pluripotent of stem cells: the
embryonic stem cells. When embryonic stem cells are transplanted into aged tissue
they are not able to repair damaged tissue as well as when transplanted into young
tissue [19]. These aforementioned examples demonstrate the importance of under-
stating the biology of the aged stem cell niche and may provide insight into why
some of the clinical trials which used cell transplantation for neurodegenerative
disease have not been as effective as was hoped.

Thus, it appears that for a stem cell-based therapy to become efficacious, a better
understanding of the aged niche and how the niche regulates the stem cell potential
will be necessary. A multitude of changes that occur to the microenvironment of the
aged niche may be related to the decrease in neurogenesis. One potential change is
a decrease in a number of trophic factors including BDNF, VEGF, IGF-1, and FGF-2
[20, 21]. There is also an increase in corticosteroid levels with age [22]. A hallmark
of aging as well as AD and PD is an increase in inflammation. While a loss of
trophic factors and increased corticosteroids are important contributes to the aged
niche and have been extensively reviewed [5], the focus of this chapter is limited to
the role of inflammation in regulating stem cell function in the aged niche.

2 Neuroinflammation in Aging and Disease

Inflammation is an active process with the purpose of removing or inactivating
potentially damaging agents. Following removal of the “danger signal,” a second
pathway is initiated with the role of tissue remodeling. In the central nervous
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system (CNS), the inflammatory process must be well controlled. Since a majority
of the CNS lacks the potential to replace lost cells, an inflammatory insult could be
devastating, resulting in neural tissue loss. In general, inflammation is a good thing
with the primary result of removing the noxious agent and remodeling the adjacent
tissue. When inflammation is not well regulated following response to “danger
signals,” a chronic pathology will result.

It is known that with aging and age-related neurodegenerative diseases, namely,
AD and PD, there is a state of chronic inflammation. The cause of the chronic
inflammation in aging is not clear. It was initially believed that in AD, inflammation
was exacerbating the disease. A surprising experiment inducing inflammation in a
mouse model of amyloid pathology through the use of lipopolysaccharide resulted
in a paradoxical reduction in amyloid-f [23]. These results seem to contradict the
common hypothesis that chronic inflammation is part of the disease progression.
This contradiction comes from a shortcoming in the inflammation hypothesis,
namely, inflammation is a negative that should be eliminated. The immune system
is not a mistake of evolution. The majority of time the immune system protects us
from our environment. In the CNS, the immune response has to be well controlled
for the response to be beneficial. Two recent examples of the beneficial role of the
immune system were demonstrated in an animal model of PD.

In the first experiment (Fig. 1a and b), rats were fed a diet enriched with blueberry
or Spirulina prior to a 6-hydroxydopamine (6-OHDA) lesion. At 1 week after the
lesion, all the animals irrespective of diet had a similar lesion volume. At 4 weeks
after the lesion, the animals that were fed the diet enriched with blueberry or
Spirulina had a significant reduction in the size of the lesion. The surprising result
was the improved recovery at 4 weeks after the lesion may have been due to a more
robust immune response at 1 week after the lesion. As shown in Fig. 1b, rats on the
blueberry or Spirulina diets had a significant increase in the number of activated
microglia at 1 week after the lesion and this was followed by a significant decrease
in microglia activation at 4 weeks after the lesion [24]. These results suggest that a
robust early microglia response is beneficial in removing the dead and dying cells
and remodeling the remaining tissue.

In a follow-up experiment (Fig. Ic and d), the immediate immune response versus
the chronic response was clearly elucidated. Tumor necrosis factor-a (TNFa) is a
key proinflammatory cytokine that is produced by a variety of cell types but in PD
patients is particularly associated with activated microglia [25]. Using the same rat
model of PD as the previous experiment, an antisense TNF-specific oligodeoxyri-
bonucleotide was given either immediately after the insult or beginning 5 days after
the insult. Blockade of immediate TNFa effects was detrimental, but blocking the
production of TNFa at the later time point was beneficial (Fig. 1c) [26]. As was
seen with the diet supplementation study, the early activation of the immune
response appears to be necessary and beneficial, whereas a state of chronic inflam-
mation is detrimental.

One way in which chronic inflammation is detrimental to tissue remodeling
after injury is by decreasing the regenerative potential of stem cells. Two seminal
studies a number of years ago showed that inflammation tightly regulates
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Fig. 1 Neuroinflammation is protective after toxic insult if the response is well controlled.
a Following a 6-hydroxydopamine (6-OHDA) lesion in the striatum, a loss of tyrosine hydroxylase
(TH) immunoreactivity was seen in all lesioned animals at 1 week. At 4 weeks after the lesion,
a significant reduction in lesion volume was found in those rats that were treated with the blueberry-
or Spirulina-enriched diets. b The protective effect at 4 weeks in rats that were fed a blueberry- or
Spirulina-enriched diet may have been due to a more robust early microglia response at 1 week, as
determined by the number of OX-6-positive microglia. The early microglia response at 1 week was
followed by a return to nonlesions numbers of OX-6-positive microglia in the enriched diet groups
at 4 weeks. ¢ When an early immune response was blocked by a tumor necrosis factor-o. (TNF )
antisense for the first 7 days after the lesion, a larger lesion volume was found compare to the
control. However, inhibiting TNFa for 10 days starting 5 days after the lesion resulted in a benefi-
cial effect. d A reduction in OX-6-positive microglia was found in the TNFo antisense-treated
animals. The decrease in microglia by TNFa antisense during the first 7 days following the lesion
may have blocked the early microglia response which was found to be protective in the animals fed
a blueberry- or Spirulina-enriched diet. However, blocking TNFa. during days 5-15 appeared to
stop the chronic inflammatory response which was likely detrimental in the control rats that did not
receive the TNFa antisense or the enriched diets. “P < 0.05, "P < 0.01, and ""P < 0.001

neurogenesis [27, 28]. Since these studies, a number of laboratories have been
interested in how inflammation regulates neurogenesis. The results are fairly
clear and reproducible, namely neuroinflammation will result in diminished
neurogenesis, and decreasing the neuroinflammation will restore neurogenesis.
What is not clear is how inflammation regulates neurogenesis.
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3 The Role of Cytokines in Regulating Neurogenesis

Interplay between the immune system and the CNS underlies many of the neuro-
physiological changes that occur with aging. Cytokines are a class of polypeptides
expressed at low levels in healthy tissue that are rapidly induced in response to
trauma or immune challenge. Levels of specific cytokines expressed in the brain
increase as a function of age, even in the absence of a pathological stimulus. For
example, there is a progressive increase in the expression of interleukin (IL)-1 and
microglia activation with aging in neurologically intact patients [29, 30]. IL-6 levels
also increase in the mouse brain with advancing age. In the cerebellum of aged rats,
tumor necrosis factor-o. (TNFau) gene expression is dramatically increased compared
to young rats, and this increase is prevented by a diet rich in antioxidants [31].
Immune response-related molecules and their receptors are expressed throughout
the brain, and recent research suggests that brain-derived immune factors disrupt
normal physiology and contribute to cognitive and behavioral dysfunction in
neurological disease [32-35].

IL-1pB is one of the main inflammatory cytokines found in the CNS. IL-1p is
constitutively expressed in the brain, synthesized by neuronal and/or glial cells, and
released in response to a variety of stimuli, including immune system activation[36,
37].IL-1p is a proinflammatory cytokine initially synthesized as an inactive precur-
sor that is cleaved by caspase-1 to generate the biologically mature 17-kDa form.
IL-1p affects virtually every cell type by binding to a high-affinity receptor, IL-1RI
[37, 38]. The IL-1p receptor expression is high in the hippocampus as indicated by
binding studies [39, 40]. The IL-1 family comprises three known ligands: IL-1a,
IL-1pB, and IL-1ra. The biological activity of IL-1[3 is dependent on its interaction
with IL-1RI and recruitment of the IL-1 receptor accessory protein (IL-1Racp)
[41]. IL-1ra binds to IL-1RI but fails to associate with IL-1Racp, thereby acting as
a highly selective competitive receptor inhibitor. The only known function of IL-1ra
is to prevent the biological activity of IL-1.

The potential role of IL-1[ in the mediation of an age-related reduction in neu-
rogenesis and learning and memory has been examined. In one study, the nonster-
oidal anti-inflammatory drug (NSAID) sulindac was administered to aged rats. In
this study, we found that sulindac treatment resulted in a decline in IL-1f3 levels and
a reversal in the age-related deficits in radial arm water maze performance and
contextual fear conditioning [42] (Fig. 2a). In a second experiment to determine if
IL-1p is involved in the reversal of age-related cognitive deficits, we used an enzy-
matic inhibitor of caspase-1. Caspase-1 cleaves immature IL-1p to produce the
mature, active form. The caspase-1 inhibitor Ac-YVAD-CMK was given for
28 days via an osmotic minipump into the left lateral ventricle to 4-month-old and
20-month-old male Fischer-344 rats. After 20 days of caspase-1 inhibition, the rats
were trained in the contextual fear conditioning task. On day 22, they were tested
for the hippocampus-dependent form of memory. Using the caspase-1 inhibitor, we
found a similar improvement in the memory test as was seen with the NSAID (Fig. 2b)
[43]. In a follow-up experiment, we hypothesized that the caspase-1 inhibition may
be improving hippocampal-dependent memory by reversing the age-related decline
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Fig. 2 Age-related chronic neuroinflammation impairs cognitive function. Decreased neuroinflam-
mation in the aged brain by a nonsteroidal anti-inflammatory drug (NSAID) (a) or caspase-1
inhibitor (b) restored cognitive function in aged rats. a Sulindac, an NSAID that is a nonselective
cyclooxygenase (COX) inhibitor, was shown to reverse the age-related deficits in contextual fear
conation in 20-month-old male fisher rats, while sulfone a non-COX active metabolite was not
able to. The improvement in memory was correlated with the reduction in interleukin (/L)-1b.
There was no age-related effect on freezing to the novel context; ““P < 0.005 from young, P
< 0.005 from aged/control, and *P < 0.001 from aged/sulindac. b Using a caspase-1 inhibitor
which blocks the formation of active IL-1f resulted in a similar reversal of age-related deficits
in contextual fear as the NSAID treatment. "P < 0.05

in neurogenesis. Following the same experimental methods as the previous study,
we found that caspase-1 inhibition did result in an increase in neurogenesis in the
aged rats (Fig. 3) [44].

As expected caspase-1 inhibition dramatically reduced IL-1f levels, but the effect
was not limited to IL-1p. In addition, caspase-1 inhibition also decreased TNFa and
microglia activation. Furthermore, there was also increase in the anti-inflammatory
cytokines IL-10, as well as an increase in IGF-1 [43, 44]. So while the target for
caspase-1 inhibition was to decrease IL-1f levels, many inflammatory pathways
were altered by caspase-1 inhibition. This is in part due to the interdependency of
the cytokines and their cascading effect. Nevertheless, it has been shown that the
NSCs do express the receptors for both IL-1 and TNFa, thereby having the potential
to effect proliferation, development, or survival of the NSC [45-47].

IL-1B is a potent suppressor of neurogenesis but it is not completely clear how
IL-1pB achieves this effect. IL-1 is able to induce apoptosis in NPC phosphoryla-
tion of the SAPK/JNK pathway [45], thereby having a direct effect on the survival
of the newborn neurons. The NF-kB/Ixk pathway also seems to be critical in regu-
lating the effects of IL-1f on proliferation, possibly by decreasing cyclin DI
expression [47]. IL-1p also seemed to slightly favor differentiation into an astrocyte
linage as determined by the marker GFAP [45].
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Fig. 3 Age-related neuroinflammation causes a decrease in hippocampal neurogenesis. a Aging
results in a significant decrease in neurogenesis, as was seen by the decrease in BrdU-postive cells
in the subgranular zone/granule cell layer (SGZ/GCL) of aged fisher 344 rats compare to young
adult rats. The age-related decrease in neurogenesis was attenuated by 28 days of intracerebrov-
entricular infusion of Ac-YVAD-CMK, a capase-1 inhibitor ("P < 0.05). Caspase-1 inhibition
blocks the production of pro-IL-1p to the active form of interleukin (/L)-1p. The results demon-
strate that at least part of the decrease in hippocampus neurogenesis with age is due to elevated
cytokine levels. Representative confocal micrograph of (b) BrdU-labeled cells (red) and NeuN*
(green) and (¢) BrdU* (red) and TUJ1* (green), confirms that the increase in BrdU* cells did
represent an increase in neurogenesis (See Color Plates)
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IL-1P is not alone in being able to directly affect NSC. Recently, Iosif (2006)
has shown that the inflammatory cytokine TNFa can also assert a direct effect on
NSC proliferation. TNF receptor 1 (TNF-R1) appears to have a regulatory function
by blocking proliferation during inflammation. This action occurs directly at the
NSCs which express both TNF-R1 and TNF-R2. TNF-R2 appears to play a neuro-
protective role, although its function is a little less clear than that of TNF-R1 [46].

4 Effect on Microglia

The main cell type in the CNS that is responsible for immunity is the microglia.
While astrocytes and neurons can make inflammatory mediators, the microglia are
the main source of inflammatory cytokines.

Microglia are always surveying the microenvironment, and once they sense the
appropriate queues such as neuronal damage, the cells will hone to the site of damage.
This initial phase of activation appears to be very beneficial in protecting the brain,
but if the activation continues unabated then more damage can result [24]. It appears
that this effect is due to the delicate nature of the CNS and neurons’ inability to
regenerate in most regions of the brain. As the resident immune cells in the CNS,
microglia constitutively express surface receptors that trigger or amplify the innate
immune response, including Toll-like receptors, complement receptors, cytokine
receptors, chemokine receptors, major histocompatibility complex II, and others
[48]. However, the role of microglia is not destructive. Upon detection of homeo-
static disturbance, microglia rapidly respond by inducing a protective immune
response. The protective immune response begins with a transient upregulation of
inflammatory molecules, including proinflammatory cytokines such as TNF, IL-1,
and IL-6, and IL-12 [49, 50]. This is followed by a protective phase that is immu-
nomodulatory and neuroprotective. The protective phase includes neurotrophic
factors such as BDNF, GDNF, and IGF-1 [51-53]. Thus, microglia remove cells
damaged from acute injury and protect CNS functions.

Microglia are neither proneurogenic nor antineurogenic but their influence on
neurogenesis is dependent on their activation state of either “classically” activated
or “alternatively” activated [54, 55] (Fig. 4). Much like what has been proposed for
peripheral macrophages, microglia are very pleiotropic. Microglia can become
“classically” activated as defined by the release of proinflammatory cytokines
(e.g., TNFo and IL-1B). Once in this “classically” activated, pro-inflammatory
state, microglia are associated with further production of these pro-inflammatory
cytokines, reactive oxygen species, chemokines, and matrix metalloproteases,
resulting in cell death of invading cells and tissue destruction, and type-I inflamma-
tion. A second type of microglia are those that are activated by such things as IL.-4
and TGFp, and are called “alternatively” activated or in an “M2” state (following
the TH1/TH2 classification of T-helper cells). Compare to the “M1” or “classically”
activated state, microglia in the “M2” state can be protective [S0]. When macro-
phages/microglia are in this “M2” state, there is little release of proinflammatory
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Fig. 4 Microglia: protective or harmful? Microglia are normally in a resting state in which they
are actively surveying the microenvironment of the brain. The microglia are resting in the sense
that they are not performing effector functions such as producing inflammatory mediators like
interleukin (/L)-1p and tumor necrosis factor-o. (TNF¢r). When microglia are producing inflam-
matory mediators, the microglia would be considered in a “classically activated state” or “THI1”
state. Microglia can also become “alternatively activated” in such a way that they produce growth
factors, such as IGF-1 and TGFp. The “alternatively activated” microglia can support tissue
remodeling and repair. Beyond releasing signaling molecules, microglia also have an important
role in phagocytosis. The role of microglia, as protective or harmful, depends upon the ability of
the microglia to switch from the different activation states at the appropriate time. Understanding
how and when to turn microglia “on” or “off” is an important future direction of research. This is
especially the case with aging where microglia are most needed to remodel and repair and to
remove damaged cells and misfolded proteins. With age, microglia may lose the ability to perform
these important effector functions making the aged brain more susceptible to injury and insult (See
Color Plates)

cytokines and they are resistant to activation by agents such as LPS. In this alterna-
tive state, macrophages promote extracellular matrix formation and angiogenesis.
A third type of microglia is one that becomes dysfunctional with age. The senescent
microglia are not able to respond appropriately to stimuli and may exacerbate
neuroinflammation [56, 57]. When microglia are in what is believed to be a “senescent”/
“classically” activated state, their numbers do seem to regulate neurogenesis
(Fig. 5¢) [58], although how this occurs is unclear.

5 The Role of Adaptive Immunity in Regulating Neurogenesis

It has been clearly shown that in the CNS there is a marked increase in inflamma-
tory activity associated with aging; it is less clear what causes this inflammatory
state [59-61]. It appears that there may be a correlation between inflammation in
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Fig. 5 Umbilical cord blood promotes neurogenesis. a 10° Umbilical cord blood cells were
injected intravenously into 20-month-old F344 rats. In the aged rats, a significant increase in
neurogenesis was found (“P < 0.05), as shown by the increase in the number of doublecortin* cells
in the subgranular zone/granule cell layer (SGZ/GCL). b Representative photomicrograph of staining.
¢ The intravenous injection of umbilical cord blood cells caused a significant decrease in the
number of activated microglia ("P < 0.05). d A negative correlation was found such that a decrease
in the number of activated microglia was correlated with more neurogenesis in the aged rats

the CNS and a decrease in immunological function in the periphery [62, 63]. This
correlation, while interesting, adds little to the explanation of what is occurring in
the CNS if we maintain the view that the CNS is immunologically privileged,
where overzealous immune cells are blocked from causing havoc. It appears that
the “immune privilege” of the CNS is not completely true. As it turns out the CNS
does have a reservoir to drain antigen in the cervical lymph nodes [64]. The recruit-
ment of leukocytes can also take place in postcapillary venules [65]. Normally, in
a young adult in the absence of disease, there is a clear demarcation between the
peripheral immune system, innate and adaptive, and the CNS immune system with
its “lone sentinel,” the microglia. As can be seen following an acute stimulation
such as a traumatic injury or ischemia, the protective status of the CNS is revoked
and peripheral immune cells (dendritic cells and T cells) can enter into the CNS.
The consequences of the invading peripheral immune cells is to either clear debris
and rebuild damaged tissue or exacerbate the injury. The result is dependant on a
well-controlled response that appears to be governed by T cells [66].
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Injury is not the only time that this immune privilege is revoked; in aging, you
can also find invasion of T cells and dendritic cells [67]. Occurring as early as
12 months of age in rats, dendritic cells and T cells can be found in the brain. These
peripheral immune cells, which are absent in young adult rats, are found widely
distributed throughout the aged rat brain, and are particularly associated with white
matter tracks [67, 68] What causes this invasion of peripheral immune cells is not
entirely known. It has been shown that there are changes to structure and function
of the blood—brain barrier as a result of age, which causes an increase in permeability
[69-T71]. It has also been demonstrated that the effects of a T-cell response may be
through altering the activity of the microglia and this response is important for
maintain neurogenesis [55, 56, 72, 73].

Recently, we have demonstrated that in intravenous injection of human umbilical
cord blood was able to restore the potential of the aged NSCs (Fig. 5) [58]. The
effect of the umbilical cord blood cells was believed to act by an interaction in the
peripheral circulation. Interestingly, coinciding with the increase in neurogenesis, a
decrease in microglia activation was also found. Furthermore, there was a negative
correlation found whereby those animals that had decreased numbers of activated
microglia had an increase in neurogenesis. The results do suggest that circulating
immune cells can have an effect on the CNS.

6 Conclusion

Neurogenesis is an important means of synaptic plasticity that is diminished with
increasing age. During aging and exacerbated in AD, a state of chronic inflammation
occurs. Inflammation, while not the only cause for the decrease in neurogenesis with
age, is very important in regulating neurogenesis. To harness the potential of neuro-
genesis to help in brain repair, a better understanding of the mechanism of how
inflammation is regulating neurogenesis is necessary. Furthermore, while high levels
of cytokines do inhibit neurogenesis, it should be remembered that inflammation is
beneficial when it is well controlled. Therapeutic interventions that help to regain the
immune balance that is lost with age should be an important consideration in devel-
oping treatments for aging and age-related neurodegenerative diseases.
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Tau Transgenic Mouse Models in Therapeutic
Development

Hanno M. Roder

Abstract Although a unifying animal model of Alzheimer’s disease (AD) has not
been forthcoming, specific pathological features have been successfully induced
in transgenic mice with mutated human genes identified by genetic analysis. A
particular problem is that the defining pathologies of AD, amyloid-f peptide
amyloidosis, and neurofibrillary tangles formed by the abnormally modified
microtubule-associated protein tau cannot both be induced by a single mutation
as in humans, calling in question straightforward cause—effect hypotheses. On the
contrary, the separate manifestation of these pathologies in mice points to their
distinct functional consequences: amyloid-f3 pathology interferes with synaptic
efficiency but does not by itself drive neurodegeneration, while tau pathology
appears to be the direct mechanism of neuronal degeneration and brain atrophy. In
both cases, however, the latest data favor a dominant role of biochemical precursors
to the obvious neuropathological structures, which originally defined the disease.
In any case, for therapeutic development, tau pathology needs to be addressed for
lasting treatment results in AD. Initial therapeutic studies with mouse models of
tauopathy support their utility in the discovery of antineurodegenerative therapeutic
principles. Moreover, certain aspects of tau pathology and their functional conse-
quences may be partially reversible. Apart from such immediate utility, transgenic
mouse models also promise to provide unique insights into the biochemical details
of tau pathology, which are impossible to obtain from human AD brains.

1 Challenges to Modeling Alzheimer’s Disease

The understanding of the molecular pathology of Alzheimer’s disease (AD) and
with it the rational conception of prospective therapeutic ideas are still obstructed
by the lack of a unifying concept withstanding all experimental tests. The difficulty
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is related to a schisma set up in the original definition of the disease as formu-
lated by Alois Alzheimer a century ago. Descriptive studies of the main patho-
logical lesions, extracellular aggregates of amyloid-P3 (AP) peptides derived from
a transmembrane amyloid-f3 protein precursor (ABPP), and intracellular aggre-
gates of the abnormally modified cytoskeletal protein tau have not resolved
cause—effect issues to a detail as desirable for systematic drug discovery. One of
the problems recognized early is that the two lesions do not have to occur
together. Most important, the presence of parenchymal A} deposits at high levels,
in the absence of vascular involvement, is often not associated with clinical
dementia [1-4], while pure tauopathies (some types of frontotemporal dementia,
Pick’s disease, corticobasal degeneration, etc.) are without exception associated
with the functional deficits corresponding to the affected brain areas. Moreover,
rates of brain atrophy are not related to any measure of pathologically assessable
AP deposition [5]. Differences in the nature of the amyloid depositions between
normal and AD subjects could be invoked to account for this discrepancy [6, 7];
however, it is unclear how this would interface with an increasingly discussed
role of soluble AP} upstream of deposition in neurodegeneration (see below). Not
necessarily functionally committed to AB pathology, genetic analyses of rela-
tively rare early onset AD have provided clear evidence for the ability of ABPP-
related biology to cause the disease [8, 9] in conjunction with generic age-related
changes, which remain anonymous, however. This fact has fostered the develop-
ment of a fairly broad consensus that the key to truly fundamental and therefore
curative therapeutic interventions must lie within the biochemistry of ABPP, and
more specifically, its proteolytic processing to produce the aggregating AP peptides
[10]. Various alterations in processing linked to pathogenic mutations in ABPP
and to mutations in two of its proteases (presenilins, y-secretase) have contributed
to this view (e.g., [11-13]).

Although the correlative evidence amassed for a central position of A in therapeutic
concepts is intriguing, the advent of animal models based on human pathogenic
mutations in key AD molecules has given further cause to believe that something
must be amiss in a sequence of events termed the “Amyloid Cascade Hypothesis”
[10]. ABPP or ABPP/PS1 transgenic mice with human disease-causing mutations
indeed produce massive amyloidoses, but no neurodegeneration [14, 15]. There are,
however, functional deficits in learning and memory, and those may be related to
impairment of synaptic function by soluble AP species, rather than plaques [16,
17]. These observations have directed attention to the pathological activity of
precursors of amyloid plaques, and their acute role in such mouse models is
supported by the nearly immediate and dramatic reversal of deficits after passive
immunization [18, 19]. However, such reversals have not been seen in a pioneering
clinical trial of AP vaccination in AD patients [20], although postmortem examination
showed that the pathological objective, that is, substantial clearance of AB-plaques,
was indeed achieved [21]. Even a slow-down of deterioration of treated over
placebo AD groups could not be clearly demonstrated after long-term follow-up of
those patients with generally maintained anti-Ap titers, which had escaped the side
effects [20]. This disconnect invites the interpretation that the functional effects of
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soluble AB-species in mice are dramatically exaggerated by the overexpression of
mutant ABPP (and thereby AP), which is required to precipitate AB-pathology in
such mice, and is sufficiently low in human AD patients to be difficult to detect on
the background of more dominating events. The mouse data further suggest that
even if pathological AB-species are cleared, the therapeutic effect in the best case
may not amount to much more than an offset of acute impairment, very much like
cognition enhancers.

Notwithstanding a primary causal role of ABPP-biology, the more dominating
contributor to functional impairment in AD patients with active disease may
therefore be the substantially irreversible neurodegenerative activity rather than
the component of acute synaptic impairment. The synopsis of the above body of
findings suggests that consistently intracellular non-Af pathologies, like Lewy
bodies, vascular pathologies, or more frequently tauopathy in the case of classical
AD, may be driving the functionally dominating aspect of clinical AD, that is, the
loss of brain mass [5]. The failure of mouse models of AB-pathology to recapitulate
the tauopathy aspect could be blamed on endogenous mouse tau, which may
simply lack some biochemical prerequisite to transduce the pathological impetus
of the “amyloid cascade” in the way the human homologue does [22]. Yet wild-
type human tau in the mouse context is also not coerced into PHF (Paired Helical
Filament) pathology on the background of ABPP/PS1 transgenic mouse pathology
[23]. Only mice carrying pathogenic mutant human tau, causing “tau-only”
pathology in both mice and humans, respond with enhanced tau pathology in the
presence of AB-pathology [24-26]. However, in the absence of a clear de novo
induction of tauopathy in an animal model, corresponding to the signal-transduc-
tion nature of the “amyloid cascade” proposition, there is no way to ascertain
whether this synergy represents a specific interaction of the respective patholo-
gies as entertained for AD, or to even exclude an artifactual result.

On this background, tau transgenic mice with the bona fide tau pathology of AD
emerge as indispensable tools for therapeutic AD research.

2 Models of the Tauopathy Aspect of AD

Neurofibrillary pathology, similar in structural and biochemical aspects, is also
found in a variety of less common neurological conditions other than AD, as
defined by the absence of concomitant Af-plaque pathology. The symptomatology
corresponds to functional involvement of the brain regions afflicted (e.g., an ini-
tially more psychiatric phenotype in FTDP-17). The progressive nature of all of
these conditions in the absence of other pathologies emphasizes the self-propagating
nature of tau pathology on its own, and disease durations are not unlike those of
AD. As a consequence, it is highly plausible that tauopathies may progress inde-
pendently of their cause, once started. For AD, it raises the specter that in spite of
APPP-biology being able to constitute a single sufficient cause of AD, its antagonism
may not be fully effective with tauopathy underway [27]. Tauopathy is already
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manifest in mild-cognitive-impairment patients [7], which convert with high
likelihood to AD [28].

In some instances, tauopathies have an autosomal-dominant inheritance pattern,
and this was traced to mutations in tau [29]. Transgenic mice producing the same
mutant human tau proteins develop neurofibrillary pathology very similar to AD
[30], accompanied by unambiguous neurodegeneration [31]. More specifically, the
pathological tau protein in such mice is found in a qualitatively abnormal form,
indistinguishable from the PHF-tau proteins found in AD and all other tauopathies.
The conversion of normal tau into PHF-tau is effected by abnormal hyperphospho-
rylation, which is unable to perform its normal function related to binding to micro-
tubules, and aggregates. All known markers of PHF-type hyperphosphorylation are
reflected in the hyperphosphorylated human tau expressed in transgenic mice [32],
including an abnormal SDS-resistant conformation reported by a uniquely retarded
SDS-PAGE mobility behavior, which is never seen in any physiological situation.
There appears to be no normal context for tau hyperphosphorylation of this type.
This is decisively distinct from many other biochemical abnormalities in disease
biology, which are quantitative deviations: increased Af levels, over- or underacti-
vation of pathways in proliferation and inflammation, abnormal levels of factors
and hormones, etc. The faithful recapitulation of PHF-tau pathology in tau trans-
genic mice makes them attractive models to test specific pathomechanism-directed
anti-neurodegenerative therapeutic strategies.

3 Tau Hyperphosphorylation as a Key Therapeutic Target

The characteristic qualitatively abnormal hyperphosphorylation of tau is the com-
mon denominator of all tauopathies and AD [33]. In transgenic mice, the onset of
pathology and functional impairment is not seen prior to the emergence of this
biochemical hallmark. This suggests that with or without mutations of tau, it is the
hyperphosphorylation which converts a latent problem into active pathology during
aging. Inhibition of this process is therefore highly plausible to prevent, retard, or
possibly even partially reverse the pathology in a causal way.

Although transgenic models of tauopathy based on mutations of tau have been
available since the year 2000, only few reports of their use for therapeutic test pur-
poses have surfaced to date (Table 1). Addressing a surmised abnormal conformation
of mutant tau, hsp90 inhibitors have been tested in the JNPL3 mouse model with
spinal cord pathology and motor phenotype [34]. In analogy to mutant proteins in
cancer, inhibition of heat-shock protein (hsp)90 (i.e., its ATPase activity) leads to
reduced chaperone activity and enhanced degradation of the mutant tau protein over
normal tau protein. This led to reduced formation of sarcosyl-insoluble PHF-tau
species, which are frequently used as a biochemical proxy to pathologically defined
neurofibrillary tangles. However, the relationship of these operationally defined
species to the overall scope of tau hyperphosphorylation is less certain than generally
assumed (vide infra). Moreover, no impact on phenotype was described. It is also
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unclear whether this approach would be viable in the much more frequent tauopa-
thies not driven by mutations in tau, where tau levels might be unresponsive to
hsp90 inhibition. In view of this concern, mutant tau transgenic models may not be
particularly predictive for AD for this specific approach. On the other hand, the
levels of a host of other proteins not involved in pathology are likely to be affected
in view of the normal function of hsp90.

Other studies using mutant tau transgenic mice sought to directly address inhibi-
tion of tau hyperphosphorylation. Since GSK3- has been implicated as a tau
kinase, JNPL3 mice were treated with therapeutic levels of lithium, a specific
GSK3 inhibitor [35]. There was a reduction in pathological markers when applied
before the age of onset of symptoms, but it is questionable whether this was related
to GSK3 inhibition in view of the increasing recognition of lithium as an enhancer
of autophagy via inositol-monophosphatase inhibition [36]. In any case, a retardation
of functional impairment was not seen with this treatment, which corroborates
results discussed below that the generally used pathological markers of tauopathy,
which biochemically represent downstream products, may not be the dominant
toxic tau species.

Significant efficacy, even at ages around disease onset, on the level of abnormally
hyperphosphorylated tau species as well as for onset and/or progression of
motor impairment in the same model was observed with the orally bioavailable
and brain-penetrating compound SRN-003-556, exhibiting a broader kinase
inhibitory spectrum [37]. This compound was developed on the basis of efficacy
in cell models of tau hyperphosphorylation induced by the mainly PP2A-
inhibiting agent okadaic acid [38], which are the only models where all criteria
of PHF-type tau hyperphosphorylation (including loss of microtubule-binding)
become manifest. Only inhibitors including the inhibition of ERK?2 in their spec-
trum were active in this model, although inhibition of ERK2 alone was not suf-
ficient. Consequently, SRN-003-556 was optimized with ERK2 as a lead assay,
although collateral inhibitory activities are probably relevant as well. A surprising
observation in this study was the apparent uncoupling of tau hyperphosphorylation,
determined by biochemical means, from pathologically assessed neurofibrillary
tangle counts. While in the absence of treatment, those measures correlated well,
as expected, under treatment, only the amount of hyperphosphorylated tau was

Table 1 Therapeutic approaches for tau pathology tested in mutant tau transgenic mice

Mouse PHF-tau  Tangle Phenotype
Target model Agent reduction reduction improvement Reference
GSK3 JNPL3 Lithium ? Yes No [35]
Cdk5 Not tested — — - - - -
MAP-kinases JNPL3 SRN-003- Yes No Yes [37]
556
HSP-90 JNPL3 Small Yes ? ? [34]

molecule
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reduced significantly, but not the tangle counts [37]. Hyperphosphorylated tau
was determined directly from whole brain supernatants, and not using the proxy
of sarcosyl-insoluble PHF-tau obtained through further fractionation of the
former. It has since been noted that sarcosyl-insoluble PHF-tau represents only
a rather marginal fraction of the total pool of hyperphosphorylated tau [39],
which in some cases can even exceed the levels of normal unaffected tau.
Moreover, the sarcosyl-insoluble tau pool from the JNPL3 inhibitor study
remained also unaffected by treatment (H. Roder, unpublished observations),
indicating a closer relationship with the tangle pool, and calling into question the
use of that pool to assess tau kinase pharmacology. A possible explanation for
this curious discrepancy might be that formation of histopathologically defined
tangles is a much slower (rate-limiting) process than biochemical formation of
abnormally hyperphosphorylated tau. Such a partial uncoupling between
upstream pathological tau biochemistry and downstream classical markers of
neurofibrillary degeneration could potentially explain findings of neurodegen-
eration in tau-transgenic mouse models seemingly independent of classical
neuropathological tau markers [40, 41]. However, this would also imply a lower
toxicity of tangles compared to its precursors.

These results match those obtained by reducing tau pathology using genetic
means. In a conditional transgenic mouse model of cortical tau pathology with a
learning and memory phenotype, suppression of mutant tau expression after onset
of tau pathology did not reduce sarcosyl-insoluble tau species or tangle counts,
but halted neurodegeneration and led even to a moderate recovery of memory
function [42]. It is therefore conceivable that upstream aspects of tau pathology
might be reversible to some degree, and that the respective therapeutic principles
could not only act as mere modifiers of progression but also lead to immediate
relaxation of neurological symptoms. This prospect is yet to be confirmed by
pharmacological means.

4 Conclusion

Tau transgenic mice have become indispensable tools in AD-therapeutic research.
They model all known features of the pathology: the highly specific type of hyper-
phosphorylation of tau, the aggregation of this abnormal tau into straight or paired
helical filaments, neurofibrillary tangles with the full complement of antigenic
properties, and robust neuritic and cellular degeneration with commensurate func-
tional deficits. Although the entire chain of events of AD is certainly not modeled
in such mice, all processes at the level or downstream of PHF-tau formation, such
as hyperphosphorylation, aggregation, clearance, loss of neurons, and functional
impairment are very accessible in reasonable time frames, and provide highly
credible readouts to test any therapeutic intervention strategy. Efficacy in such
models, especially in view of their aggressiveness, can be expected to predict
efficacy in man.
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What Have We Learned from the Tau
Hypothesis?

Ricardo B. Maccioni, Gustavo A. Farias, Leonel E. Rojo, M. Alejandra
Sekler, and Rodrigo O. Kuljis

Abstract Until the appearance of the Danger Signals Hypothesis on Alzheimer’s
disease (AD), none of the hypotheses on its pathogenesis accounted coherently
for the diversity of the earliest events that trigger neurodegeneration, and that
eventually result in senile plaques (SP) and neurofibrillary tangles (NFTs).
The original version of the most commonly held amyloid hypothesis rests on the
concept that amyloid-B (AP),_,, self-polymerizes over many years to form SP,
which then triggers the entire array of subsequent brain lesions. However, recent
findings point to unpleated A} oligomers (ADDLSs) as the major culprit for synaptic
impairment, well before neuronal degeneration ensues. Amyloid deposits thus
appear to be a rather late event in a long chain driving progressively more severe
neuronal, glial and neuropil alterations. AD is a multifactorial disorder in that
protein alterations, oxidative stress, neuroinflammation, immune deregulation,
impairment of neuronal-glial communication, and neurotoxic agents appear to be
the major factors triggering neuronal degeneration, and the balance among these
seems to vary from patient to patient. Although diverse, these factors induce deleterious
signaling through different sets of neuronal receptors that converge in the hyperphos-
phorylation of tau molecules. Thus, tau hyperphosphorylation constitutes a common
final pathway for most of the altered molecular and cellular factors that eventually
result in degenerating neurons. This raises the question as to precisely what triggers
the pathological phosphorylation. We have shown that A oligomers, oxygen free
radicals, and iron overload destabilize the equilibrium between the activities of
protein phosphatases and kinases involved in tau assembly. Furthermore, overpro-
duction or processing alterations of trophic factors such as NGF by activated glial
cells trigger signaling cascades via p75, leading to cdk5 activation, followed by tau
hyperphosphorylation and neuronal death. The cytokines TNFa, IL-1, and IL-6
induce activation of the cdk5/p35 complex, which causes tau phosphorylation.
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Converging lines of evidence reveal the involvement of innate immunity (in
contrast with the more widely acknowledged, but probably less-important involvement
of adaptive immunity) and the role of inflammatory processes in the development of
AD-associated neuronal changes. While methodological challenges cannot be ruled
out in the interpretation of the so far confusing and sometimes even contradictory
clinical trials, inflammation is essential in virtually all animal models for AD-like
lesions. Taken together, these observations indicate that slowly accumulating
danger/alarm signals to the innate immune system interfere with the balance of
protective versus degeneration-promoting mechanisms, shifting the equilibrium
toward neurodegeneration that involves deregulation of protein kinases cdk5 and
GSKB, tau hyperphosphorylation, and its aggregation into anomalous polymers in
the neuronal cytoskeleton that constitutes the converging result of a large array of
risk factors over time. These mediate the inexorable worsening of cognitive mani-
festations along with neuronal degeneration and the eventual appearance of tardy
lesions such as SP and NFTs. This new theoretical framework based on recent
experimental findings may serve as a powerful tool in the development of the
much-sought biomarkers and in vivo imaging technology for the early diagnosis of
AD. This will also help in the design of effective interventions to both treat and
perhaps even prevent this increasingly prevalent brain disorder.

Abbreviations A, amyloid-f; AD, Alzheimer’s disease; ADDLs, A} oligomers
neurotoxic for the synapses, B-structure, secondary structure type beta of a protein;
CdkS, cyclin-dependent protein kinase 5; C-terminal domain, carboxyl-terminal
domain, GSK3p, glycogen synthase kinase [3; CSF, cerebrospinal fluid; IL-1 and
-6, interleukins 1 and 6, LDL, low density lipoproteins, MAPs, microtubule-asso-
ciated proteins; NFTs, neurofibrillary tangles; PHFs, paired helical filaments; SP,
senile plaques; TNFa, tumor necrosis factor-o.

1 Introduction

The discovery by Alois Alzheimer of neurofibrillary tangles (NFTs) in the brains
of patients with the neurodegenerative disorder named after him [1] provided a
pivotal impetus for the study of their molecular substrate [2, 3]. However, it was
only in the 1980s that it became evident that the major components of NFTs, the
paired helical filaments (PHFs), are mainly formed by a hyperphosphorylated form
of the tau protein [4, 5]. Many studies have since improved our understanding of
tau hyperphosphorylation, changes in tau interaction patterns with microtubules,
and alteration of the neuronal cytoskeleton [3, 6], but the structural basis for tau
self-aggregation is still a major scientific puzzle that remains to be elucidated.
On the basis of structural studies, together with the elucidation of the signaling
cascades in neurodegeneration, we postulated a hypothesis based on the concept
that tau hyperphosphorylation constitutes a final common pathway in the pathogenesis
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of Alzheimer’s disease (AD), upon which a host of signaling mechanisms converge,
and that this phenomenon precedes widespread neuronal degeneration [7—17].

Thus, the tau hypothesis is based on a host of converging studies [2, 18-21] and
is revisited here in the light of recent findings and the increasingly evident role of
altered immunomodulation in AD [22, 23]. We believe that the establishment of an
experimentally testable unifying hypothesis on AD is the best basis on which to
build innovative diagnostic and therapeutic approaches. The virtually unchallenged
acceptance of the amyloid hypothesis for around two decades, after Glenner and
Wong [24] postulated it, has led to unsuccessful and costly efforts to generate drugs
to control AD, since pleated amyloid and senile plaques (SP) are most probably not
the cause of neuronal degeneration [23]. Thus, the lofty expectations harbored on
antiamyloid therapies will most likely not materialize. In fact, the revised version
of the most commonly held amyloid hypothesis [25] rests on the concept that
amyloid-B (AP), ,, self-polymerizes over years to form SP, which then trigger the
entire array of subsequent brain lesions. However, increasing numbers of recent
findings point to unpleated AP oligomers (ADDLs) as the elements responsible
for synaptic impairment well before the “classical” lesions develop, including
accumulations of fibrillary amyloid [26]. Moreover, SPs are also common in
neurologically healthy individuals, and not unique to AD. On the basis of these and
additional evidence, followers of the tau hypothesis have pointed to the fact that tau
aggregation and neurotoxicity associated with the hyperphosphorylated forms
constitute common events determinant for the neurodegenerative cascade, and that
amyloid pathology could be one among many other risk factors for the disease.

Recent evidence reviewed here indicates increasingly and unequivocally that
AD is a multifactorial disorder [2, 21] and consequently, hypotheses on the etiology
of AD that account for this fact are more likely to be experimentally corroborated
and lead to successful therapeutic and preventative interventions. Therefore, we
focus our discussion on the updated tau hypothesis together with current neuroim-
munomodulation concepts that provide a novel unifying hypothesis of AD etiology
and pathophysiology that account coherently for virtually all known facts of the
disorder and point the way for subsequent efforts at understanding and conquering
it. Therefore, the information obtained in the process of testing this new hypothesis
experimentally will likely be helpful to formulate an innovative AD therapy and to
design reliable biomarker strategies for its diagnosis [27-29].

2 Alzheimer’s Disease: A Pivotal Focus for Innovative
Biomedical Technology Development

The classical era of neurological sciences during the end of the nineteenth century and
the last century was characterized by pivotal discoveries such as synaptic transmission,
the complexity of brain functions, and the correlation between neuroanatomical infor-
mation and neurophysiology from Cajal to the present [30, 31]. With the rise of modern
cell biology and molecular genetics four decades ago, a broad area of innovative
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development began, especially in the Neurosciences, that, among other subjects,
promises to provide solutions to the challenges of prevention, diagnosis, and treatment
of neurodegenerative diseases. Besides the strictly medical area, the Neurosciences
integrate domains such as neuropsychology and linguistics that serve as a bridge
between “hard core” sciences such as biology and physics, with the humanities [32].
Pathologies that affect cognitive processes of the brain include three major groups of
diseases: neurodegenerative disorders, with AD being by far the most prevalent disease
— and the one with a dramatically increasing incidence — stroke, and brain trauma.
The social and economical cost to public health of all these pathologies is enormous.
Therefore, scientific endeavors through decades have led to important findings on the
alterations in the proteins involved in neurodegenerative disorders, on the structure and
cellular functions of tau protein, and on the relationships that link the effects of the
amyloid- and tau hyperphosphorylations in the pathogenesis of AD.

AD is the principal cause of dementia throughout the world, and the fourth cause
of death in well-developed economies after cancer, cardiovascular diseases, and
stroke. However, the set of disorders that causes cognitive impairment, which
includes vascular brain disorders and head injury, is the largest cause of morbidity
and mortality. More than 5 million people are affected by this disease in USA alone,
and mortality is over 100,000 per year, with a cost to the economy that exceeds US$
100 billion [33-36]. Thus, AD constitutes nowadays one of the largest health
problems in the world, since projections for year 2010 indicate that more than
36 million people will have AD.

As mentioned previously, it is clear that AD is a disease caused by multiple fac-
tors — and not a single unifying “cause” — that besides tau aggregates involve, among
many signals triggering the neurodegenerative cascade, the presence of soluble neu-
rotoxic amyloid oligomers (ADDLs), neuroinflammatory cytokines, deregulation of
neuron-glial cells, cross talks mediated by changes in the production and processing
of growth factors, proinflammatory cytokines and other signaling molecules, and
oxidative stress [23]. Despite the apparent absence of tau mutations in familial forms
of AD, the tau hypothesis has increasingly stronger support from studies in cells and
animal models and also from the clinical and neuropathological evidence indicating
that tau pathology is pathognomonic of AD. Furthermore, in tauopathies associated
with frontotemporal dementia (FTD-17), point mutations on tau are clearly an estab-
lished cause of dementia [37], demonstrating that tau alterations alone are sufficient
to produce cognitive deterioration independently of the risk factors that lead to AD.
Therefore, the tau hypothesis of AD is indispensable among the efforts to establish
a bridge between basic research discoveries on tau and its biomedical implications.

3 Tau and Tau Aggregates

The low molecular weight microtubule-associated protein (MAP) tau is the major
component of the MAPs in axons, and plays critical physiological roles in stabilizing
microtubules and inducing its own assembly [6, 38]. One of the most intriguing
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properties of this brain polypeptide is that, under pathological conditions, tau self-
aggregates into PHFs, which turn into the NFTs during the course of AD, one of
the neuropathological hallmarks of AD and tauopathies [3, 39, 40]. However, today we
know that hyperphosphorylated tau or oligomers of this protein exert the pathological
effects, triggering neurotoxic action and altering the normal interaction patterns of
the neuronal cytoskeletal network [41]. Moreover, a link between pathological tau
oligomerization and cognitive impairment has been shown [42]. Important advances
toward our understanding on in vitro tau polymerization has been provided by a
number of authors, including those from our laboratory [4, 12, 13, 43-45].
However, the mechanisms underlying the structural transition from an innocuous,
natively unfolded, tau to its neurotoxic polymers remain unknown, as is the detailed
structural mechanisms of this macromolecular aggregation.

Tau protein binds to microtubules through the “repeat domain” in the C-terminal
fragment, two flanking regions are also important for the process of microtubule
polymerization [8, 46, 47]. Simulation models in addition to binding analysis have
accounted for the nature of tau association with microtubules [48]. Tau interaction
with other cytoskeletal structures has been also shown [49, 50]. Tau variants have
been found in centrosomes [51] as well as in the neuronal nucleus, the role of the
latter analyzed by Sjoberg et al. [20]. It has been demonstrated that there are two
motifs in the upstream flanking domain, ’KVAVVRT?! and **LQTA?*, and one
downstream of the repeats, ’ KIETHKTFREN?*¥, which strongly contribute to
the binding to the acidic outside of microtubules as well as to the binding of other
polyanions such as heparin, which is a process commonly used to form PHFs in
vitro [44, 52]. Advances have been obtained on tau arrangement within PHFs,
being present in discrete nonconfluent patterns within PHFs forming bridges that
interconnect individual PHFs to form the complex macromolecular network known
as NFTs [53]. Tau aggregation results from transitions from random coiled domains
to B-structure [54]. NMR studies allowed the characterization of a 198-residue tau
fragment composed of the 4 tandem repeats and the flanking domains and containing
the full microtubule binding and tau assembling activity. The highest propensity for
[3;-structure is within the four-repeat region, whereas the flanking domains are
largely random coil, with an increased rigidity in the proline-rich region [55].

Chemical shift perturbation studies show that polyanions that promote PHFs
aggregation as well as microtubules interact with tau through positive charges near
the ends of the repeats and through the -forming motifs at the beginning of repeats
2 and 3. The high degree of similarity between the binding of polyanions and
microtubules supports the hypothesis that stable microtubules prevent PHF formation
by blocking the tau-polyanion interaction sites, which are crucial for PHF formation
[55]. On the other hand, interesting results point to the role of tau oligomers in early
stages of AD and tauopathies. Maeda et al. [56] have identified a granular tau oligomer
with a prefilamentous structure which is present in samples of the frontal cortex of
asymptomatic patients displaying Braak-stage I neuropathology, a stage where
clinical symptoms of AD and NFTs in frontal cortex are believed to be absent.
This suggests that the increase in tau oligomer levels occurs before NFT's formation
and before individuals manifest clinical symptoms of AD. In this context, the
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search of ligand with high affinity for tau oligomers may provide a promising avenue
for future studies on PET radiotracer for neuroimaging of tau pathology [57].

4 Cellular Cascades Leading to Tau Hyperphosphorylations

Research on the physiopathology of the major molecular factors triggering AD
pathogenesis has provided clues on the structural-functional underpinnings of
tau—tau interactions [6, 9, 22, 58], as well as on the links between generations of A3
and tau hyperphosphorylations [16, 17, 59, 60]. According to our unifying hypothesis
— built on the pivotal role of tau as a final common effector pathway — abnormal
signaling leading to degenerative processes starts with the continuous activity of
individually variable factors such as oxidative agents [61, 62], iron overload [63],
disorders of lipid metabolism, hyperglycemia, deregulation of insulin levels, chronic
infections, head trauma, and others [23]. These factors are likely to activate endog-
enous damage/alarm signals such as oxidized LDLs, oxyradicals, AP oligomers that
trigger anomalous cellular signaling cascades in microglial cells and astrocytes.
In turn, activated glial cells will respond by releasing NF-kB and overproduce
proinflammatory cytokines (TNFa, 11-6, IL-1p), thus leading to cerebral inflammation
[22, 64, 65] and serious alterations in neuron—glia interaction patterns [66, 67].
Interestingly, overproduction of IL-6 activates the JAK/Stat system via IL-6 and/or
NMDA receptors, which in turn activates MAP kinases, thus promoting the activity
of transcription factor Egr-1 that increases p35 expression (Fig. 1). This later effect
results in the activation of cdk5, protein kinase involved in neuronal development
[68], with subsequent tau hyperphosphorylation. The activation of the kinase p38 also
results in tau hyperphosphorylations [59, 64]. Cytokines IL-6 and TNFa also appear
to activate specific neuronal receptors, inducing cell cycle activity without proliferation.
Interestingly, a dual dose-dependent action of TNFa producing either local neuropro-
tection or neuronal degeneration has been evidenced [65, 69]. One of the critical
kinases involved in neuronal development, cdkS5, is deregulated in AD according to
in vitro evidence, studies in animal models with tau pathology [70], and studies in the
human brain [71]. Hence, deregulation of cdkS5 results in tau hyperphosphorylation at
residues Ser,, and Thr, . Inhibitors of cdk5 control tau hyperphosphorylation,
neuronal degeneration, and neuronal death (Fig. 2). Thus, the deregulation of the
sensitive equilibrium between protein kinases and phosphatases appears to be critical
in the degenerative phenotype of neurons [62], which is reviewed in detail in an
analysis of the involvement of cdk5 and gsk3[3; by Maccioni et al. [2].

Anomalous cascades mediated by tau hyperphosphorylations have been also
reported in several pathological pathways in neurons, such as p75 activated by an
excess of NGF (or modified NGFs) produced by AB-activated glial cells [67], NO
effects [66, 72-74]), direct action of A} oligomers on neuronal synapses [26], toxicity
of advanced glycation end-products (AGES) via RAGE receptors [73], etc. downstream
of the degenerative cascade, where hyperphosphorylated tau appears to be a final
common pathway for neuronal degeneration associated with AD.
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Fig. 1 Schematic representation of the effects of AP and brain oxidative stress signals (redox iron,
oxygen, and nitrogen free radicals) on glial cells, the resulting release of IL-6 proinflammatory
cytokine (could be also IL-1, TNFa), and activation of neuronal receptors and signaling through
JAKSs/STAT system. This signaling cascade activates MAPK and p38. Phosphorylated active MAPK,
via the translation factor Erg-1, activates p35 gene, among others, increasing its neuronal expression,
inthe overactivation of cdk5 and the subsequent anomalous tau hyperphosphorylations (Representation
generated from data of Quintanilla et al. [59] and Orellana et al. [64, 65]) (See Color Plates)

Fig. 2 Schematic representation showing the effects of inhibition of the protein kinase cdk5 by
butyrolactone I (BT) on hippocampal cells in primary cultures. cdk5 inhibition protected hippocampal
cells against the Af-induced neurodegeneration and neuronal death. The inmunofluorescence
photomicrographs correspond to analysis of cell viability in the primary cultures of hippocampal cells
derived from rat 18-day embryos. Studies indicate that cdk5 inhibitors such as BT (and roscovitine)
protect neuronal cells against the neurotoxic effects of 10 pM soluble A oligomers (Representation
generated on the basis of experimental data from Alvarez et al. [16, 17] and Muiioz et al. [68])
(See Color Plates)
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In summary, we propose that the long-term activation of the innate immune
system by an individual (i.e., patient-specific) array of risk factors is a unifying
mechanism triggering an altered signaling and inflammatory cascade that converges
in tau hyperphosphorylation by protein kinase systems, cytoskeletal alterations (tau
protein aggregation and PHFs formation), as our previously hypothesized final
common pathway to latter lesions such as NFTs, interstitial amyloid protein deposits,
and SP. In our view, the key pathogenic phenomena consist in the long-term of
maladaptive activation of one or more innate immunity-triggering receptors — such
as the toll-like receptors and the advanced glycation end-products receptors, and
possibly also other unknown receptors located primarily in the microglial
membrane — by a seemingly heterogeneous set of risk factors. In contrast with all
previous hypotheses on AD, this view provides a unifying mechanism that explains
both the diversity of the risk factors acting over long periods and the individual
response to such insults. This formulation is susceptible of both empirical testing
and its future implementation into novel therapeutic strategies of AD, as well as to
other neurodegenerative disorders, in which impaired regulation of the innate
immune system is the unifying cause of the condition.

5 Innovative Diagnostic Tools Based on Tau Pathology

Novel approaches to visualize and measure in vivo what is occurring in the brain,
beyond the actual possibility to analyze postmortem brains [72, 75, 76, 77], are
considered indispensable to attain significant progress in the diagnosis, prevention,
and treatment of AD [78]. In fact, early detection of AD is widely felt to be critical
in order to improve the efficacy in the design of future therapeutic approaches and
to improve the quality of life of patients, considering that so far there is not appro-
priate molecular markers for neuroimaging. However, encouraging inroads have
been made toward this goal. For example, a major recent finding was that there is
a correlation between the increase in anomalously phosphorylated tau in the cere-
brospinal fluid (CSF) and the degree of cognitive impairment in a subpopulation of
patients with mild cognitive impairment and AD [28, 29]. Furthermore, a correlation
with the ApoE4 allele was also found [27]. This type of correlations may one day
serve as the basis for ongoing efforts to develop clinically useful in vivo imaging
methodology for the cytoskeletal alterations in AD, and to correlate the latter with
other parameters in the blood and CSF to make possible an early and perhaps even
presymptomatic diagnosis of AD [29, 57, 78].

One of the most crucial yet unresolved aspects is the development of pathology-
specific neuroimaging technology for the early detection of NFTs in the human
brain in vivo [29, 79, 80]. The elucidation of tau structure and its conformational
changes as a result of the interactions with specific ligands is critical for the
development of PET technology to visualize tau aggregates in vivo, as a putative
pathognomonic marker for the early diagnosis of AD [81]. Some ligands such as
thioflavin (ThS) derivatives bind to isolated tau and PHFs, with a higher affinity
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than to the straight filaments (SF) found in AD [80]. The anticancer drug estramustine-P
interacts with tau as well as with MAP-2 [9], and some benzimidazoles and benzo-
thiazoles have affinity for the tau protein both in vitro and in vivo [82]. It has been
shown that some benzimidazole derivatives tag the aggregated tau variants [57, 82,
83]. However, no structural studies have been carried out on tau interactions with
these compounds, and no information exists on the specificity of the binding of the
above-mentioned compounds with different conformational stages of tau proteins.
Technological improvements will also contribute to the early diagnosis, and will be
of help in monitoring patients during the development of novel disease-modifying
therapies. This will facilitate the implementation of new therapeutic approaches,
especially in cases in which neurodegenerative disorders can be corrected in an
early phase, increasing the quality of life for patients and preventing the expenditure
of resources for extended care of irreversible and debilitating disorders.

Sound advances have been attained in the last few decades in neuroimaging
technology toward the diagnosis of neurological disorders. These have relied on the
development of powerful computing applications and sophisticated software for
image processing, along with increasing knowledge on the biology of neurological
diseases. These neuroimaging techniques provide precise information on structural
and functional aspects of the brain, but do not provide information on the type of
specific pathology and its topographic distribution that is felt to be pathognomonic
of individual diseases. In the field of neurodegenerative disorders, new neuroimaging
methods have been developed that could be the basis for the design of a pathology-
specific technology. To realize this promise in AD, it may be necessary to obtain
maps of the lesions that are the major hallmarks of this disease, that is, the SP and
the NFTs formed by hyperphosphorylated tau. Since Klunk and colleagues’ publication
[79] reporting the use of Pittsburgh compound-B as a radiotracer for the amyloid
deposits in the human brain, a new era was launched in the development of in vivo
neuroimaging of a pathology-specific process. At about the same time, Verhoeff
et al. [84] published a similar study with a competitive radiotracer that may label
both SP and NFTs. Considering that PHFs rather than SP are pathognomonics for
AD, it is critical to investigate how to selectively tag NFTs in the brain of AD
patients to visualize these lesions in vivo [57], and to fully realize the promise of
this burgeoning technology.

6 Conclusion

In summary, the importance of tau alterations in AD became evident since Alois
Alzheimer’s discovery of the disorder in 1907 that now bears his name [1] —well
before we knew of the existence of this protein — and remains central to the ongoing
efforts to both understand and eventually conquer this devastating disorder. It is high
time for this central role to be properly and widely acknowledged, as well as exploited
toward the development of improved technology for the diagnosis, prevention,
and treatment of AD and virtually all other neurodegenerative disorders characterized
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by alterations in the neuronal cytoskeleton. The tau hypothesis of AD is and will
remain pivotal in this fundamental effort, and its implications are likely to loom
large in the broad field of proteomics applied to human and veterinary diseases. The tau
postulates together with the danger signal hypothesis on AD, indicating that innate
immunity and inflammatory processes play a major role in triggering tau hyper-
phosphorylations and the neurodegenerative cascade, conform an experimentally
testable unifying hypothesis that accounts for the observations on the pathogenesis
of AD. This is of high relevance toward the development of modern and reliable
diagnostic tools and therapeutic approaches to control this devastating disease.
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Neuronal Cytoskeleton Regulation
and Neurodegeneration

Ya-Li Zheng, Niranjana D. Amin, Parvathi Rudrabhatla, Sashi Kesavapany,
and Harish C. Pant

Abstract The biology of neurodegeneration program evolved from the laboratory
studying the basic biology of neuronal cytoskeletal protein phosphorylation dur-
ing development and normal function in the adult. To understand the molecular
basis of neurodegeneration, our major focus has been to study the regulation of
compartment-specific patterns of cytoskeletal protein phosphorylation in neuronal
perikarya and axons. We have demonstrated that the phosphorylation of the numer-
ous acceptor sites on proline-directed serine and thronine (Pro-Ser/Thr) residue
proteins such as tau and neurofilaments is tightly regulated. The phosphorylation of
these molecules is generally confined to the axonal compartment. It was recognized
that in neurodegenerative disorders such as Alzheimer’s disease (AD) and amyo-
trophic lateral sclerosis (ALS), the pathology was characterized by an accumulation
of aberrantly phosphorylated cytoskeletal proteins in cell bodies, suggesting that
topographic regulation had been compromised. This led inevitably into studies of
neurodegeneration in cell culture and model mice with emphasis on a specific neu-
ronal protein kinases, for example, cyclin-dependent kinase 5 (CdkS5), that target
numerous neuronal proteins including cytoskeletal proteins, which when deregu-
lated may be responsible for the pathology seen in neurodegeneration. In cell sys-
tems, neuronal stress leads to deregulated kinases, for example, CdkS5, accompanied
by abnormal cytoskeletal protein phosphorylation and cell death characteristic of
neurodegeneration. In this chapter, efforts are made to answer some of the follow-
ing questions. (1) How is the cytoskeletal protein phosphorylation topographically
and stably regulated in their proline-directed Ser/Thr residues in neurons? (2) What
factors are responsible for the regulation and deregulation of CdkS5 in neurons?
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Abbreviations Cdk5: cyclin-dependent kinase 5; EGF: epidermal growth factor;
GSKa3: glycogen synthase kinase 3; Erk1/2: extracellular signal-regulated kinases
1 and 2; MAPK: mitogen-activated protein kinase; Pinl: protein interacting with
NIMA (never in mitosis A)-1; p-NF-H: phosphorylated neurofilament-high molecular
weight subunit.

1 Background and Significance

In a mature nervous system, neuronal cytoskeleton phosphorylation is topographically
regulated [1], and phosphorylation of cytoskeletal proteins is restricted to axonal
but not cell body compartment under normal conditions. Figure la represents a
cartoon view of topographic regulation of neuronal cytoskeletal organization.
Although kinases, phosphatases, cytoskeletal protein substrates, and their regulators
are synthesized in cell bodies, the phosphorylation of cytoskeletal proteins, for
example, tau, medium molecular mass (neurofilament-medium molecular weight
subunit, NF-M), and high molecular mass (NF-high molecular weight subunit,
NF-H) tail domains, occurs selectively and stably in the axonal compartment during
axon transport [2, 3]. Figure 1b illustrates the selective phosphorylation of cytoskeletal
proteins in neurites in human cervical spinal cord neurons under physiological
conditions. In several neurodegenerative disorders, however, such as Alzheimer’s
disease (AD) and amyotrophic lateral sclerosis (ALS), this regulation is deregulated,
and an aberrant and stable phosphorylation of cytoskeletal proteins is found in the
cell body compartment (Fig. 1c¢). The mechanisms of topographic regulation and
deregulation are not well understood. For several years, our major focus has been
the study of the kinases that regulate the phosphorylation of NFs and other proteins
in neurons [4].

NFs are the major cytoskeletal component of large myelinated axons in the mam-
malian nervous system and phosphorylated in the axonal compartment. Together with
microtubules, mitogen-activated proteins (MAPs) and associated molecules, NFs,
contribute to axonal morphology and function. Cytoskeletal protein function is
markedly affected by its state of phosphorylation, which is regulated by reciprocally
interacting kinases and phosphatases. The normal phosphorylation of NFs provides
stability to axonal structure, protects from proteolysis, regulates axonal transport,
and determines axonal caliber, thereby regulating conduction velocity. To identify the
active players, we studied the kinases responsible for the multisite phosphorylation of
lysine/serine/proline (KSP) repeats in the C-terminal tail domains of NF-H and
NF-M neurofilament proteins and tau [4]. It was found that mitogen-activated
protein kinase (MAPK) (Erk1/2; SAPK) and cyclin-dependent kinase 5 (CdkS) were
the major kinases responsible for KSP multiple site phosphorylation. We purified
these kinases from nervous tissues, and demonstrated their phosphorylation of KSP
repeat motifs in C-terminal tail domains of NF-M/H. CdkS5, the major kinase, was
cloned from a rat brain cDNA library and its primary structure and similarities with
other Cdks was studied [5, 6]. It soon became clear that the proline-directed kinases
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Fig. 1 a Represents a diagrammatic view of topographic phosphorylation of neuronal cytoskel-
etal proteins, biosynthesis in the cell body, assembly of cytoskeletal proteins in axon-hillock
region, phosphorylation and transport in the axonal compartment, and finally dephosphorylation
and degredation at the nerve terminals. b Human cervical spinal cord neuron (physiology), no
phosphorylation occurs in the cell body; however, neurites are selectively phosphorylated (SMI 31
staining). ¢ Human cervical spinal cord neuron from ALS patient (pathology). Aggregates of
aberrantly hyperphosphorylated deposit cytoskeletal proteins in the cell body (See Color Plates)

(CdkS5 and Erk1/2), together with other kinases such as casein kinase [,2 (CKI, CK2),
glycogen synthase kinase 3 (GSK3), protein kinase A (PKA), played a key role in the
phosphorylation of most cytoskeletal proteins including microtubules, tau, and MAPs
[4]. The specificity of CdkS and Erk1/2 phosphorylation of KSP repeats in NFs
depended on its motif structure, which varied from species to species. For example,
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Erk1/2 was the major kinase phosphorylating rat and mouse NF-M/NF-H, while
human NF-H and tau were the major target for Cdk5 [7].

To understand the deregulation of cytoskeleton phosphorylation inducing
pathology, it is important to know how the cytoskeletal protein phosphorylation is
regulated under physiological conditions in the neurons, for example, what are the
mechanisms of topographic phosphorylation in the neurons? To answer these ques-
tions, we proposed the following hypotheses:

Hypothesis (1)

Initially, the unphosphorylated tail domains of NF-M/H are compact globular
appendage to the C-terminus of the rod domain in NF-M/H components and not
exposed to the proline-directed Ser/Thr kinases. We proposed that the transient
head domain phosphorylation by PKA, PKC, or CaMPKs of NF-L-M/H in the cell
body inhibits the tail domain KSP phosphorylation.

Hypothesis (2)
The phosphorylation of neuronal cytoskeletal proteins is differentially regulated
in the cell body and axonal compartments; higher in axons compared to cell body.

Hypothesis (3)

After entry of dephosphorylated NF/MT-complex into the axon hillock, a few
Ser/Thr-Pro (S/T-P) sites become accessible to proline-directed Ser/Thr kinases, for
example, MAPKs and Cdk5 which are activated by glial/axonal interactions and
phosphorylate the exposed few S/T-P motifs of cytoskeletlal proteins during axonal
transport.

Hypothesis (4)

Protein interacting with NIMA (never in mitosis A)-1 (Pinl), a peptidyl-prolyl
cis/trans isomerase, induces stabilization of the phosphorylated S/T-P motifs in the
proteins.

Hypothesis (5)
Hyperactivation of proline-directed Ser/Thr kinases and their involvement in
neurodegenerative diseases.

1.1 Hypothesis (1)

Figure 2a shows the NF-subunits and their phosphorylation domains phosphorylated
by identified kinases. To test this hypothesis, we used NF-M. Figure 2b represents
NF-M head domain residues phosphorylated by PKA and tail domain by CK1/2
and MAPKSs (Erk1/2). Bacterially expressed and purified NF-M was phosphor-
ylated in the presence of PKA (1), Erk1/2 (2), or phosphorylated first by PKA then
Erk1/2 (3). PKA phosphorylates head domain while Erk1/2 phosphorylates KSP
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Fig. 2 a Domain structures of NF-subunit proteins, NF-L (low molecular weight), NF-M (middle
molecular weight), NF-H (high molecular weight), their phosphorylation domains by identified
kinases, PKA (cAMP-dependent protein kinase), PKC (protein kinase C), Ca**/CAM (calcium—
calmodulin-dependent kinase), proline-directed Ser/Thr kinases (CdkS5, Erk1/2, GSK3p), casein
kinase I (CK I), and casein kinase II (CK II). b Phosphorylated residues in the head domain of
NF-M by PKA. (c¢) Phosphorylation of bacterially expressed and purified NF-M in vitro. Lane 1:
No kinase added, only NF-M, Lane 2: NF-M phosphorylated by PKA, Lane 3: NF-M first phos-
phorylated by PKA, then Erk1/2, and Lane 4: NF-M phosphorylated by Erk1/2. Top panel is
autoradiograph and bottom is Commassie stain. d represents the quantitation of data shown in
¢ (See Color Plates)

repeats in the tail domain. As shown in Fig. 2¢ and d, the head domain phosphoryla-
tion of NF-M by PKA inhibited the tail domain phosphorylated by MAPKs (com-
pare lanes 2 and 3). In addition, nonneuronal cells transfected with NF-M and
stimulated by either with or without PKA activator, EGF, provided the similar
results [8]. These studies suggest that the head domain phosphorylation inhibits the
tail domain KSP phosphorylation in NF-M.

1.2 Hypothesis (2)

To test this hypothesis, we used squid giant axon system shown in Fig. 3a. Axonal
components (squeezed axioplasm) free from the cell body components and cell
body material free from axonal components can be isolated from this preparation
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Fig. 3 a Squid giant axon containing ganglion cell body. b Squeezed out axioplasm. ¢ Ganglion
cell body bag. d Endogenous and exogenous phosphorylation activity of axon and cell body
preparations, endogenous (no histone H1) and exogenous (presence of histone H1) (See Color
Plates)

(Fig. 3b and c). The phosphorylation activity of proteins in these compartments is
compared. The data presented in Fig. 3d demonstrate that the phosphorylation
activity is higher in axonal than cell body compartment. In addition, the tyrosine
phosphatase activity was higher in cell body compared to axon [1], but Ser/Thr
phosphatase activity was found higher in the axonal compartment [1]. This is con-
sistent with data that there is no stable head domain phosphorylation found in
NF-M or other NF-subunits [9, 10]. The head domains of NF-subunits are tran-
siently phosphorylated in the cell body, but not in the axonal compartment.
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1.3 Hypothesis (3)

One candidate for glial/axonal interaction is myelin-associated glycoprotein
(MAG), located in the periaxonal region, that may regulate the expression and
phosphorylation of cytoskeletal molecules in the axonal compartment (Fig. 4a).
The most convincing demonstration of the importance of localized signals in modu-
lating the axonal phosphorylation of NF and MAPs comes from a study of the
effect of MAG on phosphorylation of cytoskeletal proteins in DRG and PC12 cells
cocultured with COS-7 cells transfected with MAG [11] (Fig. 4b—d). It has previously
been demonstrated that myelination promotes NF phosphorylation and organization
within axons [12, 13]. The intimate glial-axon interaction involves mutual signaling
and one consequence of myelination is phosphorylation of axonal NF and MAPs.
In these coculture situations, the kinases Cdk5 and Erkl/2 were upregulated,
accompanied by an increased amount of NF-M, NF-H, tau, and MAP1B and MAP2

b DRG Neurons

NFHP*
Total NFH
NFMP*

Total NFM

PC12 Neurons

MAP1bP*

MAPIb hF\[P(— m
MAP2
GAP43 Total NFM m

B-actin

B-tubulin vector MAG

Fig. 4 a Cross section of myelinated axon. Different layers represent identified myelin proteins. b
Dorsal root ganglia isolated from rat were cocultured with COS cell containing empty vector (left
lanes) and MAG stably transfected (right lanes), expression of NF-M/H was analyzed using
phospho- and total NF-M/H-specific antibodies. ¢ Expression of MAP1b, MAP2, Tau, GAD-43,
[-actin, and tubulin was analyzed using respective specific antibodies to corresponding molecules.
d PC-12 cells were cocultured with COS cell and transfected with vector alone (left lanes) and
MAG-containing vector (right lanes) expression of phosphorylated and total NF-M was analyzed
(See Color Plates)
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as well as increased phosphorylated NF-H, NF-M, and MAP1B. These data suggest
that axonal NF and MAP phosphorylation is induced by glial-axonal interactions
via MAG activation of Erk1/2 and CdkS5 kinase cascades [11]. These studies are
confirmed using DRG cells from MAG knockout (KO). There is a drastic reduction
in Cdk5 and MAPK (Erk1/2) activity and cytoskeletal protein phosphorylation in
KO compared to wild type. Also, other exogenous signals (integrin-mediated cell
adhesion, Ca?* influx, trophic factors, such as EGF, retinoic acid, and glial-derived
factors) were demonstrated to activate Cdk5S and/or Erk1/2 pathways and stimulated
NF and MAP protein phosphorylation in transfected cells and in primary neurons
in culture [11, 14-18]. These signal transduction cascades correlated with and
seemed to be responsible for the phosphorylation and formation of a functional
cytoskeleton during neurite outgrowth, axon elongation, and stabilization.

1.4 Hypothesis (4)

Within the last decade, a novel level of modulation of protein phosphorylation has
emerged, namely, factors that regulate the conformation and stability of proteins
phosphorylated at S/T-P sites by proline-directed kinases. Most proline-directed
Ser/Thr kinases [19] and phosphatases [20] are highly selective for trans S/T-P
bonds. Peptidyl-prolyl cis/trans isomerases such as Pinl specifically target phos-
phorylated S/T-P sites and by virtue of the proline residue can “toggle” an inactive
cis-isomer to the more stable frans-form, with altered function. Pinl plays a key
role in diverse cellular functions, including the cell cycle, cancer, neurodegenera-
tion, and apoptosis [19-21]. Pinl is localized in nuclei of most cells, where it
modulates the functions of several mitotic proteins. In neurons, however, Pinl is
distributed in both nucleus and cytoplasm, increases during neuronal differentia-
tion, and its expression correlates with the phosphorylation of tau at a specific Thr
231 site [21] and Pinl is detected in neurofibrillary tangles in AD brains. Like tau,
NFs contain many Ser/Thr phosphate acceptor sites that are targeted by several
proline-directed kinases and phosphatases. In contrast to tau, however, NFs, par-
ticularly NF-H, are enriched with numerous KSP repeat motifs (43—100), depend-
ing on species, in the tail domain, sites for proline-directed kinase phosphorylation.
The tail domain KSP repeats of rat NF-H is shown in Fig. 5a. Most of all the Ser/
Thr residues in KSP motifs are phosphorylated in vivo [9, 10] (Fig. 5b shows a
schematic representation of Pinl). WW domain of Pinl binds with pS/T-P motifs
and induces cis/trans isomerization.

The question arises, does Pinl play any role in stabilizing the numerous phos-
phorylated KSP sites in NFs? Since hyperphosphorylated NF proteins are one of
the principal components of perikaryal aggregates in ALS and AD, we studied ALS
spinal cord and AD brain tissues for Western blot and immunocytochemical analy-
ses and found that Pin1 indeed coprecipitates with phosphorylated NF-H (p-NF-H),
and is expressed at higher levels than in control tissues, while soluble Pinl remains
constant [22] (Fig. 5¢c and d). This was true for both AD and ALS tissues suggesting
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that Pinl may, as it does for tau, also modulate NF phosphorylation in neurodegen-
eration. Moreover in immunocytochemical assays of ALS spinal cords, Pinl colo-
calized with p-NF-H in aggregates in the ventral horn cells [22]. This suggests that
Pinl may play a role in regulating NF-H phosphorylation, particularly at the
numerous KSP tail domain sites and may contribute to the neuronal pathology.

To explore this question, we resorted to GST-Pinl pull down assays of rat brain
lysates Coomassie-stained gels, and Western blots were prepared using an antibody
specific for p-NF-H (RT-97). A Coomassie band presumed to be NF-H was excised
and identified mass spectrometrically as p-NF-H. Pinl and p-NF-H also coimmu-
noprecipitate from rat brain lysates, linking Pinl to p-NF-H tail domain KSP
repeats. These data suggest that Pinl binds to p-NF-H. The question is, what role
does it play and how? As an initial hypothesis, we suggest that Pinl is essential in
stabilizing the phosphorylated KSP repeats in the tail domain as they are being
phosphorylated by proline-directed kinases during axonal transport.

Neuronal stress (e.g., oxidative, excitotoxic) deregulates (hyperactivities) the
activities of kinases that tightly regulate topographic phosphorylation. This deregu-
lation involves abnormal activation of proline-directed kinases such as CdkS,
Erk1/2, SAPK, and p38, and results in hyperphosphorylated and aberrant cytoskel-
etal proteins, for example, p-NF-H and tau, accumulation within perikarya, leading
to cell death [23-25]. Since Pinl is expressed in neuronal cell nuclei and cyto-
plasm, stress upregulation of proline-directed kinases within cell bodies may also
evoke a Pinl response and stimulate aberrant NF-H phosphorylation. To test this,
we used primary rat dorsal root ganglion (DRG) neurons (E16-18) in culture for
several days challenged with an excitotoxic stress stimulus (glutamate treatment)
which is known to induce perikaryal phosphorylated-tau and NF accumulations and
cell death [23]. Our studies show that excitotoxic stimulation produced activation
of proline-directed kinases and elevated the levels of p-NFH significantly in the
stressed neurons compared to controls (Fig. 5e). In addition, it was found that
immunocytochemical assays showed that Pinl and p-NFH are colocalized in peri-
karya of stressed neurons, resembling the pathology in ALS motor neurons [22].
Both effects were rescued by prior treatment of cells with juglone, the Pin1-specific
inhibitor or dominant negative Pinl [22]. Although Pinl is expressed in cell bodies,
these results would suggest that stress-induced elevation of proline-directed kinases
in the cell body is primarily responsible for aberrant phosphorylation of KSP sites
while Pinl acts to stabilize them as they are formed.

1.5 Hypothesis (5)

Neurodegeneration associated with aberrant and deregulation of neuronal cytoskeletal
protein phosphorylation is due to hyperactivation of proline-directed Ser/Thr
kinases and their involvement in neurodegenerative diseases. Oxidative stress
signals as well as amyloid-3 (AP) oligomers and polymers do activate CdkS5,
an event that determines specific tau hyperphosphorylation. One of the first
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evidence in this respect came in 1998 from studies on Cdk hyperactivation in
hippocampal cells [26-28] and the signaling involved in tau hyperphosphorylation
by other kinases such as p38 [29].

It has been found that there is an excessive phosphorylation of S/T-P residues of
many proteins in several degenerative diseases. This suggests that the proline-
directed Ser/Thr kinases are responsible for their phosphorylation. We have studied
CdkS, a neuron-specific proline-directed Ser/Thr kinase and found that the regulation
and deregulation of CdkS5 is associated with neuronal survival and death.

CdkS5 is one of the major kinase phosphorylating the neuronal cytoskeletal proteins
in the nervous system. It differs from other cell cycle kinases. Though a member of the
family of Cdks, it is inactive in the cell cycle, but active primarily in postmitotic
neurons in association with neuron-specific regulators, p35, p39 [30], and p67 [31]. By
virtue of its phosphorylation of diverse substrates, Cdk5 is a multifunctional kinase. It
is involved in neurogenesis, neuronal migration, synaptic activity, cell survival, and
even enzymes of signal transduction pathways [32]. Its role in neural development was
clearly demonstrated in Cdk5 and p35 KO mice. Although the former phenotype was
lethal at birth and the latter survived to adulthood, both exhibited similar defects in
cortical layering, cerebellar foliation, and axonal fasciculation [33, 34]. Subsequently,
it was shown that expression of a Cdk5 using p35, a neuron-specific promoter in the
Cdk5—/- background, rescued the Cdk5 KO phenotype. In addition, the double KO,
p35—/— and p39-/- produced a phenotype identical to the Cdk5 KO. These studies
suggest that CdkS5 activity is responsible for neuronal survival [35].

2 Role of CdkS in Neuronal Survival and Neurodegeneration

Meanwhile CdkS5 has been identified as a tightly regulated multifunctional kinase in
the nervous system, important in neuronal migration during development and essen-
tial for survival (Fig. 6a). When CdkS is deregulated in neuronal stress and/or neural
degeneration, it can lead to abnormal perikaryal accumulations of phosphorylated
cytoskeletal proteins such as tau and NFs and to cell death. This links Cdk5 directly
to the problem of topographic regulation of cytoskeletal protein phosphorylation,
and raises questions as to its role in neuronal survival. A model of Cdk5 deregulation
proposes the stress-induced cleavage of the p35 activator to the more stable and
hyperactivating regulator p25, which promotes abnormal perikaryal tau and NF
hyperphosphorylation (Fig. 6a). As indicated above, the tightly regulated, multifunc-
tional kinase, Cdk5, plays a key role in regulating topographic phosphorylation of
neuronal cytoskeletal proteins. When deregulated as above, it has been implicated as
a key player leading to neurodegenerative pathologies in disorders such as AD, ALS,
Parkinson’s disease, and Nieman-Pick disease [36, 37]. Amyloid plaques and neu-
rofibrillary tangles have been linked to deregulated Cdk5 and neuronal death. A,
being toxic, may evoke abnormal calcium influx which will activate calpains fol-
lowed by cleavage of p35 to p25 which, in turn, mislocalizes and hyperactivates
CdkS5 phosphorylation of tau and NFs in cell bodies.
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Fig. 6 a CdkS5 is a multifunctional protein kinase. Some of the neuronal processes regulated and
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3 Hypothesis (6)

Protein phosphatases are essential to nervous system development and function.
Phosphatases (dephosphorylating Ser/Thr and Tyr sites) are critical in the regulation
of signal transduction cascades [38, 39] and modulate synaptic protein phosphor-
ylation and function in neurons [40, 41]. Along with kinases and other proteins,
they are organized into multimeric receptor complexes involved in synaptic trans-
mission and LTP [42]. As protein tyrosine phosphatase receptors, they play a key
role regulating cytoskeletal dynamics during axonal outgrowth [43]. The Ser/Thr
phosphatase family, including PP1 and PP2, consists of a catalytic and regulatory
subunit, the latter determining substrate specificity and intracellular localization
[44]. Phosphatases are bound to NFs and tau in cytoskeletal preparations [45—47]
and are localized within different cellular compartments by cytosolic or cytoskele-
tal-bound targeting proteins [47]. No doubt, they are active players in topographic
regulation of neuronal phosphorylation and neurodegenerative diseases.

The squid giant fiber system is ideal for studies of compartment-specific patterns of
phosphorylation because cell bodies and pure axoplasm are easily separated for bio-
chemical studies. Although cell body (GFL) extracts contain active kinases, endog-
enous cytoskeletal protein phosphorylation is inhibited compared to the more active
axoplasm [1]. This suggests the presence of kinase inhibitors or higher phosphatase
levels. In preliminary studies, we have shown significant stimulation of GFL phospho-
rylation by vanadate, a tyrosine phosphatase inhibitor. Axioplasm extracts, on the other
hand, were more responsive to okadaic acid, an Ser/Thr phosphatase inhibitor. Is the
low endogenous phosphorylation activity of cell body extracts due to higher
phosphatase activities? Are the phosphatases modulated in neurodegenerative
disorders? To further analyze the role of phosphatases in topographic regulation of
phosphorylation, it is essential to understand the topographic cytoskeleton phos-
phorylation and neurobiology of neurodegeneration. Squid giant axon may provide
an ideal model system.

A hypothetical proposal shown in Fig. 6b and c illustrates that the topographic
regulation of cytoskeletal protein phosphorylation is a tight regulation among
kinase and phosphatase activities involved in neuronal survival and death.
The deregulation of these processes results in aberrant and hyperphosphorylation
of neuronal cytoskeletal proteins in neurodegeneration.

4 Conclusion

The aberrant and hyperphosphorylation of neuronal cytoskeletal proteins in neuro-
degenerative disorders such as AD, PD, and ALS is mainly due to the deregulation
of proline-directed kinases and phosphatases. We proposed that the transient head
domain phosphorylation of NF-L-M/H by PKA, PKC, or CaMPKs in the cell body
inhibits the tail domain KSP phosphorylation. The phosphorylation of neuronal
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cytoskeletal proteins is differentially regulated in the cell body and axonal compartments;
higher in axons compared to cell body. The tightly regulated, multifunctional
kinase, CdkS5, plays a key role in regulating topographic phosphorylation of neuro-
nal cytoskeletal proteins. Oxidative stress signals as well as AP oligomers and
polymers do activate Cdk5, an event that determines specific NF and tau hyper-
phosphorylation. Finally, prolyl isomerases such as Pinl modulates the stress-
induced perikaryal hyperphosphorylation of KSP repeats of NFs.
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Stages of Pathological Tau-Protein
Processing in Alzheimer’s Disease:

From Soluble Aggregations to Polymerization
into Insoluble Tau-PHF's

Raiil Mena and José Luna-Muiioz

Abstract Hyperphosphorylation and truncation have been proposed as key events in
the abnormal tau-protein processing leading to the genesis of paired helical filaments.
A recent hypothesis involving conformational changes has been emerging. However,
the majority of studies have been based on the analysis of overt tangles. All the
existing antibodies have been raised against normal, pathological tau protein, or
intracellular tangles. It is possible that only those events occurring massively may be
detected when observations are restricted to this type of structure, therefore, missing
less-evident events. In general, it has been difficult to determine the early stages of tau
processing in Alzheimer’s disease. By the use of selected tau markers and confocal
microscopy in double and triple immunolabeling and the combination with thiazin red,
we have been able to determine a morphological model and the underlying molecular
mechanism involved in early stages of tau-protein abnormal processing. This molecu-
lar mechanism is characterized by a hierarchical sequence of events of phosphoryla-
tion and truncation resulting in conformational misfolding along the tau molecule. We
have included some speculations regarding the possible triggers of such a cascade of
pathological changes of tau based on the hypothesis of truncated tau as a highly stable
tau fragment with a special high affinity to bind tau monomers. Relationships between
phosphorylation and the truncated mechanism are also discussed.

1 Introduction

Alzheimer’s disease (AD) is a progressive degenerative disorder of insidious onset,
initially characterized by memory loss and, in later stages, by severe dementia.
Neurofibrillary tangles (NFTs) and dystrophic neurites, occurring in the neuropil and
in neuritic plaques, are major neuropathological features of AD. Their presence in
large amounts correlates with clinical dementia [1]. NFTs and dystrophic neurites are
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all sites of accumulation of pathological paired helical filaments (PHFs) [2]. The PHF
contains the microtubule-associated protein tau as an integral structural component
[3]. The assembly of the PHF appears to be central to neurofibrillary degeneration of
AD neuropathology [4-6]. Tau processing leading to PHF assembly has been associ-
ated with hyperphosphorylation and truncation [6-10]. In addition to the two latter
posttranslational modifications, recent reports have demonstrated that PHF-tau pro-
tein is characterized by misfoldings that are associated with early stages of tau polym-
erization [11-16]. NFT analysis strongly supported that these conformational changes
follow a sequential pattern related to abnormally phosphorylated and truncated
epitopes, which are detected by specific monoclonal antibodies (mAbs) including
Alz-50, Tau-C3, Tau-66, and 423 (Table 1). In particular, one of the major molecular
events involved in NFT formation appears to be associated with a truncation gener-
ated by caspase-3, an apoptosis-associated enzyme located at Asp421 of tau [17-21].
The majority of results dealing with abnormal tau processing are based on the analy-
sis of overt tangles [21, 22]. In addition, it has not been determined whether these
events are related and, if so, how they are temporally associated. Studies related to
early stages of tau aggregation before its assembly into PHFs (pre-NFT stage) are not
well documented [23]. Evidence shows that tau processing in pretangle cells shares
similar molecular mechanisms leading to PHF formation [24]. The lack of enough
studies based on the analysis of pretangle cells is mainly because of methodological

Table 1 Antibodies and recognition sites.

Antibodies | Epitope Isotype Reference

Alz-50 aa:5-15, 312-322. Mo IgM [11, 12, 31]
Structural conformational change

TG-3 aa: phospho Thr231. Mo IgM [13]
Regional conformational change

pT231 aa: phospho Thr231. Rb IgG

AT100 aa: phospho Ser199. Mo IgG [36]

Ser202, Thr205,
Thr212, Ser214.
Regional conformational change

AT8 aa: phospho Ser199, Mo IgG [7]
Ser202, Thr205

AD2 aa: phospho Ser396, Mo IgG [9]
Ser404

Tau-C3 aa: Asp421 truncation Mo IgG [19]

423 aa: Glu391 truncation Mo IgG [8, 15, 34]

T-46 Aa: 404-441 Mo IgG

M19G Aa: firts 19 Rb IGg

aa = aminoacids; Mo = Mouse; Rb = Rabbit; IgG = ImmunoglobulinG; IgM = Immunoglobulin M
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difficulties including long-postmortem delays, stains restricted to the use of peroxi-
dase, and the limitation of visualizing and locating these types of structures, which
characteristically have a diffuse granular appearance. We have been able to settle
these difficulties by the combination of double and triple immunolabeling and the use
of the high-resolution confocal microscopy. In addition, we have used brain tissue
from individuals with postmortem delays no longer than 6 h. We have used our meth-
odology to investigate, in pretangle cells, whether the three molecular events showed
clearly in overt tangles the hyperphosphorylation, truncation, and conformational
changes that also occur [14, 25]. In addition, we addressed the issue related to a
potential sequence of appearance of such molecular events in terms of a specific
progression in the stages of tau processing leading to PHF assembly.

2 Stages of Abnormal Tau Processing in AD Brains

The bulk of data that have been found recently has demonstrated that the molecular
mechanisms involved in tau processing in AD leading to PHF formation are driven
by two physical events: aggregation and polymerization [26-29]. These two events
appear to be related to time and the following of specific molecular mechanisms
that include steps in which abnormal phosphorylations and truncation processes
play a major role [22, 30]. These latter events would favor the generation of a series
of conformational misfoldings starting from small regional changes along the tau
molecule towards structural changes including the folding of the entire N-terminus
along the repeated domain located along the C-terminal side of the tau protein. A
clear representation of this misfolding would be the generation of the epitope
detected by mAb Alz-50 [31].

3 Morphological Model of Tau-Protein Aggregation
and Polymerization in AD Brains

The state known as the “pretangle stage” presumably represents cells in which no
evidence of fibrillar accumulations are observed. Morphologically, this cell popu-
lation is characterized by diffuse and granular deposits of tau aggregates in a
nonfibrillar state (Fig. 1a). The immunoreactive pattern displayed in pretangles is
seen in the perinuclear area (arrowhead) and proximal processes (arrows). The
absence of fibrillar tau clusters is confirmed because thiazin red (TR) is unable to
detect pretangle cells. TR is a fluorescent dye with the property to distinguish
fibrillar from nonfibrillar stages of tau aggregation [29, 32]. The next step of tau
aggregation also implies sites of polymerization. This step of tangle formation
appears to be represented by bead-like structures (TR positive, Fig. 1b, arrows)
widespread throughout the perinuclear area. Characteristically, these structures
are detected by TR confirming their fibrillar nature. We interpret these structures
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AT8ITR
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Fig. 1 Morphological model of neuronal degeneration from the pretangle state to the formation of
intracellular and extracellular tangles. a A pretangle stage neuronal cell. Stage 1. is characterized by
diffuse granular deposits throughout the perinuclear area (arrowhead) and proximal processes,
which are undetected by thiazin red (7R). b Stage 2. corresponds to the presence of bead-like struc-
tures (paired helical filaments, PHF, nucleation sites, arrows), some of which are detected by TR. ¢
Stage 3. is characterized by a cell having long bundles of PHFs (TR positive) covering up the nuclear
and lipofucsine areas (arrow), the networking processing of PHF-assembled tau (arrow), and the
putative fusion of bundles (arrowheads). d Stage 4. Intracellular neurofibrillary tangles (NFT)
(arrow) having the typical flame-like appearance. e Stage 5. Extracellular tangles (arrow) whose
appearance is modified by the extracellular proteolytic process. These ghost tangles only contain the
PHF core, which is identified by mAb 423 and remains detected by TR [29]. Double labeling with
antibodies ATS (a, b), AD2 (c, d), and 423 (e) and TR. Bar = 10 um (See Color Plates)

as isolated, well-formed small tangles (Fig. 1b). A following step of tau polym-
erization may imply the confluence of the elongating, isolated small tangles
(Fig. 1c¢) leading to the formation of the typical flame-like tangle or intracellular
tangle (I-NFT) overt NFT (Fig. 1d). Under this modeling, the extracellular tangle
(E-NFT, Fig. 1e) may represent the latest step in which PHF bundles are exposed
in the extracellular space. These structures are mainly constituted by a fragment
of tau protein corresponding to the so-called PHF core [8, 10]. In general, the



Stages of Pathological Tau-Protein Processing in Alzheimer’s Disease 83

model of step-tangle formation agrees with previous studies that show evidence
that E-NFTs result from I-NFTs after neuronal death [33]. We were able to define
our model of tangle formation using a battery of antibodies that were able to
detect I-NFTs (Table 1). E-NFTs were identified by mAb 423 [6, 10, 29, 34].
Because the patterns of immunoreactivity of all antibodies tested are shared by
both pretangles and intracellular tangles, we assume that they represent, at a
molecular level, different stages of the same tau-protein processing to give different
morphological structures.

4 Cascade of Molecular Events that Characterize Early
Stages of Tau Processing in AD

We studied the possible temporal relationships among the presence of phosphor-
ylation, truncation, and misfolding events by the use of specific antibodies (Table 1)
and confocal microscopy analysis by doing double and triple immunolabeling on
pretangle neuronal cells in AD brain tissue. The sum of the results we obtained
allowed us to make a model of the putative earliest stages of tau processing before
their polymerization into PHF to eventually form the morphological structures,
the so-called neurofibrillary tangle [32, 35]. To our knowledge, this is the first set
of studies based upon the detailed analysis of neuronal cells in pretangle-stage
cells in AD.

S Hyperphosphorylation in Early Stages of Tau Processing

In this proposed model, the earliest molecular event occurring in neuronal cells
vulnerable to degeneration in AD is related to a specific phosphorylation occurring
at Thr®' and detected by the antibody pT231 (Fig. 2a). Characteristically, the
distribution of this marker is located around the nucleus (arrowhead) and
surrounding cytoplasm (arrow) (Fig. 2a). However, the immunoreactivity of the
antibody pT231 is much stronger in the nuclear area (Fig. 2a, b). In double immu-
nolabeling pT231, TG-3, a population of pretangle cells, is only detected by
pT231 (Fig. 2a), whereas some others are double labeled with the markers (Fig. 2b).
Because the pT231 marker is not related to any conformational change, our
observations suggest that phosphorylation at Thr?! precedes the formation of the
mAb TG-3 epitope and is related to a regional conformational change (Fig. 4,
scheme). A later stage of tau processing would imply the formation of the mAb
AT8 apitope to follow the formation of mAb AT100. We defined this sequence
based on the observations of double immunuolabeling with TG3-AT8 and
TG3-AT100 (Fig. 2c, d). Similar to that seen with the combination TG-3-pT231,
we also distinguished two subpopulations of pretangle cells, one characterized by
the presence of TG-3 in the green channel but with the absence of AT8 or AT100
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10um
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Fig. 2 a, b Double immunolabeling with mAb TG-3 (green channel) and pT231 polyclonal
antibody (red channel). a mAb TG-3 was unable to detect the pretangle clearly identified by p231
in the red channel. In this structure pT231 immunoreactive deposits are present in the cytoplasm
(arrow) and perinuclear area (N). b The two markers strongly colocated in the clusters of
small dot deposits located in the near area of the three proximal processes (short arrow),
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epitopes in the red channel (Fig. 2c, d, arrows). It is well-known that the forma-
tion of the AT100 epitope requires, at first, a sequence of phosphorylations at
Ser', Ser?®?, and Thr?* (conforming the mAb AT8 epitope). A second step would
require further phosphorylations at Thr*'? and Ser?'* [36]. Although, we were
unable to do double labeling with mAbs AT8 and AT100 because of methodological
limitations, we can indirectly assume that mAb AT8 immunoreactivity preceded
that from the mAb AT 100 because the appearance of mAb TG-3 immunoreactivity
precedes that of both mAbs AT8 and AT100 (Fig. 2c, d). As per analysis the
putative temporal relationship of appearance of mAbs TG-3 or AT100 epitopes
precede that of mAb Alz-50. We already have established that the appearance of
both mAb TG-3 and AT100 epitopes occurs before formation of that of mAb Alz-50
(Fig. 2e, f) [25, 37]. However, as illustrated in Fig. 2d the appearance of the
mADb TG-3 epitope also precedes that of mAb AT100 (Fig. 2d, arrows). When
the relationship with conformational stages is considered, we also found that the
regional changes along the tau molecule precede the appearance of the structural
misfolding, as detected by mAb Alz-50 [25].

6 Truncation at the Early Stages of Tau Processing

To try to better understand the possible role of truncation on the early stages of
tau processing, we studied the presence of truncation at Asp-421 in pretangle
cells. We found that the appearance of this site of truncation seems to occur
sometime between the appearance of mAb pT231 and TG-3, therefore very early
during tau processing. We were able to prove this by doing triple immunolabeling
with mAbs pT231, TG-3, and Tau-C3 (Fig. 3a, b), whose epitopes are the earliest
formed during tau processing in pretangles. As for truncation at Glu*! along the
C-terminus of the tau molecule, which is specifically detected by mAb 423 [10,

<
<

Fig. 2 (continued) perinuclear area (arrowhead), and cytoplasm (arrow). ¢ mAb TG-3 (green
channel) immunoreactive diffuse, granular deposits located in the perinuclear (arrowhead) and
cytoplasmic areas (arrow) are undetected by mAb AT8 (red channel). Some mAb TG-3 immuno-
reactive granules appear to correspond to lipofuscin (*). d mAb TG-3 immunoreactive diffuse
granular deposits located in the perinuclear area (arrowhead) and the cytoplasmic areas (arrow)
are undetected by mAb AT100 in the red channel. e Cytoplasm (arrow) and perinuclear areas (N).
A nonbearing neurofibrillary tangles (NFT) cell (pretangle stage) is identified by mAb TG-3
(takes the form of diffuse granular deposits). mAb Alz-50 is practically undetected in this cell. f,
g Double immunolabeling with mAbs Alz-50 (green channel) and AT100 (red channel). f mAb
Alz-50 was unable to detect the pretangle clearly identified by AT100 in the red channel. In this
structure AT100 immunoreactive deposits are present in the cytoplasm (arrow) and perinuclear
area (N). Both antibodies colocated in some neurites located in the vicinity (short arrow). g The
pretangle illustrated in this figure is identified by the two markers. This colocation is more evident
in the perinuclear area (N) and the small granules that are observed close to the nucleus and the
contiguous process of the cell (arrow). N nucleus (See Color Plates)
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Fig. 3 a, b Triple immunolabeling with antibodies pT231 (green channel), Tau-C3 (red channel),
and TG-3 (blue channel). Triple immunolabeling with mAbs Tau-C3 (red channel) and TG-3
(blue channel) in pretangle cells. Cells illustrated in a, b are detected by both pT231 and TG-3;
however, Tau-C3 immunoreactivity is present in b but absent in a. Colocation between pT231 and
TG-3 is more evident in the perinuclear area (arrowhead). ¢ Triple labeling with Alz-50 (green
channel) and the C- and N-ends of tau protein (T46, red channel and M19G, blue channel) Alz-50
immunoreactivity is present in pretangle cells (arrows) and perinuclear mAb Alz-50 found a
double labeling between Alz-50 and N-terminus epitopes (blue channel) but not between Alz-50
and the C-terminus epitope (red channel). N nucleus (See Color Plates)

34, 38], we were unable to get a signal using immunofluorescence in pretangle
cells. However, in previous studies using the peroxidase technique, immunohis-
tochemistry, and immunoelectronmicroscopy, some evidence of mAb 423
immunolabeling was found in granular, diffuse cytoplasmic structures in AD
[29]. Because of this methodological limitation, we could not analyze the presence
of the mAb 423 epitope in our model of the cascade of molecular events characterizing
the early stages of tau processing.



Stages of Pathological Tau-Protein Processing in Alzheimer’s Disease 87

7 Modeling Early Stages of Tau Processing

7.1 Early Truncation at the C-Terminus of the Tau Molecule

From the study based on the analysis of several phosphodependent tau markers
combined with those detecting conformational changes along the molecule and a
truncation at Asp-421 in pretangle neuronal cells, we were able to determine a
sequence of events that are temporally related and possibly represent the molecular
processing that tau protein suffers, because of its soluble nature, in the formation of
soluble aggregates that eventually become assembled into insoluble filaments in
AD. This model is illustrated in Scheme (Fig. 4). In this model, a hypothetical
tau molecule starts to undergo a cascade of molecular events in which phosphoryla-
tion at Thr?*! may play an important role because it may favor the appearance of the
first misfolding of a regional nature (TG-3, Thr?!). This is then followed by the pro-
gressive appearance of the mAbs AT8 (Ser', Ser??, Thr*%), AT100 (Ser'®”, Ser?®?,
Thr?®, Thr?'?, Ser?'#), and Alz-50 (5-15, 312-322). This cascade of events would
eventually lead to the formation of tangles.

We want to emphasize three major events, which for us are of potential impor-
tance to the full interpretation of our morphological and molecular models. First,
although our original model starts with a hypothetical full-length tau molecule [25],
recent information has shown that a tau molecule lacking the C-terminus may be
the first to be the trigger of the cascading process. For this, when we analyzed the
mAb TG-3 and Alz-50 immunoreactivity related to that of the C- and N-terminal
of tau molecule, we found a double labeling among TG-3, Alz-50, and N-terminus
epitopes but not among Alz-50-TG-3 and the C-terminus epitope (Fig. 3c) [14].
That abnormal aggregation appears to start in a tau molecule already carrying an
early C-terminus truncation. This is supported by studies showing that the cleavage
of the C-terminus increases the speed of tau binding [18, 26, 27]. In addition, our
results strongly support that the truncated molecule is the beginning of the proposed
cascade. In addition, this truncation may be occurring after position Ser-422
(unpublished data). Second, a hypothesis proposed by Wischik et al. in 1995 [28]
introduced the challenging concept that the tau assembly is a consequence of the
presence of a “primer” or a highly stable tau fragment (a tau species truncated at
Glu*! with a characteristic high affinity to intact tau molecules), which binds tau
molecules to become a stable complex. By means of a subsequent truncation in an
autocatalytic process involving binding—truncation—binding this is triggered expo-
nentially. This hypothesis is supported by recent studies in vitro, which have dem-
onstrated that the truncated tau protein has exponentially higher kinetics of binding
to tau than the intact tau molecule [18, 26, 27, 39]. In addition, confocal and immu-
noelectronmicroscopy studies have provided strong evidence that mAb 423, which
specifically identifies the truncated tau at the Glu*' and in the so-called PHF
“core,” is present in a diffuse, granular, and amorphous material in the cytoplasm
of neuronal cells in AD brains. This bulk of evidence allowed us to suggest that the
dynamic tau processing, which we have described and involving a specific cascade
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Fig. 4 Schematic drawing illustrating the cascade of
events characterizing the early stages of tau processing in
pretangle neuronal cells. The scheme starts from the
hypothetical appearance of a stable tau fragment corre-
sponding to the minimal core, which is characteristically
truncated at the position Glu*' of the C-terminus. We add
a question mark because this step is not yet clearly
defined. The actual cascade of molecular events starts
from either an intact or a C-terminally truncated tau mol-
ecule (a). From this, a sequence of phosphorylations start-
ing with the addition of a phosphate group at Thr*!' (b)
will determine the appearance of first two regional confor-
mational changes found in the molecule and detected by
mAbs TG-3 (d) and AT100 (f). After this misfolding the
structural change of the molecule, as detected by mAb
Alz-50 (g), will then occur just before the appearance of
the first truncation in the position Asp**! at the C-terminus
and detected by mAb Tau-C3. (¢). This cascade of specific
molecular events will lead to the eventual formation of
tangles and the ultimate exposure of the Pronase-resistant
paired helical filaments (PHF) or PHF core as demon-
strated elsewhere [6, 33]
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of phosphorylation, may result from the presence of the minimal core (truncated tau
at Glu*"). This fragment which would initially bind either intact or C-terminus-
truncated tau monomers, thus developing the sequence of events already described
in our scheme (Fig. 4). This processing would lead to the eventual formation of the
pronase-resistant PHF fractions [8, 10] and their ultimate exposure in the ghost
tangle after neuronal death [6, 16, 22, 29]. Third, as for states of solubility of tau
filaments, we want to speculate about the differences between aggregation and
polymerization. Our model is based on the analysis of the immunoreactivity pat-
terns shown by several antibodies (Table 1), all of which characteristically take the
form of diffuse and granular deposits in pretangle neuronal cells consistent with a
nonfibrillar state of tau-molecule aggregates. These deposits are also characteristi-
cally undetected by TR, supporting the absence of B-pleated sheet structures
(assembled PHFs). As for polymerization as a fibrillar state of tau aggregates, the
small tangles that are described in our morphological model would represent the
first bundles of PHF, which are progressively accumulated in the neuronal cyto-
plasm. Characteristically, these bundles are strongly detected by TR; therefore, they
contain the 3-pleated sheet structure.

8 Conclusion

Whatever are the underlying molecular mechanisms directly involved in the
abnormal tau processing of tau proteins in AD, it still remains to determine the
place where this process may occur. Some evidence suggests that some mem-
branous organelles, including mitochondria, lyososomes, endoplasmic reticu-
lum, and the nucleus [29, 40], may be associated with this cascade of events
affecting charges and conformations of tau via phosphorylation and trunca-
tions. It is relevant to try to find the precise location within the cytoplasmic
milieu and to determine whether the same type of cytoplasmic processing is
also occurring in the neuronal processes where these pathological mechanisms
have not yet been studied.
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Plasma Membrane-Associated PHF-Core
Could be the Trigger for Tau Aggregation
in Alzheimer’s Disease
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Abstract In the present analysis, we discuss the possible role of tau in neurode-
generation, when its intracellular normal location is altered. In order to validate our
hypothesis, we used two chimeric constructs: the first one is the fusion of the mem-
brane anchorage signal of interferon-y receptor a-chain to the paired helical filament
(PHF)-core fragment of 94 amino acids (aa) ending in glutamic 391 (IFNyR-NMF)
and the second one is the PHF-core linked to the 100aa of the C-terminus of the
amyloid-B protein precursor (ABPP-C100), which contains the transmembranal
domain and was named AB-TMD-NMF. Both constructs showed thiazine red
positive signal when they were cotransfected with taud441, indicating presence of
[B-sheet structures in cos7 cultures. In addition, when IFNyR-NMF construction was
introduced in neural precursor cells primary cultures, the appearances of [-sheet
structures by thiazine red signal were observed. These observations indicate that
when the chimeric construct interacts either with endogenous or exogenous tau, it is
capable of inducing the formation of abnormal polymerized tau. These data support
the phenomena observed by Wischick et al. in vitro, and corroborate the idea of the
importance of tau interacting with the membrane and the possible role as a nuclea-
tion center for PHF formation, suggesting that the abnormal localization of tau in the
plasma membrane could be an early step in Alzheimer’s disease.
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1 Introduction

Alzheimer’s disease (AD), the most common dementia, is characterized by two patho-
logical protein deposits in the brain; the amyloid plaques composed by fibrous assem-
blies of the amyloid- (AP) peptide derivative of the membrane amyloid-f3 protein
precursor (ABPP) and the neurofibrillary tangles, which are bundles of paired helical
filaments (PHFs) whose main constituent is the microtubule-associated protein, tau.
These aggregates are toxic to neurons, either causing some toxic signaling defect (A3
deposits) or obstructing the cell interior (tau deposits). Both deposits have been reported
as responsible for neuronal degeneration. Therefore, it is very important to understand
the factors that promote the abnormal aggregation of A} and tau protein [1, 2].

The AB-peptide is partly hydrophobic which interacts across and along peptide strands
favoring the formation of stable B-sheets. Otherwise, cytosolic tau is a very hydrophilic
and highly soluble protein; thus, it shows a poor tendency to aggregate in physiological
buffer conditions, and the formation of aggregates is very slow. This explains the unfolded
nature of tau; however, it does not explain the abnormal aggregation in AD [3].

2 Plasmatic Membrane Elements and PHF Formation

As aresult of many experiments performed in vitro, the following events for self-aggrega-
tion of tau have been defined; (a) the interaction among molecules with negative charges
like fatty acids, polyanionic molecules, and RNA may increase tau aggregation, (b) the
microtubule-binding domain of tau is the core of this assembly [4], and (c) oxidation,
hyperphosphorylation, or truncation of tau is required to accelerate its addition [5, 6].

Although these substances in vitro promote tau polymerization, in vivo, only
anionic lipids or lipid-derived substances (such as fatty acids) have been implicated
in AD. Gray et al. [7] observed in biopsies from AD brains that the PHFs appear to
originate from the surface of a cytomembrane. This observation correlates with the
normal interaction of tau with the neural cytoplasmic membrane through its
N-terminal domain, and this association is regulated by phosphorylation of tau [8,
9]. Tau in situ may be associated directly with the plasma membrane phospholipids
or with additional membrane-associated protein(s), and participate in signal trans-
duction mechanisms [10]. At the membrane, tau interacts with the Src-family
nonreceptor tyrosine kinase, mediated by the proline-rich region of tau and the SH3
domain of Fyn or Scr [11]. As a result of these findings, it has been suggested that
a component of the membrane can nucleate tau assembly.

3 Catalytic Aggregation Model of tau

Wischick et al. (1988) observed by electron microscopy of negatively stained speci-
mens that PHFs had a different morphology when they were treated with pronase
compared with untreated filaments. These data reveal that untreated filaments have
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a fuzzy outer covering, which is removed by protease [12]. Pronase treatment
removes approximately 17% of the material that corresponds to the larger N- and
smaller C-terminal region of the tau polypeptide. This pronase-resistant portion
was named the PHF-core [12].

The minimal protease-resistant tau unit is 93-95 residues long, the equivalent of
three repeats, but is 14—16 residues out of phase with respect to the maximum
homology organization of the repeat region. This PHF-core has truncated tau at
Glu391 which is produced by endogenous proteases as one of the events leading to
PHF assembly, or alternatively that it reflects the action of proteases on a partially
assembled precursor [13]. Self-aggregation confers proteolytic stability on a short
segment that excludes the N-terminal half of the tau molecule and reproduces the
characteristic Glu391 truncation at the C-terminus [14].

Once this was noticed, the pronase-stripped filaments were used as immunogen
to raise a monoclonal antibody (mAb) against the PHF-core which reacts with
pronase-stripped filaments much more strongly than it does with unstripped ones
[12]. The mAb423 reacts with epitopes present in the 9.5 and 12 kDa fragments and
recognizes a specific C-terminal cleavage site at Glu391. The selectivity of mAb423
has been useful in several histological, ultrastructural, and biochemical studies of
neurofibrillary pathology in AD [13].

It has been proposed that aggregation involves antiparallel dimerization [14].
According to this hypothesis, the folding of the repeat region within the PHF-core
does not appear to reflect the same organization as the full-length tau molecule
[13]. A possible mechanism of tau sequestration and PHF formation has been
suggested: the core PHF-tau fragment binds full-length tau with an affinity compa-
rable to a strong antibody—antigen interaction, and those regions of the molecule
outside the core fragment do not enhance the binding coefficient. Self-aggregation
confers proteolytic stability to a short segment that excludes the N-terminal half of
the molecule and reproduces the characteristic Glu391 truncation at the C-terminus.
Truncated aggregates generated in vitro retain the capacity to propagate tau capture
and to seed the further accumulation of truncated tau in the presence of proteases.
Once the process has started, continued generation of the truncated tau fragment in
the solid phase has the intrinsic capacity for propagation of tau capture in the
presence of proteases. Then, it can be concluded that PHFs require a pathological
tau—tau binding interaction through the repeat domain, and only in this region of
the molecule, and that this interaction is required to maintain proteolytic stability
of the PHF-core [14].

4 Cell Models and Chimeric Constructs of Tau

Observations of Wischick et al. lead to the idea of the importance of tau interacting
with the membrane and the possible role of the site of interaction as a nucleation
center for PHF formation [14]. Therefore, we decided to promote tau interaction
with cytoplasmic membranes through a chimeric construct that could promote the
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aggregation of cytoplasmic tau and lead to the formation of P-sheet structures
characteristics of PHF.

With this purpose, we used the sequence of full-length human tau (isoform
441aa) as well as the PHF-core (297-391aa) to transfect COS7 cells and neural
precursor cells (NPCs) primary cultures. These sequences were subcloned in
pcDNA3 vector for use in COS7 cells and sequenced; their expression was
confirmed by Western blot assays (data not showed). With a subcloning strat-
egy, the PHF-core was linked in the N-terminal region to the o-chain of the
interferon-y receptor (1-27laa) lacking the intracellular domain (IFNyR-
NMF) and a construct where the PHF-core was linked to the 100aa of the
C-terminus of ABPP (C100), which contains the transmembranal domain and
was named AB-TMD-NMF (Fig. 1a). COS7 cells were stably transfected with
(a) full-length tau, (b) IFNyYR-NMF, and (c) AB-TMD-NMF or with one chi-
merical construct and full-length tau (Fig. 1b).

Confocal microscopy revealed that the full-length tau induces neither any evi-
dent morphological change nor the presence of B-sheet structures, and stable
transfection of tau showed a classical pattern of cytoplasmic proteins. Also, the
stable transfection with IFNYR-NMF shows a classical membrane pattern and no
formation of B-sheet structures, revealed by thiazin red (TR) staining (Fig. 1b).
When we cotransfected full-length tau and IFNyYR-NMF, we observed the pres-
ence of B-sheet structures after TR staining (Fig. 1¢). B-Sheet-pleated structure
formation was present in approximately 60% of the cotransfected cells. The same
result was observed with cotransfected full-length tau and AB-TMD-NMF (Fig.
Ic). These results suggest that PHF-core anchored to plasma membrane has the
capability to induce an abnormal redistribution and processing of full-length tau
into TR-positive structures [15].

In order to approach the microenvironment in which the abnormal aggregation
of tau, a characteristic of AD, occurs, we used NPC primary cultures (Fig. 2).
IFNyYR-NMF and tau441 constructs (Fig. 1a) used in COS7 cells were employed in
a system of replication incompetent retroviral vectors [16]. With these constructs,
we infected NPCs and evaluated the possible generation of [-structures. As
expected, the expression of IFNYR-NMF was observed on the plasma membrane
and stained with mAb423, which recognizes the truncation in tau at Glu391 (Fig.
2a). Mock cells transduced with empty virus shows no staining with this antibody.
Also this construct showed colocalization with endogenous tau, which was stained
with polyclonal antibody tau Ab3 that recognized the C-terminus of tau (Fig. 2a).

»
'

Fig. 1 (continued) (b) PHF-core as reported (12), (c) PHF-core anchored to the a-chain of inter-
feron-y receptor, and (d) PHF-core anchored to APPC100. b Effect of stable transfection of full-
length tau in COS7 cells (a), IFNYR-NMF (b), and AB-TMD-NMF (c), using FITC as secondary
antibody; any of them promotes the presence of [3-sheet structures. ¢ Cotransfection of full-length
tau with each chimerical construct (IFNYR-NMF and AB-TMD-NME, respectively) generated
[B-sheet structures revealed by TR; tau detection made by HT7 recognized human tau; and amyloid-
B was detected with antiamyloid-f antibody that recognizes AP 1-17 [15] (see Color Plates)
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Fig. 1 PHF-core anchored to plasma membrane induce the presence of P-sheet structures in
COS7 cells culture. a Schematic representation of constructs used to transfect COS7 cell culture
or transduce primary cultures of neural precursor cells: (a) human full-length (isoform 441),
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a 423 DAPI Tau Ab3 Merge Normarski

Control
IFNyR-NMF
b Thiazine red DAPI Normarski Merge
- .
IFNyR-NMF
Taud41

Fig. 2 Generation of B-sheet structures in neural precursor cell (NPC) induced by IFNYR-NMF.
a Immunofluorescence staining of endogeneous tau protein (antibody tau Ab3) showed a partial
colocalization with IFNyYR-NMF expression (mAb423). b Cells that express IFNYR-NMF and
taud41 showed positive staining of B-sheet structures by TR (See Color Plates)

Interestingly when we coexpressed IFNYR-NMF and full-length tau (taud441), we
observed positive staining with TR (Fig. 2b), suggesting the presence of -sheet
structures, which is the characteristic of PHFs.

These data suggest that the interaction of tau with the plasma membrane may
participate in the pathological pathway of tau in AD. On normal conditions, tau is
able to stabilize microtubules in a phosphorylation-dependent manner. This phos-
phorylation also regulates tau interaction with plasma membrane through mem-
brane proteins (such as Fyn, [11]) or directly with phospholipids [10] (Fig. 3a). In
AD, hyperphosphorylated tau could be present and unable to bind to microtubules,
and as a consequence, the accumulated tau would show a conformational change
promoting truncation in Asp421 and then in Glu391, as well as its truncation in the
N-terminus [17]. Truncated tau is capable of promoting self-aggregation through
the microtubule-repeat region in an antiparallel way. This aggregation leads to
oligomer formation [18] that could lead to interaction with tau membrane and
become a nucleation center, resulting in possible PHF formation (Fig. 3b).

In conclusion, a chimeric tau protein anchorage to plasma membrane could
capture cytoplasmic full-length tau and promote the generation of -sheet structures.
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Neurofibrillary Tangle Formation as a
Protective Response to Oxidative Stress in
Alzheimer’s Disease
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Abstract Neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau
are major hallmarks of Alzheimer’s disease (AD). Because the formation of NFTs
reflects a hierarchy of neuron al vulnerability and their distribution parallels disease
severity, NFTs formation has been suspected to play a major role in the disease
pathogenesis. However, theoretically, either pathogenic alterations of the disease or
protective responses to the disease pathogenesis can be observed according to the
hierarchy of the vulnerability. Indeed, the majority of neuronal death in AD likely
occurs without the process of NFT formation and neurons may live for decades
with NFTs. More important, there is a growing body of evidence suggesting that
tau phosphorylation and conformational changes are inducible by oxidative insults
and the neuronal oxidative damage in AD is actually alleviated through the process
of NFT formation. In line with recent evidence that neuronal cellular inclusions
represent a protective function, rather than being initiators or accelerators of disease
pathogenesis, we suspect that the NFT's function as a cytoprotective response espe-
cially a primary line of antioxidant defense. An involvement of tau phosphorylation
in the insulin-like signaling pathway affecting organism longevity implicates an
essential link between NFT formation and an adaptation under oxidative stress in
age-associated neurodegeneration.
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1 Introduction

Amyloid-3 (AB) and a microtubule-associated protein tau that are major constituents
of senile plaques and neurofibrillary tangles (NFTs) in Alzheimer’s disease (AD),
respectively, are among the best-studied proteins in all of neurobiology and figure
centrally into much of the research dedicated to AD. While not surprising since the
pathological diagnosis of AD is dependent upon the quantity of AP and tau deposits
within cortical gray matter [1, 2], we suggest that this strict linkage of diagnostic and
mechanistic views is misleading, particularly in the case of neurodegenerative
diseases. Neuropathological changes in subjects with dementia are, by definition,
end-stage phenomena. Although such changes allow case characterization and lend
themselves to disease classification and modeling, the lesions themselves are not
etiological. They are certainly pathognomonic but not necessarily pathogenic.
Theoretically, either pathogenic alterations of the disease or protective responses to
the disease pathogenesis can be observed according to the hierarchy of the neuronal
vulnerability, of which the latter is the case in neurodegenerative diseases. This short
chapter focuses on tau pathology and the process of NFT formation in AD and its
involvement in a compensatory response against oxidative stress.

2 Tau Pathology in Normal Aging

In the population of normal aging, prevalence of NFTs is increased with advancing
age [3]. Even in the twenties, more than 10% of the population exhibits NFTs of
Braak stages I and II characterized by entorhinal NFTs. In the forties, about 40%
of the population possesses the entorhinal NFTs, whereas the appearance of NFT's
compatible with Braak stages III and IV characterized by limbic NFTs or Braak
stages V and VI characterized by neocortical NFTs in normal population starts only
after age 50 [3]. As for the elderly subjects, NFTs are present in a considerable
percentage of brains of cognitively normal. A study investigating autopsied subjects
aged between 69 and 100 who were cognitively normal revealed that 27% of
subjects are in Braak stages III and IV (limbic NFTs) and 10% of subjects are in
Braak stages V and VI (neocortical NFTs) [4], which informs us that even mature
and abundant tau pathology indistinguishable from AD brain often fails to cause
cognitive dysfunction in the elderly.

3 Tau Pathology in AD and Other Tauopathies

In AD, in contrast with a poor correlation between A plaque density and neuronal
loss or disease severity, NFT density correlates with neuronal loss and clinical
severity [5—7]. However, the amount of neuronal loss largely exceeds the amount



Neurofibrillary Tangle Formation as a Protective Response to Oxidative Stress 105

of NFTs [6, 8], which strongly suggests that most of the neurons in AD die via
non-NFT formation.

Because a microtubule-associated protein tau physiologically has a role in
maintaining stability of microtubules, tau alterations are believed to cause disassembly
of microtubules and subsequently compromise microtubule function, resulting in a
decline in axonal or dendritic transport. However, an ultrastructural analysis of AD
brain sample demonstrated that a reduction in number and total length of microtu-
bules seen in pyramidal neurons in AD was unrelated to the presence of NFTs [9].
Also, it has been shown that although unpolymerized hyperphosphorylated tau in
the cytosol can sequester normal functional tau and causes microtubule disassembly
[10], polymerized tau in the form of NFTs loses this ability [11]. In AD, neurons
may therefore promote NFT formation to protect function of normal cytosolic tau,
thereby allowing neurons to survive longer [12].

Indeed, neurons with NFTs are estimated to be able to survive for decades [13],
which suggests that NFTs themselves are not obligatory for neuronal death in AD.
There may be two pathways to neuronal death: one is accompanied by NFT formation
in which neurons slowly degenerate, and the other is through non-NFT formation in
which neurons die quickly [14]. In other words, vulnerable neurons under certain
etiological insults in AD can live longer due to compensatory cellular mechanisms
associated with NFT formation [15].

Tau is the major component of the intracellular filamentous deposits that
define not only AD but also a number of neurodegenerative diseases known
collectively as tauopathies. They include AD, progressive supranuclear palsy,
corticobasal degeneration, Pick’s disease, and argyrophilic grain disease, as
well as the inherited frontotemporal dementia and parkinsonism linked to
chromosome 17 (FTDP-17) [16]. When tau load in the frontal cortex is compared
by image analysis of immunohistochemically stained sections using the
phospho-dependent antibodies in patients with FTDP-17, sporadic FTLD with
Pick bodies, and early-onset AD, the amount of tau in FTDP-17 and sporadic
FTLD with Pick bodies is significantly less than that in early-onset AD [17].
This observation is somewhat paradoxical given the prevailing view that muta-
tions in the tau gene are the root cause of FTDP-17, whereas tau pathology in
AD is considered to be more downstream to AP pathology. Also, discrepancy
of the amount of tau load and neuronal damage can be mentioned between
FTLD and AD because there is greater tissue loss in FTLD than in AD. These
findings suggest the possibility that aggregation of tau protein represents cellular
adaptive response in the tauopathies.

Recently established animal models of tau-induced neurodegeneration also
deny causal relationship between NFTs formation and neuronal death. In a tau
transgenic mouse in which the overexpression of mutant human tau can be
regulated by tetracycline, turning off tau expression halts neuronal loss and
reverses memory defects. But surprisingly, in this model, NFTs continue to
accumulate, suggesting that NFTs are not responsible for neurodegeneration [18].
This result is consistent with reports on transgenic mice expressing nonmutant
human tau as well as transgenic Drosophila expressing wild-type or mutant form
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of human tau, in which neurodegeneration or neuronal death occurs independently
of NFT formation [19, 20].

4 Ocxidative Stress Precedes Tau Pathology

Cellular [21, 22] and animal models [23-27] (Table 1) as well as human studies
[30-36] (Table 2) suggest that oxidative stress chronologically precedes NFT
formation. Oxidative stress activates several kinases including glycogen synthase
kinase-3B (GSK-3f) and mitogen-activated protein kinases (MAPKSs), which are
activated in AD and are capable of phosphorylating tau. Once phosphorylated, tau
becomes particularly vulnerable to oxidative modification and consequently
aggregates into fibrils [37]. Therefore, NFT formation is likely to be a result of
neuronal oxidation. Furthermore, in neurons of postmortem AD brains, a decrease
in oxidative damage in nucleic acids (mainly cytoplasmic RNAs) is associated
with the presence of NFTs, as determined by a comparison of neurons with and
without NFTs, an observation that is particularly striking in light of the abundance
of RNA on NFTs [33].

5 NFT Formation as a Compensatory Response
to Oxidative Stress

One possible mechanism as to how NFT formation opposes oxidative stress may be
associated with metal-binding capability of tau, in common with the capability of
AP [15, 38]. Redox-active iron accumulation is strikingly associated with NFTs
[39] and tau is found to be capable of binding to iron and copper and thereby
possibly exerts antioxidant activities [40].

Additionally, tau and neurofilament proteins that are modified by lipid
peroxidation products and carbonyls [41-43, 35] may work as a physiological
“buffer” against toxic intermediates derived from oxidative reactions and thereby
enhance neuronal survival. Although tau and neurofilaments are cytoskeletal
proteins with long half-lives, the extent of carbonyl modification is comparable
in young and aged mice, as well as along the length of the axon [44]. A logical
explanation for this finding is that the oxidative modification of cytoskeletal
proteins is under tight regulation. A high content of lysine-serine-proline (KSP)
domains on both tau and neurofilament protein suggests that they are uniquely
adapted to undergoing oxidative attack. Exposure of these domains on the protein
surface is effected by extensive phosphorylation of the serine residues, resulting
in an oxidative “sponge” of surface-accessible lysine residues, which are specifi-
cally modified by products of lipid peroxidation [44]. Because phosphorylation
plays this pivotal role in redox balance, it is not surprising that oxidative stress
leads to phosphorylation through activation of MAPK pathways [36, 45, 46], nor
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that conditions associated with chronic oxidant stress, such as AD, are associated
with extensive phosphorylation of cytoskeletal elements.

Indeed, other tauopathies such as progressive supranuclear palsy, corticobasal
degeneration, and frontotemporal dementia also show evidence of oxidative adducts
on these proteins [47, 48]. This protective role of tau phosphorylation explains the
finding that embryonic neurons that survive after treatment with oxidants have
more phospho-tau immunoreactivity relative to neurons under degeneration [49].
Further, the induction of heme oxygenase, an antioxidant enzyme (which cleaves
the oxidant heme), reduces tau expression and phosphorylation, indicating a crucial
role for tau in redox homeostasis [50, 35]. Supporting this notion, there is reduced
oxidative damage in neurons with tau accumulation that we suspect is due to the
antioxidant function of phosphorylated tau.

6 Pathological Hallmarks and Their Neuroprotective
Function: Aggregation-State Dependent?

“Aberrantly” (sic) folded proteins are common to a great number of neurodegenerative
diseases and are, for the most part, vilified. The focus of Parkinson’s disease, Pick
disease, and amyotrophic lateral sclerosis, for example, has been on Lewy bodies,
Pick bodies, and spheroids, their respective protein components. However, the
concept that such intracellular inclusions are manifestations of cell survival may be
a common feature of all neurodegenerative diseases. Such a notion, while heretical
to most, recently found support in a Huntington’s disease model [51]. In this
neuronal model, cell death was mutant-huntingtin-dose- and polyglutamine-dependent;
however, huntingtin inclusion formation correlated with cell survival. Thus, in this
model, as in AD, inclusion formation represents adaptation, or a productive, beneficial
response to the otherwise neurodegenerative process. Taken together with our
studies, this represents a fundamental and necessary change in which pathological
manifestations of neurodegenerative disease are interpreted.

As we have reviewed recently [38], disease-specific proteins such as AP, tau,
and o-synuclein potentially play a protective role against oxidative stress.
However, the efficiency of the protective function may be dependent on the
concentrations or the aggregation state of the protein [52-55]. Recently, an
increasing body of evidence has been collected to support the hypothesis that
oligomers, not monomers or fibrils, represent the toxic form of AP, tau, and
a-synuclein [56-60]. More detective work is required before this small intermediate
fraction (oligomers) can be convicted as the real culprit. However, if only the
oligomeric fraction is detrimental and monomeric peptides per se as well as
mature fibrils are protective, therapeutic approaches targeting the protein should
be highly specific for the oligomeric aggregation state. Therefore, further study is
required to adequately assess the relationship between oxidative stress and
oligomer formation, which may provide an important clue to early therapeutic
intervention in neurodegenerative disorders.
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7 Antioxidative Strategy for Neurodegenerative Disorders

Despite the abundant evidence for an involvement of oxidative insults as an early
stage of the neurodegenerative process, interventions such as the administration of
one or a few antioxidants have been, at best, modestly successful in clinical trials.
The complexity of the metabolism of ROS suggests that such interventions may be
too simplistic and requires more integrated approaches not only to enrich the
exogenous antioxidants but also to upregulate the multilayered endogenous antioxi-
dative defense systems [61, 15]. Recently expanding knowledge of the molecular
mechanisms of organism longevity indicate that prolongevity gene products such
as forkhead transcription factors and sirtuins are involved in the insulin-like
signaling pathway and oxidative stress resistance against aging. An enhancement
of the prolongevity signaling, which is possibly realized by caloric restriction or
caloric restriction mimetics [62, 63], may be a promising approach in antioxidative
strategy against age-associated neurodegenerative diseases.

In this context, a possible protective role of tau phosphorylation is particularly
interesting because tau phosphorylation is induced by impaired insulin-like signaling
and downstream activation of GSK-3B [64, 65]. Indeed, defect in insulin-like
signaling is beneficial to longevity in diverse organisms at least partly through
activation of endogenous antioxidant systems [66, 67]. Together with findings that
reversible tau phosphorylation is an adaptive process associated with neuronal
plasticity in hibernating animals [68], the involvement of tau phosphorylation in the
insulin-like signaling pathway implicates an essential link between NFT formation
and adaptation under oxidative stress in age-associated neurodegeneration.

8 Conclusions

In contrast to the general aspects of the pathological hallmarks, aggregation of the
disease-specific protein in neurodegenerative disorders may be involved in a
cellular compensatory response against oxidative insult. A recently increasing body
of evidence suggests that tau aggregation and NFT formation are not exceptions for
this new understanding of the classical pathologies and such notion may open novel
therapeutic avenue to early intervention for AD and other tauopathies.
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Inflammatory Processes Exacerbate
Degenerative Neurological Disorders
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Abstract Evidence that neuroinflammation exacerbates the pathology in
Alzheimer’s disease (AD) has been accumulated from three independent fields
of research: neuropathology demonstrating activated glial cells, epidemiology
showing sparing of AD in individuals consuming anti-inflammatory drugs, and
AD transgenic animal studies showing protection from COX-1-inhibiting drugs.
Similar findings have now been established for Parkinson’s disease. Inflammation
accompanies the lesions; epidemiological studies show a sparing effect of NSAIDs;
and anti-inflammatory agents are protective in animal models of the disease.
Inflammation is not believed to be the triggering event in these conditions, but
nevertheless is capable of chronically exacerbating the pathology. It is character-
ized by the generation of a spectrum of inflammatory mediators produced locally
by resident cells. Such local production indicates engagement of the innate immune
system. Similar phenomena are now being observed in degenerative peripheral
conditions such as diabetes type 2. A distinction needs to be made between these
autotoxic disorders and classical autoimmune disorders, which involve participa-
tion of the adaptive immune system. The adaptive immune system is more power-
ful, resulting in a range of autoimmune diseases that are more severe and strike at
a younger age. Autotoxic diseases, being milder, occur in the aging population but
overall are more prevalent than autoimmune diseases. Both immune systems use
local phagocytes such as microglia to be the effecter cells so that methods to reduce
the toxic effects of their overstimulation should be beneficial in a broad spectrum
of human diseases.
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All inflammatory reactions are also immune reactions. It is the innate immune
system that is first called into action. Later, the adaptive system may also respond.
Chronic inflammation signifies that an immune reaction is being sustained. That is
because healing has failed to take place. Chronic inflammation may involve the
innate immune system, the adaptive immune system, or a combination of the two.

Each disease has its own etiology, but the body’s defensive reactions to them
involve the same immune mechanisms. The final effecter cells for both the innate
and adaptive immune systems are tissue-based phagocytes. When chronic inflam-
matory reactions are relatively low grade and localized, it is the innate system that
is primarily involved. When the reactions are more powerful and systemic, it is the
adaptive system that is primarily involved. In either case, diseases causing chronic
inflammatory responses tend to be progressive. Without definitive methods of treatment,
they are usually fatal.

An important contributor to disease progression is self-damage inflicted by over
activity of effector cells. In attempting to rid the body of disease-causing factors,
they are capable of injuring viable host tissue. It is this phenomenon which forms
the basis of anti-inflammatory treatment of many chronic diseases. Phagocytes
elaborate a spectrum of inflammatory stimulants that are capable of damaging
viable tissue. These toxic factors include free radicals, complement components,
inflammatory cytokines, prostaglandins, excess glutamate, various proteases, and a
spectrum of other molecules known as inflammatory mediators.

Chronic degenerative diseases involving self-damage fall into two broad catego-
ries: autoimmune and autotoxic [1]. Autoimmune diseases are classically defined
as those where evidence exists of involvement of the adaptive immune system. The
involvement may be humoral, in which B-lymphocytes are cloned to produce and
secrete antibodies against self-proteins, or it may be cell mediated, in which T cells
are cloned to generate an attack against cells expressing identified protein epitopes.
Autotoxic diseases are a more recently defined category [2]. Self-attack also
occurs, but not because of engagement of the adaptive immune system. It occurs
because the innate system, acting locally, is generating the attack. Autotoxic dis-
eases typically attack the elderly rather than the young to middle-aged people who
are prone to autoimmune diseases. That is because the innate immune system is less
powerful and less focused than the adaptive immune system. Nevertheless, in sum,
autotoxic degenerative disorders are more prevalent than autoimmune disorders.

Table 1 Examples of autoimmune and autotoxic disorders

Some autoimmune diseases Some autotoxic diseases
Systemic lupus Tauopathies

Myasthenia gravis Alzheimer’s disease
Rheumatoid arthritis Parkinson’s disease

Diabetes type 1 Atherosclerosis

Multiple sclerosis Amyotrophic lateral sclerosis
Lambert Eaton syndrome Diabetes type 2

Macular degeneration
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Table 1 lists some typical examples of autoimmune and autotoxic disorders.
Typical autoimmune diseases include systemic lupus erythematosis, myasthenia
gravis, rheumatoid arthritis, diabetes type 1, multiple sclerosis, and the Lambert
Eaton syndrome. Typical autotoxic disorders include Alzheimer’s disease (AD),
Parkinson’s disease (PD), age-related macular degeneration (AMD), diabetes type
2, atherosclerosis, amyotrophic lateral sclerosis (ALS), and the tauopathies.

AD is the prototypical autotoxic disorder. Classical immunologists had originally
declared that it was a sterile, noninflammatory degenerative condition. The conclusion
was based on the absence of infiltrating lymphocytes and monocytes which were
easily observed in CNS infections and in presumed autoimmune diseases such as
multiple sclerosis. This concept was challenged by the identification of activated
microglia expressing HLA-DR in association with the lesions of AD [3, 4].
HLA-DR had already been recognized as a marker of immunocompetent cells.
This observation vindicated Hortega’s original conclusion in 1919 that microglia
were phagocytic cells of mesodermal origin. Moreover, it established that chronic
inflammation could exist in the absence of leukocyte infiltration.

Two subsequent steps showed that the inflammation was self-damaging. The
first was immunohistochemical, in which dystrophic neurites being damaged by the
membrane attack complex of complement could be observed in AD tissue [5-7].
The second was epidemiological, in which those taking anti-inflammatory agents
appeared to be spared from AD [8]. If the inflammation observed immunohisto-
chemically had been beneficial instead of harmful, taking anti-inflammatories
should have increased the risk of AD, and if they were merely cleaning up debris,
then they should have had no effect. These epidemiological findings, which have
been replicated in more than 20 studies, clearly show that the inflammation is con-
tributing to the disease pathology, and that long-term consumption of NSAIDs
reduces the risk of AD from two- to fivefold [9, 10].

Further confirmation comes from studies in AD transgenic mouse models where
the administration of classical NSAIDs reduces the behavioral deficits as well as
the lesion burden caused by overexpression of amyloid-f3 (AB) [11].

Any reservations that might still be held that microglia are the sentinels of the
brain that respond to disease pathology should have been dispelled by the recent in
vivo movies of Nimmerjahn et al. [12]. They labeled mouse microglia with green
fluorescent protein and then carried out time-lapse photography of their activity
through the exposed surface of the brain. They observed that resting microglia were
never at rest. They were in constant activity, testing for abnormalities by continu-
ously sampling their surround. When an abnormality was induced by laser damage
to a capillary, the microglia immediately changed to an activated morphology.
Within minutes, they began migrating to the lesion site where they sealed off the
affected area and commenced phagocytosing the extravasated blood.

Microglia are the brain representatives of van Furth’s monocyte phagocytic
system [13]. Their counterparts, such as Langerhan’s cells of the skin, Kupfer cells
of the liver, osteoclasts of bone, and macrophages in many organs, are tissue-based
phagocytes which can be presumed to carry out similar functions to microglia
throughout the body. While it is only speculation at this stage, it might be anticipated
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that all cells of the monocyte phagocytic system would respond to pathological
challenges in a similar fashion to those observed by Nimmerjahn et al. of brain
microglia [12].

After the discovery of HLA-DR reactive microglial cells in AD, it was soon
shown that such microglia were associated with the lesions of PD, Pick disease,
Huntington disease, ALS, and the parkinsonism dementia complex of Guam, all of
which had been considered to be noninflammatory disorders [14].

One prediction emerging from these data is that anti-inflammatories should
reduce the risk of PD. PD is less common than AD so that epidemiological data
have been more difficult to acquire. Nevertheless, there are now multiple studies
showing a protective effect of NSAIDs [15, 16].

AMD is another common disease of the elderly. It is estimated to affect more
than 10 million individuals in the USA alone [17]. The premonitory signs of AMD
are the appearance of drusen, which are small, extracellular deposits that are some-
what similar to AD senile plaques. They develop at the junction between the choroid
plexus and the retinal pigment epithelium [18, 19]. There is a well-documented
inflammatory reaction accompanying drusen development. Inflammatory markers
such as C-reactive protein (CRP), activated microglia, and activated complement
fragments, including the membrane attack complex, have been identified in asso-
ciation with the lesions [18]. This has led to the hypothesis that the localized
inflammatory reaction in AMD is analogous to that observed in AD and atheroscle-
rosis, and that the inflammation exacerbates the pathogenesis.

On this basis, we identified a tenfold sparing of AMD in rheumatoid arthritics
compared with controls [20]. Of more fundamental interest has been a series of
reports showing that polymorphisms in factor H can have as much as a tenfold
influence on the risk of AMD [21]. Factor H is an inhibitory factor for the alterna-
tive complement pathway, acting to protect the host from self-damage caused by
excessive activation of the alternative complement pathway. There is one signifi-
cant difference from AD. In AMD, it is the alternative pathway which is activated,
while in AD, AP causes excess activation of the classical pathway [6].

Type 2 diabetes is another common disease of late middle age where inflamma-
tion appears to play a significant role. It is the most common form of diabetes,
comprising 90-95% of all diabetic cases [22]. It is characterized by a slowly pro-
gressive degeneration of islet 3-cells, resulting in a fall of insulin secretion. The
pancreas accumulates deposits of amylin, which is a 37-amino acid peptide derived
by proteolytic cleavage of islet amyloid precursor protein. The amylin deposits are
fibrillar in nature and there is a similarity in structure to AP [23]. There is also an
overlap with AD. The percentage of type 2 diabetes cases among AD patients is
significantly higher than among age-matched non-AD controls [24]. Conversely,
patients with type 2 diabetes have twice the risk of controls to develop AD [25].
The resident phagocytes of the pancreas become activated in type 2 diabetes, in
similar fashion to brain microglia in AD and other neurodegenerative disorders. In
vitro, the classical complement pathway is activated by amylin just as it is by AP [26].

Atherosclerosis may be the most common degenerative disease of aging. As in
the previous conditions described, it is characterized by inflammation, in this case



Inflammatory Processes Exacerbate 121

in the atheromatous lesions. Complement is activated, presumably by CRP which
is an in vitro complement activator. CRP is upregulated in arterial cells in the
lesioned area [27]. Resident macrophages become activated, and in that state,
secrete collagenase type IV. This is particularly dangerous because it can dissolve
the thin fibrin coat which covers the lesion. When this occurs, the inflamed contents
are released, precipitating a thrombosis.

Figure 1 illustrates nonactivated and activated resident phagocytes in various
disease situations immunostained by the CR3/43 monoclonal antibody against
HLA-DR. Figure la shows faintly stained normal brain microglia in the globus
pallidus, an unaffected area of an AD case. In contrast, Fig. 1b shows activated
microglia in the heavily affected entorhinal cortex of the same case. Figure lc
shows no staining in an unaffected area of the aorta in an elderly case. Figure 1d
shows activated macrophages in a nearby atherosclerotic plaque. Figure le shows
that no HLA-DR staining is detectable in the unaffected pancreas of an elderly case,
while Fig. 1f shows activated phagocytes in a nearby inflamed area.

Collectively, these data illustrate the widespread nature of autotoxic pathology
and the enormous potential of anti-inflammatory therapy. To date, NSAIDs are by
far the most widely utilized class of anti-inflammatory agents. They inhibit pros-
taglandin production, as do the steroids, but the prostaglandins are weak inflamma-
tory mediators so this is a relatively ineffective target. Side effects of these agents
are also a significant problem since prostaglandins and steroids both have important
functions in normal physiology.

Inflammatory cytokines are more powerful mediators and are therefore a better
target. Enbrel and Remicade, which block TNF, have had great success in treating
rheumatoid arthritis. They are globulins which do not cross the blood—brain barrier
and are therefore not suitable for CNS diseases. Nevertheless, they illustrate the
promise of small molecules which could reach the brain and block the actions of
TNF. Presumably, blockers of IL-1 and IL-6 would also be effective. Blockers of
complement activation, especially the membrane attack complex, are also attractive
targets for future therapy. As well, blockers of intracellular pathways that promote
DNA transcription of inflammatory mediators should be effective. There are
numerous reviews that cover the toxic effects of inflammatory mediators and the
spectrum of possible agents or pathways to block in order to reduce such effects
[11,28,29].

Attention is now being focused on a previously overlooked mode of microglial
activation. That is the anti-inflammatory mode where downregulating cytokines
such as IL-4 and IL-10 are released. This is thought to be in analogy to the Th-1
and Th-2 states of T cells and presumably reflects a switch from an attack state to
a healing state. It is thought that phagocytosis may be enhanced in this state.
Accordingly, there may be therapeutic scope in defining the intracellular pathways
involved and exploring for stimulants related to those pathways. The possibilities
have been the subject of a recent review by Schwab et al. [30].

In summary, exploration of the inflammatory aspects of AD pathology led first
to the discovery that inflammation was associated with the lesions in a range of
age-related neurodegenerative diseases and then to the discovery that it applied to
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Fig. 1 Microphotographs of resident phagocytes in various disease situations, stained immuno-
histochemically with an antibody against HLA-DR (CR3/43, DAKO). a shows very weak staining
of normal brain microglia and one strongly stained pericyte (asterisks) in the unaffected globus
pallidus of an AD case. In contrast, b shows many activated microglia aggregating around A
plaques in the entorhinal cortex of the same case. ¢ shows no staining in an unaffected area of the
aorta in an elderly case. d shows activated macrophages in a nearby atherosclerotic plaque. There
is very little staining in unaffected pancreas (e) while f shows activated phagocytes in a nearby
inflamed area. Calibration bar: 50 pm

age-related degenerative diseases of the periphery. Epidemiological studies, where
a reduced risk of AD and PD was observed in those taking anti-inflammatory
agents, established that this inflammation was exacerbating the fundamental
pathology.
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Innate but not adaptive immune forces have been identified as contributing to the
toxic effects. Accordingly, these diseases have been described as autotoxic to dis-
tinguish them from classical autoimmune diseases where the adaptive immune
system drives the pathology.

Our current understanding of the pathogenesis of autotoxic disorders should
permit rational development of new and very powerful broad-spectrum therapeutic
agents. Targets include inflammatory cytokines, complement factors, other inflam-
matory mediators, blockers of intracellular pathways that induce transcription of
inflammatory mediators, and stimulation of intracellular pathways that induce tran-
scription of anti-inflammatory mediators.
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Abstract During the last few years, an increasing amount of evidence points to the
major role of deregulation of the interaction patterns between glial cells and neurons
in the pathway toward neuronal degeneration. Central nervous system inflamma-
tion is a process associated with several neurodegenerative disorders, including
Alzheimer’s disease (AD). Many hypotheses have been postulated to explain the
pathogenesis of AD. Recent findings point to amyloid-§ (AP) oligomers as responsible
for synaptic impairment in neuronal degeneration, but amyloid abnormalities are
among major factors affecting the function and survival of neuronal cells. The
tau protein hypothesis has been developed and refined based on the fact that tau
hyperphosphorylation and self-aggregation constitutes a common feature of most
of the altered signaling pathways in AD. Known mediators of inflammation have
been found in plaques, such as interleukin-1p, interleukin-6, and tumor necrosis
factor-o.. Additional evidence for the involvement of inflammation in AD is provided
by epidemiological data and retrospective clinical data showing positive effects of
nonsteroidal anti-inflammatory drugs. Cytokines and trophic factors produced by
glial cells can trigger anomalous hyperphosphorylation of tau. Glial production of
these mediators indicates that innate immunity is involved in AD. Thus, a neu-
roimmunological approach to AD becomes relevant. In this context, endogenous
danger signals such as altered lipoproteins and oxidized lipids appear to affect glial
cells, inducing release of such mediators. Indeed, when alterations of cholesterol
metabolism occur, the neurochemical events of oxidative stress, AP peptide, and tau
protein seem to represent a set of physiological mechanisms to respond to impaired
brain cholesterol dynamics. All these mechanisms, for example, changes in neuroim-
munomodulation, dislipidemias, cholesterol abnormalities, and other metabolic
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alterations, appear to be interrelated. To date, there are no specific diagnostic tools
for AD that allow early treatment, thus improving quality of life for AD patients
and reducing the morbidity and mortality associated with the late complications.
Therefore, a search for innovative molecular markers for early diagnosis of AD is
essential. Here we discuss the molecular aspects of the role of neuroinflammation
and cholesterol in AD and some perspectives toward molecular early diagnosis.

1 Introduction

Inflammation in the central nervous system (CNS) is a complex process, mainly
affecting neuron—glial interactions in a manner that creates a new homeostasis,
where the normal patterns of molecular signals and trophic factors delivered by
glial cells change, thus activating pathways that conduct to neurodegeneration.
Current experimental and clinical evidence suggest that the release of endogenous
damage/alarm signals in response to converging and accumulated cell distress
(dyslipidemia, vascular insults, head injury, oxidative stress, folate deficiency, etc.)
is the earliest triggering event in Alzheimer’s disease (AD) pathogenesis. This in
turn leads to the activation of innate immunity and subsequently triggers an inflammatory
cascade mediated by cytokines released by microglial cells [1]. In this context, the
progression of AD from its earliest stages is characterized by a slowly increasing
damage of brain parenchyma that precedes the onset of symptoms and the eventual
irreversible pathological events of AD (Fig. 1).

In the first part of this chapter, we discuss the multiple roles — protective and
deleterious — of proinflammatory cytokines in the neurodegeneration process, and
the relationships between CNS and peripheral cytokines levels in order to provide
a rational background for the interpretation of current clinical and epidemiological
data. The information derived from clinical studies suggests that alteration of neuron—
glial interactions during AD and other dementia mainly involves an increase in the
levels of tumor necrosis factor-o. (TNFo), interleukin-6 (IL-6), IL-2, nitric oxide
synthase (NOS), and the soluble CD40 ligand (sCD40s), as early events during the
neurodegenerative process [2]. Therefore, we critically review the evidence on
peripheral levels of these cytokines in biological fluids and early diagnosis of AD.
In this analysis, the strength of scientific evidence leads us to emphasize the role of
IL-6, IL-1B, CD40s, and TNFo. among the most promising biological markers for
AD. Since the levels of these molecules in biological fluids, when analyzed as
potential markers, vary dramatically among different reports, it is crucial that any
reliable biomarker for early AD should be based on the association of more than
one specific marker. Thus, the use of a combined biomarker, for example, the one
based on tumoral growth factor-p (TGFB1) and NOS measurements in leukocytes
recently reported by Deservi [3], seems to provide a more reliable correlation on
the course of progression of cognitive impairment. Thus, development of novel
diagnostic tools based on complex correlations of the polymorphisms of these
proinflammatory markers is an area of interest.
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In the second part of this chapter, we critically analyze the influences of oxidative
stress, cholesterol, and lipids in the molecular mechanisms of AD pathogenesis, as
well as their potential relevance for early AD diagnosis. An increasing number
of reports link altered cholesterol metabolism and other lipid abnormalities with
the pathogenesis of AD [4-6]. Interestingly, “statins,” which are inhibitors of the
3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCo-A reductase),
the enzyme that catalyzes the early rate-limiting reaction in cholesterol biosynthesis,
seem to protect against dementia and AD [7, 8], suggesting that a reduction in the
levels of systemic cholesterol could delay the development of cognitive decline.

However, “statins” are not only inhibitors of the HMGCo-A reductase but also
have pleiotropic effects, which are independent from changes in cholesterol biosyn-
thesis. Therefore, the overall cognitive benefits observed by using “statins” appear
to be greater than what might be expected only from changes in the cholesterol
levels. Indeed, recent studies indicate that some of the pleiotropic effects of statins
also involve an improvement in endothelial function, enhancing the stability of
atherosclerotic plaques, decreasing oxidative stress and inflammation, and inhibiting
the thrombogenic response [7]. Many of these pleiotropic effects are mediated by
the inhibition of the isoprenoids pathway. Isoprenoids serve as lipid attachments for
intracellular signaling molecules such as the GTP-binding proteins, Rho, Ras, and
Rac, whose proper membrane localization and function depend on isoprenylation.
Also, the peroxisome proliferator-activated receptor-o. activation by “statins”
appears to be relevant for the overall effect on cognition [7]. Therefore, alterations
in cholesterol metabolism may shed light on the search for biomarkers for AD.

2 Inflammatory Cytokines and AD Onset

Glial cells normally provide neurotrophic factors essential for neurogenesis, and
when activated by a set of stressing events, they overproduce cytokines and NGF,
thus triggering altered signaling patterns that appear to contribute to the pathogenesis
of AD [1]. A set of discoveries has strengthened the idea that altered patterns in the
glia—neuron interactions constitute early molecular events within the cascade of
cellular signals that lead to neurodegeneration [5, 9-11]. Indeed, brain inflammation
is responsible for the abnormal secretion of proinflammatory cytokines that trigger
neuronal tau hyperphosphorylation in residues that are not modified under normal
physiological conditions [12]. However, other cytokines such as IL-3 and TGFf1,
which seem to display neuroprotective activities rather than deleterious effects [13],
are decreased in mononuclear cells in cognitively impaired patients. Thus, the family
of cytokines seems to display dual effects on neuronal degeneration: under specific
conditions, some of them, for example, IL-6, IL-1, and TNFo. trigger the neurodegen-
erative cascade, while others (IL-3 and TGF1) protect against neuronal damage.
In order to understand the implications of proinflammatory cytokines for the
molecular diagnosis of AD, it is critical to address two main questions: (1) What
are the relationships between the mechanisms of cytokine control and inflammation
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of the CNS? and (2) What are the relationships between peripheral cytokines levels
and the cognitive decline in humans? The first question has been analyzed above,
while the second one is discussed below.

3 Cytokines Levels in Peripheral Tissues and CNS

The mechanisms by which peripheral immune mediator levels affect brain func-
tioning, regulation of cytokines in the CNS, and peripheral tissues have not been
completely understood yet. During the early 1990s, this field of neuroimmunology
was dominated by the paradigm that the peripheral and central immune system
cannot signal each other, since the large molecules such as cytokines (15- to 20-kDa
proteins) do not cross the blood-brain barrier (BBB) [14]. Today, the evidence
around this topic indicates that the amount of cytokines that can enter the brain is
modest but comparable to other small soluble compounds (<300 Da), such as mor-
phine, known to cross the BBB in sufficient amounts to affect brain function [15].
More importantly for AD, efflux of cytokines from CNS to blood has also been
shown to occur, specifically for IL-1f, IL-6, and TNFa. [16, 17], but the mechanisms
of passage for these cytokines and its implications for AD diagnosis are still
unclear. However, many reports describe pathways for peripheral cytokines to enter
the CNS, which are important in order to understand potential mechanisms of brain
influx of cytokines. There are at least three known pathways by which peripheral
cytokines exert their effects on the brain: (1) peripheral tissues, innervated by the
peripheral and autonomic nervous systems, direct signals to the brain via peripheral
nerves; (2) brain vasculature convey signals through secondary messengers, such as
nitric oxide (NO) or prostanoids, produced in response to cytokines; and (3)
cytokines that can directly act at the level of the brain parenchyma after crossing
BBB or after entering brain areas that lack a BBB [17]. Interestingly, BBB perme-
ability for cytokines can be increased by NO delivered from local microglial cells,
which is relevant considering that inducible NOS (iNOS) is increased in leukocytes
from AD patients [3]. Cytokines can also be carried across the BBB by active transport.
Such transport is saturable and specific for individual cytokines, and does not apply
to all cytokines. Thus, it seems unlikely that acute changes in CNS cytokine levels
result in dramatic modifications of cytokines in peripheral fluids unless the mechanisms
of BBB permeability and specific transporters for cytokines become damaged.
These saturable mechanisms are not modified by anti-inflammatory agents such as
dexamethasone or nonsteroidal anti-inflammatory drugs (NSAIDs) such as
indomethacin. Therefore, the administration of NSAIDs in AD patients seems not
to affect cytokine efflux from brain. Thus, the levels of cytokines in any peripheral
biological fluid result not only from the brain-peripheral blood efflux but as a result
of the net exchange of cytokines from two anatomically and physiologically different
compartments separated by the BBB.

Significant increases of TNFo and IL-6 in plasma and cerebrospinal fluid (CSF)
and decreased levels of plasma TGFP1 and IL-3 have been found in the early stages
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of AD, suggesting that those can be potential biological markers. The sCD40 was
shown to be significantly increased in the plasma of AD patients [18], while TGF1
is significantly decreased in plasma of those patients [19]. Leukocytes NOS is also
a potential marker that is significantly increased in AD patients.

A recent epidemiological study in elderly population has shown that individuals
with higher peripheral IL-6 levels exhibit higher rates of cognitive decline over a
period of 7 years [20]. Also, a promising role has been attributed to TNFa and
IL-1B in the detection of AD [9, 21]. Indeed, the perispinal injection of etanercept,
a TNFa inhibitor widely used for the treatment of rheumatoid arthritis, provided
some improvements in cognitive function for 15 AD patients [22]. The relevance of
this particular study is still being evaluated because of the small population of sub-
jects in the trials and the facts that no controls are shown. Taken together, all these
studies point to a major role of TNFa (see Fig. 1, not only in the molecular signals
that lead to neurodegeneration [1, 5, 10] but also in the clinical course of AD.

The Longitudinal Aging Study Amsterdam [23], one of the most consistent and
well-designed clinical studies performed to address the potential role of serum
C-reactive protein, IL-6, and albumin in the diagnosis of AD (1,284 patients, aged
62-85 years), did not detect any association between poor memory performance or
slow information processing and cognitive impairment, with the serum levels of
IL-6; only the serum inflammatory protein ol-antichymotrypsin was associated
with cognitive decline in older persons [23]. However, the interpretation of these
findings is seriously limited by the fact that brain accumulation of cytokines has
been shown to occur during acute phases of the disease, and as mentioned above, not
all proteins efficiently pass through the BBB. Again, it is worth notice that since
serum is in a completely different biological compartment than CNS, changes in the
levels of soluble molecules such as TNFa, IL-6, IL-3, TGFB1, and sCD40 can be
limited by saturable mechanisms of transport, thus acute changes in concentrations
of cytokines in brain might not be detected in serum. Another important issue to be
considered in the analysis of cytokines in biological fluids is the limit of detection
(LOD), which is the lowest concentration of a certain biomarker that can be detected
with acceptable precision and accuracy (Table 1). ELISA systems are the most popular
methods for the determination of cytokines in biological samples; however, sensitivities
of methods vary and LODs seem to be, in many cases, above the concentration of
the cytokines in normal and AD patients [16]. This can be a serious problem when
concentrations of the cytokines, for example, IL-6, are around 0.5 pmol/liter [16].
Thus, the discrepancies from different studies when comparing AD patients and
controls are explained in part by different sensitivities in the methods of biochemical
analysis. More important for correlation studies between cytokine concentrations
and cognitive decline is the limit of quantification (LOQ), which is the limit at which
any laboratory can reasonably tell the difference between two different concentration
values. As LOQ can be drastically different between laboratories, sometimes LOQ
is defined simply as about five times the LOD.

Unfortunately, in spite of the great amount of evidence collected up to date on
the involvement of proinflammatory cytokines in human cognitive decline, none of
these immunological biomarkers has been introduced as a routine diagnostic tool



Central Nervous System Inflammation and Cholesterol Metabolism 131

Table 1 Controversial results in the assessment of proin-
flammatory cytokines in serum and CSF of demented
patients and controls

Marker

Sample Levels in respect to control References
CFS IL-6

+ [40-42]

= [43, 44]

IL1B

+ [45]

= [43, 44]

TNFo

+ [43]

= [44]
Serum IL-6

+ [20]

- [46]

= [23]

IL1B

+ [18]

= [45]

TNFa

+ [47, 48]

- [49]

sCD40

+ [18]

TGFpB

- [19, 50]

IL-3

- [50]

iNOS

+ [3]

CSF cerebrospinal fluid, IL-6 interleukin-6, TNFo tumor
necrosis factor-o, sCD40 soluble CD40, TGF[ tumoral
growth factor-f3, iNOS inducible nitric acid synthase

+ Increased levels in AD compared to control

— Decreased levels in AD compared to control

= No differences in levels of AD patients compared to
control

for AD, or even as a predictor for eventual dementia. An important reason for this
could be the discrepancies between clinical studies, based on the practical issues,
for example, different sensitivity of the analytical methods or major design problems.
For example, it is difficult to design clinical studies to assess concentrations of
cytokines in CSF of healthy patients due to ethical restrictions. Some studies that
compare cytokine levels in CSF samples have been developed in AD patients, but
using controls such as mild cognitive impairment (MCI), Parkinson, and other non-
AD demented patients [24]. These limitations can delay the search for a reliable
biomarker for early stages of AD.
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In the light of the controversy on cytokine levels in biological samples (Table 1),
it seems reasonable to consider that polymorphic forms of the proinflammatory
cytokines might have a role in the clinical course of AD. So far, very little informa-
tion exists on the prevalence of polymorphisms of inflammatory cytokines among
normal and demented subjects. The relationship between specific IL-6 genotypes
and cognitive function was recently shown in a study on newborns, and the
IL-6-572 C allele (CC/GC genotypes) was associated with cognitive impairment
linked to embryogenesis and brain development [25]. Interestingly, the cogni-
tive function in IL-6 knockout (KO) mice is better than in wild-type animals. The
IL-6 KO animals showed better performance in various cognitive tests, as compared
with wild-type mice. Again, these basic studies strongly support the idea that IL-6,
a proinflammatory cytokine, plays an important role in memory processing [26].
In addition, it has been shown that individuals homozygous for the IL-10 —889*1
allele decline more rapidly on the Mini-Mental State Examination than other
demented patients [27], suggesting that this polymorphism renders individuals
more vulnerable to dementia. In another set of studies, IL-1f (1418C>T) and
TNFa (308G>A) gene polymorphisms induce protein expression of the corresponding
serum cytokines affecting human cognitive performance [9]. These findings are
supported by studies showing dramatic alterations on memory processing by
proinflammatory cytokines [28]. Moreover, these findings support the hypothe-
sis that inflammation is important in the clinical course of AD and more specifically,
that polymorphisms of cytokines can dramatically affect the cognitive decline of
demented patients. Again, the overall scientific data suggest that an equation
that combines different markers, for example, polymorphisms, cytokines levels
associated to CSF concentrations of amyloid-B (AP) peptide, or phosphorylated
tau, appears as the most appropriate tool to monitor the clinical course of
demented patients.

4 Cholesterol and Lipids in AD

The search for a peripheral biomarker based on cholesterol metabolism must
consider the structural features of the main cholesterol and lipids variants in the
bloodstream. Thus, lipids and cholesterol are transported in the bloodstream by
lipoprotein particles that can be classified in different subsets according to their
density: high density (HDL), medium density (IDL), low density (LDL), and very
low density (VLDL). These proteins have been widely used as a tool to assess the
cardiovascular risk. Up to date, different roles have been found for each of these
lipoproteins. LDL, which has an elevated fat proportion, participates in lipids
transported from blood stream to peripheral tissues. HDL, with a major protein
fraction, transports cholesterol from peripheral tissues to the liver where conjugation
and excretion occur. Interestingly, in the last 5 years, increasing numbers of reports
have described the putative relationships among cholesterol, lipoproteins, and
cognitive impairment [29-31].
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Hypercholesterolemia is an early risk factor for the development of amyloid
pathology and longitudinal, population-based studies have demonstrated that
abnormal cholesterol levels are associated with AD in the later life span [32].
However, the mechanisms by which cholesterol and other lipids affect cognitive
performance are still an open field of research. One of the challenges of correlating
the systemic lipid biomarkers with brain cholesterol is that there is virtually no
transfer of peripheral cholesterol to the brain. Brain cholesterol is synthesized
mainly in the CNS. It is estimated that during CNS development, neurons synthesize
most of the cholesterol needed for their growth and synaptogenesis. Later, when
neurons mature, they reduce their endogenous cholesterol synthesis and become
more dependent on cholesterol synthesized and secreted by astrocytes [5].
Cholesterol in the CNS is turned over in a proportion of 0.7% of the total amount
every day. Even though it is not a substantial fraction, it is a relatively high amount
of cholesterol considering that the CNS accounts for 2.1% of body weight and
contains 23% of the total sterols in the body. The brain is therefore the most cholesterol-
rich human organ. In addition, cholesterol accounts for 20-25% of the total lipids
in neuron plasma membranes. Thus, neurons require a continuous supply of new
cholesterol to maintain a constant concentration in plasma membranes. The mechanisms
by which eukaryotic cells incorporate cholesterol are at least three: (1) de novo
synthesis within the cell from acetyl-CoA, which is the most important mechanism
for neurons; (2) uptake of unesterified or esterified cholesterol from the external
environment using the LDL receptors; or (3) the Niemann-Pick Cl-like protein
(NPCI1L1).

Alterations of cholesterol metabolism, for example, hypercholesterolemia, and
redox imbalance linked to normal and pathological cognitive decline [33]. This has
encouraged the search of biomarkers for the initial phases of AD based on changes
in lipid profile and redox biomarkers (34, 35, 36). Among them are: 4-hydroxyno-
neal (4-HNE), a lipoperoxide produced by the oxidation of arachidonic acid, and
24S-hydroxycholesterol, a metabolite produced via enzymatic oxidation of brain
cholesterol by CYP46, in plasma and urine (Fig. 2). The assessment of these lipid-
derived biomarkers indicates that 4-HNE in plasma and CSF levels of
24S-hydroxycholesterol are elevated in AD patients [34]. Also malondialdehyde,
an end product of lipid peroxidation, has been reported to be increased in the
plasma of AD patients versus age-matched and nutritionally evaluated control subjects
[35]. Nevertheless, malondialdehyde failed as a predictive AD marker in several
other studies [31, 35].

Interestingly, levels of 24S-hydroxycholesterol have shown to be increased in
plasma of AD patients compared with control age-matched volunteers [37] (Fig. 2).
Considering that the treatment with statins lowers the levels of LDL-cholesterol and
24S-hydroxycholesterol in plasma [4], the assessment of oxysterol has become an
important biomarker for AD risk more than other forms of cholesterol.

Other lipids that have also been assessed as potential biomarkers for AD are the
sulfatides, which are a class of sulfated galactocerebrosides that mediate diverse
biological processes including cell growth regulation, protein trafficking, signal
transduction, adhesion, neuronal plasticity, and cell morphogenesis. These studies
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Fig. 2 Brain cholesterol is mostly synthesized in the central nervous system. 24S-Hydroxychole-
sterol is a metabolite produced via enzymatic oxidation of brain cholesterol and is eliminated as
sulfatides and glucuronides or transformed into bile acids. Blood levels of this cholesterol metab-
olite are normally decreased in elderly and abnormally increased in the serum and cerebrospinal
fluid (CSF) of Alzheimer’s disease (AD) patients (See Color Plates)

show that sulfatides’ concentration decrease in very mild dementia patients [38],
but a correlation with AD has not been established yet.

Our group has searched for associations of LDL, HDL, VLDL, and total levels
of cholesterol in plasma from AD patients with cognitive impairment and healthy
age-matched controls and found apparently no significant correlations for the
majority of the lipoproteins we studied [31]. This is consistent with recent reports
describing no association between a variety of lipids and the risk of amnestic or
nonamnestic MCI [37]. However, we have found a slight negative correlation
between Geriatric Depression Scale (GDS) scores against total cholesterol, also
GDS status against VLDL levels. More importantly, we have reported that there is
a positive correlation between the cholesterol/HDL ratio and the impairment of
semantic memory by Boston Naming Test. The latter is a very interesting finding
in the light of recent reports describing correlations between metabolic syndrome
and a high risk of cognitive decline [39]. Thus, the assessment of cholesterol/HDL
ratio in patients with metabolic syndrome may offer a potential marker for cogni-
tive impairment in this specific group of patients.

The relationships between cholesterol metabolism and normal and pathological
cognitive decline are still unclear; however, it seems that combinations between
redox and lipid biomarkers offer a very tempting avenue for future diagnostic tools
of AD and other type of dementias, for example, 24S-hydroxycholesterol, 4-HNE
plasma levels, to date good candidates to be markers of AD. MDA (malondialde-
hyde) has been assessed in several studies in different groups of normal and
cognitively impaired patients but no correlation has been found yet for this marker.
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The alterations in levels of plasma lipoproteins seem to have no correlation with
different types of cognitive impairment, yet combined markers such as cholesterol/
HDL ratio [31] seem to offer interesting new avenues in the future search for AD
biomarkers based on alterations of the systemic lipid profile.
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Participation of Glial Cells in the
Pathogenesis of AD: A Different
View on Neuroinflammation

Rommy von Bernhardi

Abstract Inflammation has been linked to Alzheimer’s disease (AD). The accepted
view is that inflammation is secondary to amyloid-B (A) accumulation or neuro-
degeneration. However, I propose that glial dysfunction and the resulting imbalance
between the cytotoxic inflammatory and neuroprotective-modulator activity could
be the pathological mechanism behind AD. Such unbalance could be promoted by
conditions like hypoxia and inflammation, which are frequently observed in aged
individuals. A strong inflammatory response can promote defective processing of the
amyloid-B protein precursor (ABPP) and the handling of AP by glial cells, resulting
in the accumulation of AP and further inflammation. Proinflammatory conditions
also enhance microglial cell activation by ABPP and AP and reduce astrocytes-
mediated inhibition of microglial activation. These observations indicate that glial
cell response to AP can be critically dependent on the priming of glial cells by
proinflammatory factors. Astrocytes play a major role in the pathophysiology of
AD, both promoting damage and mediating neuroprotection. Persistent inflammation
can impair modulation and promote microglia-mediated neurotoxicity. Altogether, I
propose that dysfunctional glia could result in both neuroinflammation and impaired
neuronal function in AD.

Abbreviations A, amyloid-B; APPP, amyloid-B protein precursor; AD,
Alzheimer’s disease; BACE 1, B-secretase cleaving enzyme 1; CNS, central nerv-
ous system; COX, cyclooxygenase; COX-2, inducible form of cyclooxygenase;
ERK, extracellular signal-regulated kinases; IFN-y, interferon-y IL-1f, interleukin-
1B; IL-6, interleukin-6; iNOS, inducible nitric oxide synthase; JNK, jun N-terminal
kinase; LPS, lipopolysaccharide; LTP, long-term potentiation; MAPKs, mitogen-
activated protein kinases; MCP-1, monocyte chemotactic protein-1; MHC-class
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II, major histocompatibility complex class II; MKP-1, MAPK phosphatase type 1;
NF-xB, nuclear factor-x B; NGF, nerve growth factor; NO, nitric oxide; NSAIDs,
nonsteroidal anti-inflammatory drugs; ROS, reactive oxygen species; SRs, scavenger
receptors; STATI, signal-transducer and activator of transcription-1; TGF-f,
transforming growth factor-f3; TNF-a., tumor necrosis factor-o

1 Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by
impaired cognitive functions associated with neuronal dysfunction and selective
neuronal loss. Its neuropathology is characterized by two lesions: the extracellular
aggregation of fibrillar amyloid-B (AP) in senile plaques and intracellular neurofi-
brillary tangles. Both lesions are closely associated with abundant activated microglia
and astrocytes. However, whether amyloid plaques and neurofibrillary tangles are
the primary cause of AD or a consequence of another pathophysiological change
(i.e., the proinflammatory environment associated with aging) is still an open question.
There is a lack of correlation between the extent of amyloid pathology and clinical
progression. The accumulation of AP does not necessarily constitute a senile
plaque. Diffuse cortical plaques are frequently observed in cognitively preserved
elders, but they do not show glial and inflammatory reactivity. In contrast, senile
plaques in AD are fibrillar and associate with activated glia and an inflammatory
response [1]. Furthermore, there is no clear correlation between amyloid deposition
and the regions with most of the neuronal loss in early AD. Such differences make
it difficult to argue that just the exposure to A directly causes neurodegeneration
and suggest that the deposition of AP in the brain is not necessarily associated to
functional impairment or cell death. Additional pathogenic events are needed for
AP to accumulate as well as to become cytotoxic, and they could be provided by
glial cells. Here I will discuss evidence supporting the role of glial dysfunction in
the pathogenesis of AD, including aging-associated changes, modulation of glial
cell function, inflammatory cytokines, and cell receptors that could perpetuate neu-
roinflammation through AB-mediated cell activation.

2 Age-Dependent Changes Relevant for AD

The strongest risk factor for AD is aging. Several changes relevant to AD occur in
aging. Autopsy studies show that the incidence of neuropathological lesions is even
higher than clinical symptoms, and reveal that AD often occurs in conjunction with
other pathological lesions, especially vascular and Lewy body dementia. The overlap
of pathologies suggests the existence of common pathophysiological mechanisms.
Age-related changes include increased reactivity of microglial cells, cytokine
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secretion, increased production of nitric oxide (NO), and oxidative stress secondary
to increased production of reactive oxygen species (ROS). It is likely that several
of the resulting changes, oxidative changes of proteins and lipids, increased glycation,
calcium and energetic metabolism among others induce glial cell activation and
upregulation of inflammatory mediators.

Brain hypoperfusion [2] affects brain parenchyma homeostasis resulting in
disruption of energetic metabolism and the maintenance of ionic gradients,
increased intracellular calcium, and production of oxygen free radicals. Cerebral
ischemia induces a strong cerebral inflammatory response, upregulation of amyloid-f3
protein precursor (ABPP) expression, and increased amyloidogenic cleavage of
APPP. Furthermore, in addition to age-dependent hypoperfusion, the microcircula-
tion in AD patient brains and ABPP transgenic mice have abnormalities which can
further promote ischemia and hypoxia. Furthermore, transient hypoxia can lead to
mitochondrial dysfunction, also resulting in oxidative stress, impairment of membrane
integrity, and amyloidogenic cleavage of ABPP with a pattern similar to that observed
in sporadic AD.

Expression of several receptors changes with aging. Upregulation of CD14
could be associated with increased inflammatory reactivity in normal aging [3].
Similar changes are also observed in ABPP transgenic mice [4]. Microglial cells
from aged individuals secrete several of the cytokines upregulated in microglial
cells exposed to AP. These observations plus the morphological abnormalities
described in microglia of cognitively normal elders led to the concept of dystrophic
microglia associated with aging [5].

Impairment of the removal of AB by microglia could also be a consequence of
age-related changes. Glial cells express various receptors that bind AP under normal
and pathological conditions. We have reported that microglia effectively bind to and
phagocytes A in vitro [6], whereas they do not appear to eliminate AP aggregates in
vivo [7] or under proinflammatory conditions. In contrast, newly differentiated
microglial cells originating from the blood are able to remove A from the brain
parenchyma. Animals that fail to recruit microglia have more plaques [8]. These
results suggest that microglia are less immune competent than their blood-derived
counterparts.

Aging, as well as AD, associates to change in expression pattern of scavenger
receptors (SRs). Several of them appear to be receptors for AP [6, 9]. SRs can be
especially relevant because of their participation in the uptake of AP as well as
mediators of glial inflammatory activation [9]. Upregulation of SRs in blood-
derived macrophages associates with promotion of cell survival [10]. The binding
of AP induces the expression of some of the SRs, the secretion of chemokines and
proinflammatory cytokines, increased production of ROS, and the activation of
various signaling transduction pathways. Microglia express many SRs of various
types in agreement with their function as scavenger cells. In contrast, the more
restricted expression of SRs by astrocytes could result in a different activation
response. Impairment of AP clearance and the activation of signal transduction
pathways by SRs binding AP could be involved in the inflammatory response and
participate in AP accumulation.
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On a different front, synaptic function is attenuated and the ability to generate
LTP is nearly abolished in aged rats. Aged monkeys exhibit cortical neuritic pathology,
amyloid plaques, and reactive glia associated with senile plaques. The response to
AP also changes with aging. AP induces neuronal loss and microglial reactivity
only when injected in aged monkeys. Considering that aging changes degradation
of AP by astrocytes [11] and is associated with increased oxidative potential of A3,
one can speculate that AP accumulation and its potential toxic effect through glial
inflammatory activation are potentiated in the aged brain.

3 Damage Mechanisms: AP Versus Inflammation

The quest for finding a unique entity responsible for sporadic AD probably will fail
because multiple biological mechanisms appear to be involved. A wealth of evidence
suggests that inflammatory processes can be responsible for neuronal dysfunction
and degeneration. Resident cells such as microglia and astrocytes secrete cytokines,
chemokines, proteases, complement proteins, and ROS. However, there is also compelling
evidence indicating that inflammatory cells and mediators also have beneficial functions
in the central nervous system (CNS), being also necessary for the accomplishment
of several normal processes. The dual role for glia-mediated neuroinflammation sug-
gests that glial cells dysregulation through the impairment of their fine-tuned multi-
ple functions may be involved in the genesis of AD [12].

Several mechanisms have been implicated in AP cytotoxicity for neurons and
glial cells. AP has direct neurotoxicity but it also kills neurons indirectly through
the activation of microglial cells [13]. Indirect cytotoxicity appears to be as important
as the direct mechanism (Fig. 1). Besides cytotoxicity, AP appears to impair the
function of synapses. ABPP transgenic mice show cellular, biochemical, and elec-
trophysiological evidence of synaptic dysfunction prior to degeneration of synapses
and before AP deposition. Results are similar in studies with AD patients [14].
There are reports that this synaptic dysfunction is caused by soluble oligomeric Ap.
However, synaptic degeneration is common to several neurodegenerative diseases.
Furthermore, synaptic impairment is also mediated by cytokines. The effect of
cytokines depends on their concentration or other environmental factors. Interleukin
1B (IL-1P) is involved in hippocampal-dependent memory and long-term potentiation
(LTP) under physiological conditions, whereas high levels of IL-1[ impair memory
and neural plasticity and induce synaptic depression. In light of these observations,
an alternative interpretation for the synaptic effect of oligomeric AP is that early
synaptic dysfunction in AD could also be the result of inflammation, secondary to
aging or to the presence of preexisting pathology.

On the other hand, AP and proinflammatory cytokines have synergic effects
[13]. Whereas the reactivity of glial cells exposed to AP derivatives is low, it is
potentiated in the presence of proinflammatory molecules (Fig. 2a), resulting in
higher production of NO and cytotoxicity [15]. The synergy between AB/ABPP and
proinflammatory factors led us to postulate that AB/ABPP-induced cytotoxicity



Participation of Glial Cells in the Pathogenesis of AD 143

a ok b *
:5- ok i :5-
S 2
§4-—L EES
S *k 3
B 31 3 34
) S
= < *
o 2 .2 24
2 g
2 2
< <
0 1 0 i :

RO RO > R R
Y WY R o Kl
N = & ® F

o R
AS() AsH v

@6

Fig. 1 Induction of cell death by AB . AB induces hippocampal cell death directly (a) or indirectly
through the activation of glial cells (b). In (a), hippocampal cultures without (AS—) and with
astrocytes (AS+) were unstimulated (control, not shown) or treated with 2 uM fibrillar AB] o (AB)
with or without 1 pg/ml LPS + 10 ng/ml IFNy (LI) for 48 h. Neuronal cell death was evaluated by
the TUNEL method with immunocytochemistry for 3-Tubulin III as neuronal identity marker.
Data from three independent experiments in triplicate is expressed as fold-number increase (mean
+ SEM) compared to the control condition. “p < 0.01, “p < 0.001. In (b), indirect neurotoxicity
was evaluated in hippocampal cultures exposed to conditioned media of microglial untreated (MG
control) or exposed to AR (MG AP) with or without additional proinflammatory conditions (MG
AP + Inflamm) at the indicated concentrations. Also mixed glial (microglia and astrocytes) cultures
were exposed to AP (MX AP). Astrocytes show a protective effect on both direct and indirect AR
neurotoxicity. Inflammatory conditions potentiate microglia-mediated toxicity, whereas it can also
promote neuroprotection mediated by astrocytes
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Fig. 2 Induction of nitrites secretion in glial and hippocampal cultures exposed to proinflammatory
conditions. Microglial (o) or mixed glial cultures (m) in (a) and hippocampal () or hippocampal-
microglia cocultures (m) in (b) were left unstimulated (control) or exposed to 2 uM AB1 » (AB) with
or without 1 pg/ml LPS + 10 ng/ml IFNy (LI). Data is expressed as mean + SEM of three independ-
ent experiments in triplicate. “p < 0.001. Astrocytes inhibit induction of NO production by microglia
when exposed to AP or LI. However, inhibition is abolished after simultaneous treatment with Af} and
LI Similarly, hippocampal cultures were poorly reactive to A or LI, but NO production was greatly
induced when hippocampal-microglia cocultures were exposed to proinflammatory mediators
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only occurs under certain inflammatory conditions. Because such conditions also
appear to influence the response of microglial cells to modulation by astrocytes, I
propose that dysfunctional glial cells could be the centerpiece of AD pathogenesis
[12]. Chronic inflammation results in the dysfunction of glial cells, reducing their
scavenger function while potentiating their inflammatory-cytotoxic activation.

4 Inflammation in AD

The cellular bases for neuroinflammation are, among others, reactive microglia and
astrocytes. Increased glial activation could be the result of aging in the absence of a
pathological process, or secondary to trauma, infection, hypoxia-ischemia, etc. Glial
activation is diverse depending on the basal functional state. Different outcomes (i.e.,
proliferation, phagocytosis, upregulation and release of cytokines or neurotrophic
factors, and production of mediators such as NO and ROS) will be differentially regulated.
Factors such as age, cell damage, metabolism, or oxidative stress are just some of
the many factors that will influence an inflammatory response. Neuroinflammation
requires the coordinated activity of several intracellular pathways. Coestimulation by
various proinflammatory signals could be additive, show synergy or inhibition as
manifestation of a regulatory cross talk, or saturation if a common upstream signaling
component is involved.

Epidemiological evidence and experimental models of AD show that proinflam-
matory conditions promote the development of AD. Inflammation, microglial
activation, and oxidative stress appear to precede the appearance of AD cytopathology
[16]. Identification of susceptibility genes influencing the inflammatory process
revealed that polymorphisms for IL-10 and IL-1 are associated with increased risk
of early onset AD and the C allele of IL-6 associated with reduced IL-6 activity
delays the onset of sporadic AD. Thus, inherited variations in inflammation mechanisms
could influence AD pathogenesis. IL-1B, IL-6, transforming growth factor-B
(TGF-B), and the inducible form of cyclooxygenase (COX-2) are elevated in the
brain of AD patients. Likewise, glial cells surrounding amyloid plaques or exposed
to AP in vitro secrete proinflammatory molecules such as tumor necrosis factor-o.
(TNF-av), IL-1pB, monocyte chemotactic protein-1 (MCP-1), RANTES (CCL5), and
eicosanoids. IL-1 expression is induced very early during plaque formation. In fact,
IL-1o appears to be involved in the induction of ABPP expression after head
trauma, suggesting a role for IL-1 in both amyloid plaque formation and neurodystrophic
changes. However, research has failed to establish whether these changes are
etiological or are secondary to the degenerative process. Nevertheless, clinicopatho-
logical studies and neuroimage show that inflammation and microglial activation
precedes neuronal damage [17]. Also, case-control and population-based studies
supported a roughly 50% reduction in AD risk after long-term use of nonsteroidal
anti-inflammatory drugs (NSAIDs) [18]. The NSAID ibuprofen decreases cytokine-
stimulated AP production and reduces neuritic plaques and inflammation in transgenic
mice overexpressing ABPP [19]. NSAIDs have COX-independent effects, through
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various molecular mechanisms, including repression of [-secretase cleaving
enzyme 1 (BACE 1), modulation of y-secretase activity, and inhibition of signal
transduction pathways involved in cytokine-mediated inflammation such as nuclear
factor-x B (NF-kB) and MAPKSs. For example, decrease of AP production depends
on changes of secretase-y-cleavage without affecting COX activity.

Inflammation is involved in several pathophysiological mechanisms.

4.1 Inflammation and AP Load

There is evidence of several molecular mechanisms that indirectly influence amyloid
production and probably contribute to neurodegeneration in AD. Brain injury pro-
duced by many different insults can induce AR deposition. Inflammation, likely
involved in most age-associated neurodegenerative diseases, is linked to AP} production
and toxicity.

Besides their potential cytotoxic effects, TNF-o and IL-1 can promote AD by
stimulating the synthesis of ABPP [20]. A similar effect has been described for
TGF-B1 on astrocytes. Cytokines stimulate the processing of ABPP toward the
generation of A, including induction of B-secretase activity and inducing intracellular
accumulation of AB. Furthermore, high concentrations of cytokines promote the
formation of fibrils and aggregation of AP, inducing neuropathological changes
similar to those found in AD brains [21].

4.2 Inflammation and Cytotoxicity

Proinflammatory molecules and NO synergize with hydrogen peroxide increasing
neuronal sensitivity to oxidative injury. The release of NO both in culture [22] and
in vivo is one of the mechanisms by which activated glial cells exert their cytotoxic-
ity. McGeer and McGeer (1995) [23] proposed that it is not the accumulation of A}
but rather the unregulated inflammatory response to it, responsible for neuronal
damage in AD. A substantial part of our results strengthens that hypothesis and
suggests a differential participation for microglia and astrocytes (Fig. 1). IL-1P and
TNF-o potentiate cytotoxicity, inducing the expression of inducible nitric oxide
synthase (iNOS) through activation of NF-xB, extracellular signal-regulated
kinases (ERK), and jun N-terminal kinase (JNK) signal transduction pathways.
However, IL-1 can exert beneficial effects, particularly when released in modest
amounts. It promotes remyelinization and upregulation of growth factors needed
for neuronal survival. IL-1[ also increases TGF-f1 production and has a synergic
effect with the neuroprotective activity of nerve growth factor (NGF), further pro-
moting neuronal viability. Upregulation of TNF-a has been involved mostly with
cell death. However, it also has a protective role in animal models for demyelizating
diseases and traumatic brain injury.
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4.3 Microglial Cell Activation: Inflammation
Versus A B Phagocytosis

There is evidence to suggest that there is an association between inflammation and
the phagocytic activity of glial cells. Whether intraperitoneal injection of ABPP trans-
genic mice with lipopolysaccharide (LPS) activates microglial cells and results in the
transient clearance of AP deposits, at later times A} uptake is inhibited. In vitro assays
also show that proinflammatory conditions increase AP uptake at early times while
decreasing it at later times while glial cell damage rapidly evolves. If microglial cells
become unable to clear AR under sustained inflammatory conditions, conditions
favoring an increase in cytokines will result in A} accumulation over time, as well as
the persistence of microglial cells activation. Those observations suggest that failure
to adequately deal with the inciting stimulus (i.e., AP) in association with an inflam-
matory response results in the subsequent overactivation of microglia, which become
detrimental, inducing the release of potentially toxic mediators.

4.4 Inflammatory Cytokines and Neuronal Function

Cytokines influence neuronal and synaptic function via diverse mechanisms,
including regulation of neurotransmission, neurotransmitters receptors, and synaptic
efficacy. Moderately high levels of IL-1 and TNF-a inhibits synapses, contributing
to cognitive impairment. Cohort studies of healthy aging individuals showed that
high levels of IL-6 correlates with lower cognitive functioning, also predicting
subsequent cognitive impairment.

4.5 TGF-BI-Dependent Protective Mechanisms

TGF-B1 has prominent roles in tissue development, homeostasis, and repair. In the
CNS, TGF-B1 has direct protective effects on neurons through the induction of cell
survival-promoting proteins like Bcl-2 and proteins that participate in calcium
homeostasis and modulation of MAPK, and indirect neuroprotective effect by pre-
venting overactivation of microglial cells. It reduces AB-induced neurotoxicity and
we have shown that TGF-B1 secreted by hippocampal cells modulates the production
of NO and ROS by microglial cells [24] (see Sect. 5.4.3). Its expression is increased
in the injured brain and in several pathological states including ischemia and neu-
rodegenerative pathologies. Proinflammatory conditions induce production of
TGF-B by astrocytes and hippocampal cells in vitro. TGF-B1 increases with age in
the nervous system, apparently in response to glial activation. AD patients and
APPP transgenic mice show elevated levels of TGF-B1. However, Smad proteins,
the major transduction pathway mediating its anti-inflammatory effects, show
reduced levels and altered subcellular distribution. Changes on the signal transduction
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pathways of TGF-B1, especially if one of them is differentially affected, will have
a profound effect on TGF-f1-mediated regulation.

5 Glial Cells and Neuroinflammation in AD

Both microglia and astrocytes produce several trophic factors and extracellular matrix
molecules that are needed for the maintenance and function of neurons. Such functions
are also meaningful in AD. Evidence suggests that glial cells activate in response to
injury, illness, aging, or other stimuli. Factors secreted by microglial cells in response
to injury induce activation of astrocytes. Activated astrocytes secrete growth factors
that not only promote microglial growth and activation but also modulate their cyto-
toxicity. In consequence, glial activation can both impair and promote neuronal
survival. An oversimplistic view is that microglia-derived factors are responsible for
neurotoxicity whereas astrocytes secrete neuroprotective factors. However, astrocytes
and microglia work cooperatively, exerting mutual regulatory activity. On the other
hand, activation of microglia and astrocytes can be differentially affected by various
stimuli. For example, hypoxia potentiates LPS induction of iNOS and TNF-o. in
microglia, whereas it is inhibitory for astrocytes. AP and inflammatory cytokines
probably also activate glial cells through different mechanisms. Several signaling
pathways are involved in microglial and astrocyte activation by A, including tyrosine
kinase-dependent pathways and NF-xB. Several of these pathways are common with
those activated by inflammatory cytokines [25].

5.1 Microglial Cells

Microglial cells are resident macrophage cells and orchestrate the inflammatory
response of the CNS. Aging is one of the factors modifying microglial activation and
function [26]. Aged microglia express increased amounts of inflammatory cytokines,
and because of their autocrine effect, a new steady state of activation is established,
affecting microglial cell function. Microglia express more anti-inflammatory
cytokines (TGF-B1 and IL-10) than proinflammatory cytokines [IL-1f3, IL-6, IL-12,
interferon-y (IFN-y) and TNF-o] when unstimulated. However, stimulation with a
strong activator upregulates proinflammatory cytokines while anti-inflammatory
cytokines are downregulated.

Most neurodegenerative diseases show increased numbers of microglia. Autopsy
studies show microglial cell activation in AD patients and positron emission tom-
ography reveals microglial activation in specific cortical regions at early stages of
AD. It has been proposed that microglial cells associated with amyloid plaques are
responsible for oxidative stress. However, we have observed that generation of ROS
by microglia exposed to A in vitro is minor. This apparent contradiction could
depend on the fact that microglial cells in vivo are not activated solely by AP, but



148 R. von Bernhardi

by a combination of proinflammatory stimuli. In agreement with that notion, an
important activation is observed when glial cells are exposed simultaneously to AP
plus inflammatory cytokines (Fig. 2).

There is also controversy whether activation of microglia is beneficial or harmful.
Probably both effects are possible, depending on the specific activation pathways
involved. Several of the modulators released by microglia are needed for the activation
of protective mechanisms and induction of neurotrophic factors. Different activation
patterns will generate different outcomes in terms of tissue damage and A3 removal.
Microglia can produce high amounts of ROS without becoming phagocytic and neu-
tralize the offender, or vice versa. Ignoring the complexity of glial activation is an
oversimplification that precludes the understanding of the neuroimmune response.

5.2 Astrocytes

Astrocytes are the structural and trophic support needed for neuronal housekeeping,
synapse formation, and modulation. Astrocytes play an important role in inflammatory
processes and have become a focal point in research because of their neuroprotective
role following excitotoxicity, oxidative stress, ischemia, and AP toxicity. Mediators
released by astrocytes trigger a dual response. They activate neighboring cells and
amplify innate immune response; and they modify brain-blood barrier and attract
circulating immune cells. The balance between inflammatory potentially tissue
damaging and immunomodulatory functions is fundamental for controlled reaction
to CNS insult.

In AD brains, astrocytes’ activation is prominent around AP deposits. However,
evidence is contradictory as to whether reactive astrocytes at sites of AB deposition
have damaging or neuroprotective functions. Cytotoxic mediators produced by
astrocytes, including proinflammatory mediators such as IL-1, MCP-1, RANTES,
and TNF-a. [27], have deleterious effects in AD and are involved in the pathogenesis
of various neurodegenerative diseases. However, they also inhibit microglial cyto-
toxicity [13, 27] and can produce high levels of anti-inflammatory cytokines such
as TGF-B1 (see Sect. 5.4.3) both in vitro and in vivo. Many of the neuroprotective
effects depend initially on the inflammatory activation of glial cells, in agreement
with the notion that inflammation also has beneficial roles. Impairment of these
roles can unbalance their participation in favor of the deleterious effects. For example,
because TGF-B1 production can be inhibited by TNF-q, it is possible that persistent
inflammation could downregulate astrocytes’ protective anti-inflammatory responses.

5.3 Modulation of Glial Activation: Glial Cells and Neurons

Microglial cytotoxic activity is modulated in various ways, including the induction
of antioxidant enzymes and anti-inflammatory cytokines (IL-1Ra, IL-4, IL-10, and
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TGF-B1). Their activity is also modulated by astrocytes and neurons. Feedback
mechanisms through cross talk of brain cells restrain the amplitude and duration of
glial activation. Neurons have an inhibitory role on glial activation by regulating the
production of soluble factors and many proteins associated with reactive gliosis.
Neurons and astrocytes modulate microglial cell reactivity. Microglial cells in pure
cultures are more reactive than cocultures containing either astrocytes or neurons
(Fig. 2). Active healthy neurons provide inhibitory factors including OX2, neuro-
trophins, and cytokines, which suppress the inflammatory response of microglia
and astrocytes. In contrast, damaged neurons induce glial activation [28], producing
inflammatory mediators, eicosanoids, C-reactive protein, amyloid protein, and
complement factors.

Astrocytes remove toxic factors secreted by microglia and reduce microglial
cell activation, enhance their phagocytic capability, and attenuate the production
of ROS and TNF-a. We observed that astrocytes or soluble factors secreted by
them abolish induction of NO by inflammatory conditions. Inhibition was also
observed on the activation of the signal transduction pathways activated by those
inflammatory conditions (Fig. 3). Activated astrocytes prevent AB-induced neu-
rotoxicity in vitro [13], a protective effect that depends on diffusible factors. One
of the modulator cytokines identified is TGF-B1 (see Sect. 5.4.3). Taken together,
evidence suggests that astrocytes exert key functions in the modulation of neu-
roinflammation and have major regulatory effects on microglia and neurons
exposed to AB. However, under strong inflammatory stimuli, astrocytes are una-
ble to inhibit NO production by microglial cells [13, 15]. The duration of the
exposure of astrocytes to proinflammatory stimuli is especially relevant for their
activation and their modulation of microglial cell activation. Astrocytes exposed
to proinflammatory conditions for 48 h or longer fail to modulate microglial cell
activation, potentiating their neurotoxicity. These results suggest that persistent
inflammatory conditions could impair regulatory functions normally performed
by astrocytes, becoming an important pathogenic mechanism for neurodegen-
erative diseases.

5.4 Modulation of Glial Activation: Cytokines

Cytokines are constitutively expressed in glial and neuronal cells and exert actions in
the normal brain, modulating various functions, including cell homeostasis, metabolism,
synaptic function and plasticity, neural transmission, and complex behaviors. When
upregulated in response to injury, infection, or various neurodegenerative and
inflammatory conditions, primarily astrocytes and microglial, but also neurons, produce
inflammatory mediators including chemokines, cytokines (e.g., TNF-q, IL-1, IL-6,
IFN-y, TGF-), and prostaglandins. These mediators not only amplify the inflammatory
response but are also protective, inducing glial cells to release neuroactive factors. The
end result of glial activation depends on the profile of the secreted cytokines and other
factors of the immediate environment.
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Fig. 3 Effect of IFN-y, IL-1B, and TGF- on NO secretion by microglial cell and mixed glial
cultures. (a) Concentration of nitrites in the supernatant of microglial cell (MG) and mixed glial
cultures (MX) nonstimulated (control) or incubated with 10 ng/ml IFN-y, 250 pg/ml IL-18, 1 ng/
ml TGF-f, or combinations: IFN-y/IL-1p and IFN-y/TGF-f for 48 h. Both IL-1B and TGF-3
decreased IFN-y-induced NO secretion by microglial cells whereas IFN-y-induced NO secretion
in mixed glial cultures was nearly abolished. Values correspond to the mean + SEM of three
independent experiments in triplicate. "p < 0.05 indicate conditions that were statistically different
when compared with cultures exposed to IFN-y. (b) Modulation of IFN-y-induced activation of
ERK and STAT 1o pathways by IL-B at 30 min. MG, MX, or microglia cultured with astrocytes’
conditioned media (MG + AS CMs) were exposed to 10 ng/ml IFN-y, 250 pg/ml IL-1f, or the
combination IFN-y/IL-1f. IL-1p inhibited ERK phosphorylation induced by INF-y in microglial
cells, whereas it decreased STAT 1o phosphorylation induced by INF-y in mixed glial cultures and
microglial cells exposed to astrocytes’ conditioned media. Numbers indicate the ratio of the acti-
vated and total fractions of ERK or STAT signal transduction pathways. * indicates conditions
associated to statistically significant differences

5.4.1 IL-1P Is Expressed by Neurons and Glial Cells

IL-1p increases during aging, associated with the increased reactivity of glial cells.
It modulates inflammation and multiple cell functions in basal conditions. IL-1B
can either contribute to or limit neuronal damage or death. Its beneficial effects are
observed particularly when released in modest amounts [29]. It promotes remyeli-
nization and the upregulation of growth factors. IL-1f also increases TGF-B1 and
has a synergic effect with NGF. Activation of the IL-1 receptor, IL-1RI, leads to the
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translocation of NF-xB to the nucleus and the activation of the mitogen-activated
protein kinase (MAPK) pathways ERK, p38 MAPK, and JNKI (see Sect. 5.5).

5.4.2 TNF-o in Health and Disease

TNF-o is known to be expressed in pathological conditions and has been impli-
cated in the pathogenesis of several neurological diseases. However, its expression
in the healthy brain is controversial. TNF-o. modulates neuronal function, affecting
synaptic activity and the release of neurotransmitters. Depending on the physiologi-
cal state of its target cell, TNF-o exerts pleiotropic effects on neurons, including
toxic and protective effects. When upregulated, TNF-a. plays a key role as mediator
of tissue injury and inflammation.

5.4.3 TGF-B1 Has Prominent Roles in Tissue
Development, Homeostasis, and Repair

The concentration of TGF-B1 is low in normal brain tissue, whereas its expression is
increased in activated glial cells in the injured brain and in several pathological states.
Its concentration in the CNS increases with aging, apparently in response to glial acti-
vation. TGF-B1 is synthesized in the brain in response to insults such as ischemia and
various neurodegenerative pathologies and it has been identified as one of the factors
involved in neuroprotection secreted by astrocytes [30]. It modulates microglial activa-
tion inhibiting production of IL-1 and TNF-0., expression of the major histocompati-
bility complex class II (MHC-class II) and Fas glycoprotein, NOS induction, and
release of NO and O, production [24]. Treatment with exogenous TGF-B1 has a pro-
tective effect on AB-induced neurotoxicity. Hippocampal cells and activated astrocytes
secrete TGF-B1 both in vivo and in vitro. TGF-B1 is upregulated in hippocampal neu-
rons in ischemia and in astrocyte cultures exposed to IFN-y, LPS, or TNF-o.

5.5 Modulation of Glial Activation: Cytokines
and Their Signal Transduction Pathways

Cytokines activate a number of signaling mechanisms, including major effectors
pathways and signal pathways serving modulator functions. Activation by most if
not all cytokines leads to the activation of MAPK ERK, P38, and JNK, as modulator
pathways. MAPK regulation in neuroinflammation allows for the integration of
specific signaling pathways to yield unique output responses. It could be involved
in both the magnitude and the temporal pattern of the response.

The combinatorial complexity of signaling may account for the fact that depending
on a specific background determined by intrinsic cell characteristics and environ-
mental factors, proinflammatory stimuli can result in limited inflammation and



152 R. von Bernhardi

repair or cell damage and degenerative changes. For example, IL-1[3 plus TNF-o is
needed in order to induce the expression of proinflammatory cytokines and iNOS
through the activation of NF-kB and ERK. Although IL-1pB or TNF-a is capable of
activating NF-xB by itself, iNOS induction requires additional transcription factors
activation modulated by MAPKSs. Furthermore, increased expression and amy-
loidogenic processing of APP induced by inflammation appears to require activation
of ERK and JNK in order to be generated.

The main signal pathway induced by IFN-7 is the signal-transducer and activator
of transcription-1 (STAT1) in addition of ERK and P38 MAPKs. STAT-1 is the
main transcription factor involved in the induction of iNOS by IFN-y. It is activated
by a JAK-dependent phosphorylation of a tyrosine residue (pSTAT1%"). ERK plays
an important modulator role because full activation of STAT-1 depends on a second
phosphorylation at a serine residue (pSTAT1*") mediated by ERK.

TGF-B1 exerts its function mainly through receptor-activated Smad signaling. It also
has neuroprotective effects through the activation of PI3 kinase/Akt and ERK pathways;
and the modulation of glial cell activation is mediated by regulation of ERK and P38.
TGF-B1-dependent activation of MAPKSs is transient and renders microglial cells
refractory to further activation by proinflammatory cytokines. The inhibition by
TGF-B1 is produced by a strong expression of MAPK phosphatase type 1 (MKP-1),
which is persistently upregulated under proinflammatory conditions.

Evidence supports the existence of a complex regulatory interaction between
TGF-B1 and IFN-y. IFN-y null mice express high amounts of TGF-31 and show an
increased activation of Smad signaling pathway. In contrast, TGF-B1 null mice
have a high level of IFN-y and overexpress STAT-1, iNOS, and NO production.
Overactivation of STAT-1 in TGF-B1 null mice supports the notion that TGF-B1 is
an essential immune-regulator for the control of inflammatory events. In glial cells,
TGF-B1 reduces IFN-y-induced pERK, STAT-1 phosphorylated at serine™ (pSTAT-
1*) and tyrosine™ (pSTAT-1%"), and total STAT-1.

Under normal conditions, TGF-B1 modulates microglial cells activation and
abolishes neurotoxicity. Its induction by proinflammatory molecules would naturally
limit the temporal and spatial extent of the inflammatory response. TGF-B1 modulator
effects involve activation of the Smad3 pathway and the activation of MAPK-ERK
pathways. At least one of these pathways, Smad3, is downregulated in AD patients.
Dynamic regulation of Smad, PI3K, and MAPK pathways, which are associated to
TGF-B activity as well as to other inflammatory cytokines, can be key elements for
cellular integrity and handling of inflammation. Disappearance or reduction of
Smad3, a major effectors pathway for anti-inflammatory modulation will modify
the regulation and feedback signals resulting from inflammation, impairing normal
regulatory mechanisms.

We have shown that ERK is involved in the modulation of microglial response
by TGF-B1 and IL-1pB, both decreasing NO production. Modulation of oxidative
molecules involved ERK and p38 MAPKSs transduction pathways. IL-1B and
TGF-B1 inhibit IFN-y-induced ERK phosphorylation with different kinetics; IL-1B
inhibition of ERK phosphorylation after 30 min of activation with IFN-y is short-
lived. In contrast, TGF-B1 inhibits ERK phosphorylation only after several hours of
activation and inhibition persists for a long time (Fig. 4). IL-1[3, which is induced
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Fig. 4 Time dependence of the modulation of IFN-y-induced activation of ERK by TGF-f1 and
IL-1B in glial cells. Western blots of microglial cell cultures treated with 10 ng/ml IFN-y in the
presence or absence of 1 ng/ml TGF-B1 or 250 pg/ml IL-1§ for short times (less than 60 min) and
long times (more than 6 h). IL-1 decreased by 50% pERKSs induced by IFN-y at short times of
exposure, whereas TGF-f1 decreased activation of ERK only after exposures of 6 h or longer.
Below each blot, the mean of the densitometry analysis of three to five independent experiments
is shown. "p < 0.02 between the cultures treated with IFN-y and the control cultures, *p < 0.03
between cultures treated with IFN-y and those cotreated with IFN-y and TGF-B1 or IL-1B

early after injury, could mediate the autoregulation of microglial cells activation.
If microglia are unable to resolve the activating condition through IL-1B-dependent
modulation, TGF-B1 pathways would be activated at later stages to further attempt
modulation of the inflammatory process. Those results led us to propose that
impairment of the modulator effect of TGF-B1, as observed when specific signal
pathways are downregulated, promotes cytotoxicity.

6 Glial Dysregulation Hypothesis in AD

Regulation of glial activation appears to be impaired under sustained proinflammatory
conditions. Aging associates with a proinflammatory status in the CNS inducing
functional changes on microglia and astrocytes. These changes include a shift in
basal cell reactivity and changes on modulation mechanisms (i.e., inhibition of
TGF-B Smad pathway) that can lead to regulatory impairment and promote neuro-
degenerative processes. We observed that whereas basal microglial reaction to AB
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is mild and downregulated by astrocytes, regulation is lost under proinflammatory
conditions. These conditions are also associated with decreased uptake of AB. I propose
that AD is the result of dysfunctional microglia [12], which, by not responding to
normal regulatory feedback mechanisms and/or having an impaired ability to clear
AR, loose their ability to handle potentially toxic compounds and become cytotoxic
because of persistent inflammatory activation.

Inflammatory conditions potentiate the response of glial cells to other stimuli
and can result in an increased reactivity when exposed to a condition that normally
would fail to induce their activation. That appears to be the case for AP, a compound
that is a not potent activator by itself [13, 15]. Abnormal glial cell activation can
also impair the capacity of glia to uptake and degrade AP. The persistence of AP
can establish a vicious circle, further potentiating an inflammatory reaction. In time,
chronically or multiple-event activated microglia and astrocytes would become
neurotoxic by the release of inflammatory cytokines, proteolytic enzymes, complement
factors, and reactive intermediaries.

7 Relevance of Glial Cells in AD Therapy

AD disease-modifying therapies presently under evaluation could be loosely grouped
in three categories, anti-amyloid, neuroprotective, and neurorestorative. Of the multiple
mechanisms investigated, few are related to inflammatory mechanisms, and even more
scarce are those specifically targeting glial cell regulation (in contrast to general glial
suppression). The participation of neuroinflammatory mechanisms in the genesis or
progression of neurodegenerative diseases has led to investigation of the therapeutic
effect of anti-inflammatory and antioxidant treatments. Whereas epidemiological
studies suggest that the risk of suffering AD is reduced in patients treated with
NSAIDs; most trials for anti-inflammatory agents report no significant beneficial
effect. The results are similar for randomized controlled clinical trials for antioxi-
dants, such as vitamin E, also showing only marginal benefits.

Other therapeutic approaches are targeted toward microglial cell inhibition [31,
32]. However, there is clear evidence that microglial activity is needed for normal
function and AP clearance. When their function is reduced or abolished, it may
result in extensive damage and even worsening of AD pathology [33]. A better
understanding of the regulation of glial cell activation and their participation in AB
clearance should be a key element on any AD therapeutic approach, targeting neu-
roinflammation and plaque removal. A successful treatment should promote repair
and phagocytic functions of microglia while inhibiting cytotoxic activation.

8 Conclusion

I propose that glial dysfunction associated with inflammatory or oxidative stress
(i.e., as in aging) are the principal culprits of sporadic AD, whereas increased production/
levels and deposition of A} are secondary to glial dysfunction. It is well reported



Participation of Glial Cells in the Pathogenesis of AD 155

that deposition of AP can occur after oxidative stress, secondary to neuronal stress
and in inflammatory conditions. These observations suggest that the increased gen-
eration of AP is not the primary cause of sporadic AD, but part of the CNS response
to injury, oxidative stress, or inflammatory insult.

Acknowledgments I thank Dr. Jaime Eugenin for his longstanding support and his critical read-
ing of the manuscript. I gratefully acknowledge technical support of G. Ramirez and support by
grant 1040831 from FONDECYT to RvB.

References

11.

12.

14.
15.

17.

. Duyckaerts C, Colle MA, Dessi F, Crignon Y, Piette F, Hauw JJ (1998) The progression of the

lesions in Alzheimer disease - insights from a prospective clinicopathological study. J Neural
Trans Suppl 53: 119-126

. de la Torre JC (2002) Alzheimer’s disease as a vascular disorder: nosological evidence. Stroke

33:1152-1162

. Letiembre M, Hao W, Liu Y et al (2007) Innate immune receptor expression in normal brain

aging. Neuroscience 146: 248-254

. Fassbender K, Walter S, Kuhl S et al (2004) The LPS receptor (CD14) links innate immunity

with Alzheimer’s disease. FASEB J 18:203-205

. Streit W], Sammons NW, Kuhns AJ, Sparks DL (2004) Dystrophic microglia in the aging

human brain. Glia 45: 208-212

. Alarcéon R, Fuenzalida C, Santibafiez M, von Bernhardi R (2005) Expression of scavenger

receptors in glial cells: comparing the adhesion of astrocytes and microglia from neonatal rats
to surface-bound B-amyloid. J Biol Chem 280: 30406-30415

. Wegiel j, Imaki H, Wang KC, Wronska A, Osuchowski M, Rubenstein R (2003)) Origin and

turnover of microglial cells in fibrillar plaques of APPsw transgenic mice. Acta Neuropathol
(Berlin) 105: 393-402

. Simard AR, Soulet D, Gowing G, Julien JP, Rivest S (2006) Bone marrow-derived microglia

play a critical role in restricting senile plaque formation in Alzheimer’s disease. Neuron 49:
489-502

. Husemann J, Loike JD, Anankov R, Febbraio M, Silverstein SC (2002) Scavenger receptors

in neurobiology and neuropathology: their role on microglia and other cells of the nervous
system. Glia 40: 195-205

. Mantovani A, Sica A, Locati M (2007) New vistas on macrophage differentiation and activa-

tion. Eur J Immunol 37: 14-16

Wyss-Coray T, Loike JD, Brionne TC, et al (2003) Adult mouse astrocytes degrade amyloid-§
in vitro and in situ. Nat Med 9: 453-457

von Bernhardi R (2007) Glial cell dysregulation: a new perspective on Alzheimer disease.
Neurotoxicity Res 12: 1-18

. von Bernhardi R, Eugenin J (2004) Microglia - astrocyte interaction in Alzheimer’s disease:

modulation of cell reactivity to AB. Brain Res 1025: 186-193

Selkoe DJ (2002) Alzheimer’s disease is a synaptic failure. Science 298: 789-791

von Bernhardi R, Ramirez G, Toro R, Eugenin J (2007) Pro-inflammatory conditions promote
neuronal damage mediated by Amyloid Precursor Protein and degradation by microglial cells
in culture. Neurobiol Dis 26: 153-164

. Zhu X, Raina AK, Perry G, Smith MA (2004) Alzheimer’s disease: the two-hit hypothesis.

Lancet Neurol 3: 219-226
Eikelenboom P, van Gool WA (2004) Neuroinflammatory perspectives on the two faces of
Alzheimer’s disease. J Neural Transm 111: 281-294



156 R. von Bernhardi

18. Etminan M, Gill S, Samii A (2003) Effect of non-steroidal anti-inflammatory drugs on risk of
Alzheimer’s disease: systematic review and meta-analysis of observational studies. BMJ 327:
128-131

19. Lim GP, Yang F, Chu T et al (2000) Ibuprofen suppresses plaque pathology and inflammation
in a mouse model of Alzheimer’s disease. J Neurosci 20: 5709-5714

20. Rogers JT, Leiter LM, McPhee J et al (1999) Translation of the Alzheimer amyloid precursor
protein mRNA is up-regulated by interleukin-1 through 5 -untranslated region sequences. J
Biol Chem 274: 6421-6431

21. Sheng JG, Bora SH, Xu G, Borchelt DR, Price DL, Koliatos VE (2003) Lipopolysaccharide-
induced-neuroinflammation increases intracellular accumulation of amyloid precursor protein
and amyloid beta peptide in APPswe transgenic mice. Neurobiol Dis 14: 133-145

22. Bal-Price A, Brown C (2001) Inflammatory neurodegeneration mediated by nitric oxide from
activated glia-inhibiting neuronal respiration, causing glutamate release and excitotoxicity. J
Neurosci 17: 6480-6491

23. McGeer PL, McGeer ED (1995) The inflammatory response system of brain: implications for
therapy of Alzheimer and other neurodegenerative diseases. Brain Res Rev 21: 195-218

24. Herrera-Molina R, von Bernhardi R (2005) Transforming growth factor-ol produced by hip-
pocampal cells modulates glial reactivity in culture. Neurobiol Dis 19: 229-236

25. Nguyen MD, Julien J-P, Rivest S (2002) Innate immunity: the missing link in neuroprotection
and neurodegeneration? Nat Rev Neurosci 3: 216227

26. Sierra A, Gottfried-Blackmore AC, McEwen BS, Bulloch K (2007) Microglia derived from
aging mice exhibit an altered inflammatory profile. Glia 55: 412-424

27. Smits HA, van Beelen AJ, de Vos NM et al (2001) Activation of human macrophages by
amyloid-beta is attenuated by astrocytes. J Immunol 166: 6869-6876

28. Sudo S, Tanaka J, Toku K et al (1998) Neurons induce the activation of microglial cell in vitro.
Exp Neurol 154: 499-510

29. Basu A, Krady J, Levinson S (2004) Interleukin-1: a master regulator of neuroinflammation.
J Neurosci Res 78: 151-156

30. Dhandapani KM, Hadman M, De Sevilla L, Wade MF, Mahesh VB, Brann DW (2003)
Astrocyte protection of neurons. Role of transforming growth factor-f signaling via c-jun-
Ap-1 protective pathway. J Biol Chem 278: 4332943339

31. McCarty MF (2006) Down-regulation of microglial activation may represent a practical strategy
for combating neurodegenerative disorders. Med Hypotheses 67: 251-269

32. Garcia-Alloza M, Ferrara BJ, Dodwell SA, Hickey GA, Hy-man BT, Bacskai BJ (2007)
A limited role for microglia in antibody mediated plaque clearance in APP mice. Neurobiol
Dis doi:10.1016/j.n0bd.2007.07.019

33. El Khuory J, Toft M, Hickman SE et al (2007) Ccr2 deficiency impairs microglial accumulation
and accelerates progression of Alzheimer-like disease. Nat Med 13: 432-438



Cerebrovascular Pathology and AD



Cerebral and Cardiac Vascular
Pathology in Alzheimer’s Disease

Jack C. de la Torre

Abstract A large body of evidence now indicates that Alzheimer’s disease (AD)
is a vascular disorder with neurodegenerative consequences and should be treated
as such. Vascular risk factors in the elderly individual who already possesses a
dwindling cerebrovascular reserve due to advancing age contribute to a further
decline in cerebral blood flow (CBF) that results in unrelenting brain hypoper-
fusion. Brain hypoperfusion, in turn, gives rise to reduced ATP synthesis, thereby
provoking a metabolic energy crisis involving ischemic-sensitive neurons and glial
cells. Neuronal energy compromise accelerates oxidative stress, excess production
of reactive oxygen species, aberrant protein synthesis, ionic pump dysfunction,
signal transduction impairment, neurotransmitter failure, abnormal processing of
amyloid-P protein precursor giving rise to amyloid-B deposition, and microtubule
disruption from tau hyperphosphorylation. All high-energy metabolic changes
leading to oxidative stress and cellular hypometabolism precede clinical expression
of AD. Regional CBF measurements using neuroimaging techniques such as PET,
SPECT, echocardiography, and Doppler ultrasound can help predict AD preclini-
cally at the mild cognitive impairment stage or even before any clinical expression
of the dementia is detected. Epidemiological studies together with findings from
preclinical detection tools and present-day treatments for AD are proof of concept
that AD is a vascular disorder that results in brain hypoperfusion. Both peripheral
and cerebral vascular pathology can contribute to brain hypoperfusion. This new
paradigm prompts redirection of our thinking and our efforts to decisively manage
and treat 25 million people worldwide afflicted with this disorder.
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1 Introduction

Immediate interruption of the cerebral energy supply is generally seen after cardiac
arrest or stroke, two conditions that can result in global or local brain cell death.
But what happens when brain energy supply dwindles over long periods of time
following nonfatal cardiac disease or carotid-vertebral artery stenosis, two conditions
that can lead to chronic cerebral hypoperfusion and are considered as major risk
factors to Alzheimer’s disease (AD)? When that happens, healthy, functional neurons
can either die, undergo metabolic-structural damage, or undergo metabolic damage
only, sparing cellular and molecular structural damage (Fig. 1).

The question is essential because glucose is the primary energy substrate for the
brain which also consumes 20% of the total oxygen supply used by the body and
its deficient delivery to the brain by a reduced blood flow can initiate a series of
pathometabolic steps that can compromise brain cell function (Fig. 2a). We were
led to ask this question in 1993, when the subject was only of rare interest, following
our series of experimental brain hypoperfusion studies and a review of the clinical
dementia literature at the time [1].

Since then, compelling evidence from a variety of clinical and basic studies has
convinced us that AD should be treated as a vasocognopathy [2] (i.e., a vascular-
related, cognitive disorder) and by so doing, the neurodegenerative subcellular
products generated by reduced blood flow to the brain will be recognized as potential
therapeutic targets that may respond reversibly to the energy crisis being generated
(Fig. 2b). Extensive proof of concept now supports our vascular proposition. In this
chapter, proof of concept is presented as a synopsis of selected findings from studies
that provide evidence of a fundamental vascular connection in the pathophysiology
of AD. These findings may offer a new directive for further research into this dementia.

»
'

Fig. 1 (continued) <fx1> = impaired reaction. b Persistent reduction of glucose and oxygen
delivery to ischemic-sensitive neurons following chronic brain hypoperfusion leads to critical ATP
depletion and promotes oxidative stress, reactive oxygen species, and abnormalities in protein
synthesis activating their disassembly, misfolding (generating unfolded protein response, UPR),
and abnormal cleavage. Altered protein synthesis can subsequently form molecules that can ravage
nucleic acids, protein kinases, phosphatases, lipids, and harm cell structure. ATP cutback also
hastens ionic pump dysfunction, signal transduction breakdown, neurotransmitter failure, faulty
cleavage of amyloid-B protein precursor (ABPP) leading to BACE-1 upregulation and AP over-
production, and microtubule damage from tau hyperphosphorylation. Retrograde axonal transport
(curved arrow) of trophic and growth factors (e.g., NGF, BDNF) essential for neuronal survival is
diminished due to energy-starved motor protein deficiency. This selective neuronal energy crisis
is caused by blood flow supply not meeting cell energy demand in highly active brain regions
whose vascular reserve capability has reached a critical threshold. About 75% of ATP energy is
used on signaling (action potentials, postsynaptic potentials, etc.). Reduced ATP synthesis is the
precursor of the molecular cascade that leads to AD and to the region-specific neuronal-glial death
pathway. Key: 1= reduction or loss; <fx1> = impaired reaction (See Color Plates)
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Fig. 1 a A fundamental principle in cell biology is seen by the use of chemical energy in the form
of ATP derived from glucose/oxygen delivery to assemble, disassemble, and alter protein structure.
Since proteins work to keep a neuron healthy, defects in their synthesis, assembly, folding, or
cleavage can impair the normal intracellular and extracellular secretory transport pathway and
damage brain cells. Normal neuronal energy metabolism in the brain includes optimal ATP produc-
tion by mitochondrial oxidative phosphorylation, RNA transcription and protein synthesis, cell
signaling, neurotransmission, and axonal transport of molecules between cytoplasm and nerve end-
ing via microtubules. Normal brain has little or no amyloid-P (AB) accumulation. Following initial
cerebral hypoperfusion, reduced ATP synthesis can result in nonspecific protein and oxidative
stress changes that may lead to mild cognitive impairment. Theoretically, overexpression of A
peptides and specific neurodegenerative pathology may be lacking. Key: = reduction or loss;
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Fig. 2 Functional and pathological states deranging brain neurons resulting in degenerative
processes. Healthy, functional neurons (a) can either (b) die (solid arrow), (¢) undergo metabolic-
structural damage (dashed arrow), or (d) undergo only metabolic damage (dotted arrow). In the
(c) state, intracellular damage can be assessed histologically by noting nuclear or cytoplasmic
changes in organelles (chromatolysis, eosinophilia, nuclear shift, pyknosis, etc.). In the (d) state,
biomolecular markers reflecting neuronal distress are needed to evaluate extent of metabolic
dysfunction. Neuronal metabolic dysfunction following chronic brain hypoperfusion is likely the
first step in the pathological pathway to cytostructural damage, atrophy, and death and how such
dysfunction may explain cognitive disability, as in preclinical AD (See Color Plates)

2 Epidemiology

Probably the most compelling evidence for a vascular connection to AD comes
from independent epidemiological studies. Findings from the Rotterdam Study,
the Kungsholmen project, EURODEM, FINMONICA, the PROCAM study, the
Framingham study, and the Honolulu-Asia study, among others, indicate that over
two dozen risk factors, all vascular-related, thus far have been recognized for AD
(Table 1) [2—4]. These epidemiological studies have led to the conclusion that most
of the AD cases analyzed have a vascular involvement, and that pure dementia
types (including vascular dementia, VaD) in older subjects constitute only a minority
of dementia cases [3, 4]. It is highly improbable that chance alone could explain the
reduction of cerebral blood flow (CBF) induced by several dozen different risk factors
found linked to AD. Building on the assumption that vascular risk factors for AD
are valid and do lower CBF, we have introduced the role of critically attained
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Table 1 Summary of findings from epidemiological studies (see text) of vascular-related risk
factors to AD

Alzheimer’s disease vascular risk factors

Brain-related risk factors
Aging
Ischemic stroke
Silent stroke
Head injury
Transient ischemic attacks
Migraine
Lower education
Hemorheological abnormalities
Depression
Circle of Willis atherosclerosis
Heart-related risk factors
Congestive heart failure
Valvular disease
Hypertension
Hypotension
Thrombotic episodes
High serum homocysteine
Atrial fibrillation
Presence of ApoE allele
Carotid atherosclerosis
Coronary artery bypass surgery
Peripheral risk factors
High serum cholesterol
High intake of saturated fat
Diabetes mellitus 11
Hemorheological abnormalities
Alcoholism
Smoking
Menopause

Highly prevalent conditions such as stroke, hypertension, atherosclerosis, and heart disease are
common precursors to AD

threshold of cerebral hypoperfusion (CATCH) [5]. CATCH develops when a
vascular risk factor(s) further diminishes CBF in an individual with already
declining cerebral perfusion due to advanced age and a poor vascular reserve. The
reason is that CBF normally declines with age by about 21% from age 21 to 60
[6]. Below this normal age-related CBF decline, a “CATCH brain blood flow
level” can result from advancing age when it coexists with a vascular risk factor
as from the list in Table 1.

The speed at which CATCH is attained depends on the person’s state of health,
lifestyle, genetics, gender, diet, environmental exposure, and other confounding
factors. Once CATCH is activated, energy hypometabolism and oxidative stress
result from continuous brain hypoperfusion and from reduced glucose and oxygen
delivery to neurons and glia [5] (Fig. 1b). The main reason for the high glucose/O,
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uptake in the normal brain is the massive amounts of ATP needed to maintain neuronal
signaling during active ion channel flux. Ion flux is the basis for propagation of
action potentials and neurotransmission. Impaired brain energy production also
upregulates the amyloid-P (AP) rate-limiting enzyme BACE]1, thus promoting AB
overproduction [7] (Fig. 1a). Consequently, when mitochondrial function in neu-
rons is quickly disrupted (as in stroke) by failing glucose/O, supply for energy
production, rapid structural damage or death to brain cells occurs (Fig. 2).
Hypometabolic compromise without apparent structural damage to neurons can be
an alternative consequence when chronic brain hypoperfusion (as in atherosclerosis)
is present for extended periods of time (Fig. 2). Brain hypoperfusion is the pathogenic
trigger that pushes the neuronal energy crisis and the cascade of molecular and
cytopathological changes that define AD (Fig. 1b).

Risk factors for AD are either the result of genetic susceptibility (e.g., carrying
an apolipoprotein E &4 allele) or environmental exposure of a person’s health to an
event that can introduce, accelerate, or further compromise cognitive dysfunction.
At the present time, only environmental risk factor exposure is modifiable or
preventable but in the future, genetic engineering of potential risk susceptibilities
to AD could become a realistic therapeutic target for AD.

Vascular risk factors to AD as shown in Table 1 have been extensively reviewed
[24, 8, 9] and only some recently reported risk factors will be briefly discussed here.

One example of a potentially modifiable vascular risk to AD of increasing
research interest is hypercholesterolemia and dietary fat intake. A steady amount of
research has confirmed a link between high levels of cholesterol and the develop-
ment of AD [8].

Hypercholesterolemia acts as a precursor of atherosclerosis, cardiovascular
disease, and diabetes. For obvious reasons, high serum cholesterol levels have
generated a rapid-growing market for lipid-lowering drugs prescribed to patients at
risk of cardiovascular or cerebrovascular conditions. Statins that lower cholesterol
levels have been suggested as useful in both prevention and treatment of AD but
this conclusion needs further verification [9]. The mechanism by which statins may
provide a benefit against cerebrovascular disease including AD remains speculative
and is likely multifactorial. In 1998, it was suggested, on the basis of murine stud-
ies, that the health benefits of statins did not merely aim at lowering lipids [10].
Statins were shown to protect against injury by a mechanism involving the selective
upregulation of endothelial nitric oxide synthase [10], the enzyme that generates
nitric oxide in blood vessels and is involved with regulating vascular function.
Further research along these lines has demonstrated that statins improve endothelial
function, increase nitric oxide bioavailability, provide antioxidant properties, inhibit
inflammatory responses, exert immunomodulatory actions, regulate progenitor
cells, and stabilize atherosclerotic plaques [11], and several studies have shown a
benefit for statins in the treatment of AD [12].

Another important modifiable risk factor to AD is metabolic syndrome (MeS).
MeS is a cluster of factors that can lead to the development of cardiovascular
disease. MeS is characterized by abnormal insulin, glucose, and lipoprotein
metabolism as well as by hypertension and obesity [13]. These factors are frequently
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found in people with either excess abdominal body fat or a decreased ability of the
body to use insulin, which is known as insulin resistance [13]. MeS has been found
to be associated with AD even when diabetic patients are excluded from analysis
[14], suggesting that obesity associated with cardiovascular dysfunction or hyper-
cholesterolemia is sufficient to initiate cognitive impairment that later can convert
to AD. The number of people with MeS increases with age and is estimated to
affect 40% of people beyond the age of 60. People with uncontrolled diabetes mel-
litus type 2 and those with heart disease or prone to stroke are most likely to
develop MeS [15].

Since obesity and lack of exercise are two conditions that can lead to MeS,
correcting these by lifestyle changes that include a healthy diet and physical activity
could help prevent or reverse MeS. The cardiovascular risk factors associated with
MeS contribute to the development of atherosclerosis that can lead to a heart attack
or a stroke. People with the MeS are also more likely to develop type 2 diabetes
mellitus [15]. Insulin resistance is central to type 2 diabetes and is also implicated
in the pathogenesis of AD [14]. This has prompted ongoing clinical trials in AD
patients to test the efficacy of improving insulin-like signaling with dietary omega-3
fatty acids or insulin-sensitizing drugs as well as by exercise regimens.

It is well established that hypertension can increase the risk of stroke and heart
problems and decrease life expectancy [2]. Many studies including the Framingham
and the Honolulu-Asia Aging studies have implicated impaired cognitive function
to hypertension in geriatric patients [16]. It has also been known for some time that
hypertension in the elderly is a potential risk factor to AD [2]. What is not clear is
how hypertension increases the incidence of AD, particularly in those not treated
with antihypertensives. People with hypertension are six times more likely to have
a stroke that can lead to AD [17]. It is calculated that reducing the number of cases
affected by stroke which are amenable to prevention or treatment would have a
major impact in lowering the incidence and societal costs of AD which is now
estimated to affect 25 million people worldwide.

Some forms of cardiac disease that result in impairment of cardiac output or
function with consequent reduction of cerebral perfusion have been found to
increase AD risk [18]. Since 20% of cardiac output goes to the brain and 80% of
carotid artery flow goes to the ipsilateral middle cerebral artery, it is no surprise that
vascular lesions of the gray and white matter are frequently associated with cardiac
disease and carotid artery occlusion, both vasculopathies that can induce AD.

Moreover, cerebral hypoperfusion can result in white matter lesions and
cortical watershed microinfarcts in the absence of atherosclerosis or amyloid
angiopathy [19], and may induce microinfarcts in the hippocampus prior to the
onset of AD [20].

We firmly believe that AD onset can be delayed or possibly prevented if the
heart can be kept healthy and brain hypoperfusion can be treated by restoring normal
blood flow. The upshot would be a major research breakthrough in AD prognosis
if either feat is successfully achieved. Consequently, diet, exercise, and management
of many vascular risk factors amenable to treatment may be the key to significantly
reducing the incidence of this dementia in the future.
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3 Preclinical Detection of AD

The most important factor in developing a useful blueprint for AD treatment is
identifying such candidates at the preclinical stage before any incapacitating cognitive
damage has occurred. The reason is that once cognitive meltdown has begun (which
implies serious neuronal damage and loss), AD pathology may be most difficult to
reverse or arrest.

Considering AD as a vascular disorder characterized by brain hypoperfusion,
techniques that can detect regional CBF reduction during mild cognitive impairment
(MCI), a condition often seen prior to AD, or even before any memory deficits are
measured, will be crucial to predict AD candidates.

In our judgment, three of the most important tools to screen AD candidates
before major clinical symptoms have developed are single-photon emission tomog-
raphy (SPECT), injected [**F]fluorodeoxyglucose (FDG) using positron emission
tomography (PET), and transcranial Doppler (TCD) ultrasonography. SPECT and
TCD can detect with a high degree of sensitivity persons showing regional brain
hypoperfusion at the MCI stage, many who later convert to AD [21, 22].

Preclinical detection of AD may now be possible using FDG-PET although the
technique is considerably more expensive and labor intensive than SPECT or TCD.
Individuals at risk of AD but who do not express any cognitive deficits show local
hypometabolic reductions of the cerebral metabolic rate of glucose after FDG in
brain regions that can later develop severe atrophy and neurodegeneration [23].
Since measures of glucose metabolic rate and CBF are almost linear in the resting
state [24], FDG-PET studies are proof of concept that regional brain hypoperfusion
precedes AD clinical symptoms and neurodegenerative changes. FDG-PET can
also track AD progression [23].

Most patients with ischemic heart disease will present themselves in general
practice. Therefore, the community management of ischemic heart disease has
already become increasingly important and the role of the primary care physician
even more pivotal.

Inasmuch as normalization of diminished cardiac output may prevent or reverse
mild cognitive impairment [25], which is a form of chronic brain hypoperfusion that
can lead to prodromal AD [5, 15, 18, 21, 28], simple, safe, and reliable diagnostic
screens should be applied to older patients in an effort to reduce the consequences
of cardiac to brain-related AD risk factors (Fig. 3). We have recommended the use
of cost-effective, safe, and reliable noninvasive tools such as echocardiography and
carotid Doppler ultrasound to be used in the elderly asymptomatic individual or
those found to complain of memory difficulties [26, 27]. This clinical approach,
whose acronym is “CAUSE” (carotid artery ultrasound-echocardiography), can
detect cardiac pathology and extracranial vessel disease responsible for lowering
CBEF but are also potentially compliant to corrective medical or surgical treatment
[27]. Since cardiac pathology and extracranial vessel disease have been shown to be
major contributors to cerebral hypoperfusion and stroke, their attrition may result in
a significant impact on lowering the prevalence of AD and VaD.
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Fig. 3 Echocardiography image (top) is obtained by placing the ultrasound probe on the surface
of the chest over the heart. Image shows all four chambers of the heart, useful for detecting chamber
enlargement. Valvular disease, hypertension, arrhythmias, left ventricular function, ejection fraction,
and cardiac output can be determined and measured. These cardiac measurements offer a nonin-
vasive, cost-effective, and reliable approach that can identify often correctable or treatable early
lesions of the heart which can contribute to chronic brain hypoperfusion, cognitive impairment,
and possibly AD in the elderly patient with mild memory complaints. Key: RVOT = right ventricular
outlet tract; LVOT = left ventricular outlet tract; LV = left ventricle; MV = mitral valve; LA= left atrium
(See Color Plates)

4 Treatment of AD

Five drugs are available in the US market for prescriptive use in AD: Cognex
(tacrine), Aricept (donepezil), Excelon (rivastigmine tartrate), and Reminyl (galan-
tamine hydrobromide). All four act to slow the synaptic breakdown of acetylcholine,
one of the neurotransmitters important in memory and learning. Reminyl also
targets both AD and “mixed” dementia, that is, AD complicated by cerebrovascular
pathology.

A fifth drug Namenda (memantine) is a newer medication for the treatment of
AD that works ostensibly by antagonizing the N-methyl-D-aspartate receptors.
Nonprescriptive treatments for AD in present use are nonsteroidal anti-inflammatory
agents, ginkgo biloba, estrogen, vitamin E, and statins. All these treatments,
whether prescriptive or over-the-counter, at best, provide only very modest symp-
tomatic control generally at the early stages of AD and offer little to no benefit at
the later stages of the disease. Their modest benefit to AD patients must be weighed
against their frequent side effects, particularly the anticholinergic agents which
include nausea, vomiting, dizziness, headaches, and depression.
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It should be noted that the common link binding practically all the medicines
and therapies available or tested experimentally for AD so far is their ability to
mildly increase or improve CBF [28, 29]. However, since cerebral perfusion is only
moderately improved, the beneficial effect of medicines such as those listed here is
transient and modest. Interestingly, most of the products that improve AD symptoms
also improve the symptoms of VaD. This activity by Pharmaca lend additional
support to the concept of brain hypoperfusion in AD patients since increasing CBF
in such patients, even mildly, does often result in modest symptomatic benefit.

5 Conclusions

AD is a vascular disorder with neurodegenerative consequences and should be
treated as such. A large body of evidence including epidemiological, pharmaco-
therapeutic, and neuroimaging studies support the concept of AD as a vascular
disorder that results in brain hypoperfusion and a neuronal energy crisis that
provokes the cellular and molecular changes that define this dementia. In this brief
chapter, the many vascular-related risk factors to AD including some that are
preventable are discussed. Considerable human data now point in a new direction
for guiding future research into AD. This new research direction should open a
window of opportunity for decisive management and treatment of this devastating
disorder.
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Are Amyloids Infectious?

Rodrigo Morales, Baian Chen, and Claudio Soto

Abstract Misfolding and aggregation of proteins is the main feature of a group of
maladies which include most of neurodegenerative diseases (such as Alzheimer’s,
Parkinson’s, Huntington’s, and prion diseases), as well as several systemic amy-
loidosis. Among them, prion diseases are the only one known to be infectious.
Current evidence shows that the infectious agent in prion diseases is the misfolded
protein and that the molecular mechanisms responsible for transmissibility are
very similar to the process of amyloid formation in all protein misfolding disorders
(PMDs). In this chapter, we discuss the theoretical and experimental evidences sug-
gesting the possible infectious nature of several PMDs.

1 Introduction

DNA’s linear code is translated into the three-dimensional information of proteins.
This information is dictated by a proper folding process that depends on both the
primary sequence of the polypeptide chain and the folding machinery present
within the cell. Abnormal folding of proteins can lead to many pathological proc-
esses including loss of function or gain of toxic activity, which usually result from
the accumulation of misfolded and aggregated proteins in specific tissues [1-3].
Protein misfolding disorders (PMDs) are a group of pathological conditions that
include Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral
sclerosis, Huntington’s disease, diabetes type-2, systemic amyloidosis, and prion
diseases, among others [1-3]. A list of the diseases and proteins involved in PMDs
is shown in Table 1.
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Table 1 List of some protein misfolding disorders, the protein implicated, and the organ mostly

affected by deposition of aggregates

Diseases Protein involved Affected organ
Alzheimer’s disease Amyloid-f protein, Tau Brain

Type II diabetes Islet amyloid polypeptide Pancreas
Parkinson’s disease a-Synuclein Brain

Primary amyloidosis (implicated in
multiple myeloma, 3-cell
dyscracias)

Huntington’s disease

Secondary or reactive amyloidosis

Spinocerebral ataxias

Transmissible spongiform
encephalopathies

Hemodialysis-related amyloidosis

Amyotrophic lateral sclerosis

Familial dementia of British or
Danish type

Senile systemic amyloidosis, familial
amyloid polyneuropathy

Hereditary cerebral hemorrhage with
amyloidosis Icelandic-type
Familial amyloidosis, Finnish-type

Familial amyloid polyneuropathy

Senile amyloidosis

Hereditary systemic amyloidosis,
familial visceral amyloidosis

Serpin deficiency disorders (cirrhosis,
angioedema)

Immunoglobulin light chain
Huntingtin
Amyloid-A

Ataxins
Prion protein

2-Microglobulin
Superoxide dismutase

ABri or ADan polypeptides

Transthyretin

Cystatin C

Gelsolin
Apolipoprotein A-I
Apolipoprotein A-11

Lysozyme

Serpins

Mostly kidney, liver,
heart, and nerves

Brain

Mostly spleen, liver,
and kidney

Brain

Brain

Bones and joints
Brain
Brain

Heart, kidney, lungs,
and peripheral
nerves

Brain

Peripheral and central
nervous system

Mostly in aorta

Multiple organs

Liver, spleen, and gas-
trointestinal tract

Liver and brain

It has been suggested that tissue deposition of misfolded protein aggregates
might be responsible for cell impairment and death, leading subsequently to clinical
symptoms in affected individuals. The insidious clinical symptoms, the progressive
nature of the illness, and the lack of efficient therapeutic treatments for these dis-
eases lead to severe problems for the quality of life of affected people and their
families in both social and economic aspects. The expenses for the treatment and care
of patients are very high and these costs progressively increase due to the severity
of the disease. In addition, it is expected that the number of people that will be
affected by these maladies will increase at a high rate during the coming years.
Moreover, the lack of early diagnostic methods or effective treatments paints a
bleak scenario for the future. For these reasons, it is urgent to move forward in trying
to understand the mechanisms involved in the origin and development of these
diseases. Exacerbating this state of affairs is a new hypothesis proposing that misfolded
proteins could be infectious [4, 5]. In this chapter, we will discuss experimental
evidence suggesting that PMDs could have an infectious origin, in a similar manner
that is occurring for the transmissibility of prion diseases.
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2 Common Features of Protein Misfolding Disorders

In spite of the important differences in clinical manifestation, PMDs share some
common features such as their appearance late in life, the progressive and chronic
nature of the disease, and the presence of deposits of misfolded protein aggregates
[6]. These deposits are a typical disease signature and although in each disease the
main protein component is different (Table 1), they have similar morphological,
structural, and staining characteristics. Amyloid is the name originally given to
extracellular protein deposits found in AD and systemic amyloid disorders [7], but
it is nowadays used to refer in general to disease-associated protein aggregates [6].
All protein aggregates share similar structural and biochemical characteristics.
Structurally, misfolding of proteins increases the level of B-sheet structure, leading
to the formation of amyloid polymers organized as cross-f3 structures [8]. As a
consequence, protein aggregates are resistant to proteolysis, denaturation, and general
cellular clearance mechanisms.

The cellular factors and processes leading to the misfolded conformation have
been partially identified. Among them, several mutations destabilizing the folded
conformation and promoting its shift to the misfolded form have been identified in
each protein [9]. These mutations usually result in dominant inheritance of the
disease. Nevertheless, familial forms of the disease represent a small percentage of
the total incidence of PMDs, and the majority of the cases have a sporadic origin.
The discovery of mutations has led to the development of transgenic animal
models overexpressing mutated proteins, where aggregates accumulation and
cellular impairments occur in a similar form as in the human disease [10].

In spite of the key role of misfolded proteins in the disease, the mechanisms
leading to cellular damage and tissue dysfunction are still unclear. The toxicity of
protein aggregates has been extensively documented in vitro and in vivo [3, 11, 12]
However, it is still not clear which type of aggregates are the most toxic species.
Recent evidence supports the hypothesis that smaller and soluble oligomeric aggre-
gates on pathway to form the large fibrillar deposits could be the molecules mostly
responsible for the toxic effects observed in these maladies [12—14]. Fibers could
be acting as a protective mechanism in order to trap these particles and encapsulate
them in the tissue.

3 Prion Diseases: The Bizarre Infectious
Member of the PMD Group

Prion diseases, or transmissible spongiform encephalopathies (TSEs), are a group
of rare, fatal neurodegenerative diseases, affecting humans and several species of
mammals [15]. The most prevalent form of human TSE is Creutzfeldt-Jakob disease
(CJD) and the most common animal prion disease is scrapie affecting sheep.
However, the most worrisome TSEs are the new diseases, variant CJD in humans,
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bovine spongiform encephalopathy in cattle, and chronic wasting disease in cervids.
According to how they arise, prion diseases can be classified as sporadic, familial,
or infectious. Transmission of prion diseases was first reported in 1937 when sheep
were inoculated with a vaccine prepared from formalin-treated sheep brain [16].
Since then, the search for the TSE infectious agent was (and still is) a matter of
great effort from many investigators worldwide [17]. At this time, experimental
evidence points out that the only component of the infectious agent in TSEs is the
misfolded prion protein (referred as PrP>) [17-19]. Highly purified preparations of
PrP% are infectious and the quantity of this protein correlates very well with infec-
tivity [20]. Supporting this information, transgenic animals lacking the normal
version of the prion protein (PrP¢) are completely resistant to infection, whereas
animals overexpressing this protein are more susceptible [21, 22].

Prion diseases have been identified and transmitted to several animal species.
The development of transgenic mice expressing PrP from different TSE sensitive
mammals has helped to understand prion propagation processes among relevant
species such as sheep, cattle, cervids, pigs, and humans [23]. Using these models,
several features of the pathology have been studied. One interesting example is
related with the transmission of disease to animal models by inoculation with
different tissues and body fluids. The presence of the infectious material in body
fluids presents an alarming scenario.

The central concept in the prion hypothesis is that PrP* is the only component
of the infectious agent, which can “replicate” in the brain in the absence of nucleic
acids by converting the natively folded PrP€ into the misfolded form [18, 19]. Prion
replication is hypothesized to occur when PrP in the infecting inoculum interacts
specifically with host PrPC, catalyzing its conversion to the pathogenic form of the
protein. The precise molecular mechanism of PrP¢ — PrP% conversion is not well
understood. However, the available data support the seeding/nucleation model in
which infectious PrP%¢ is an oligomer that acts as a seed to bind PrP¢ and catalyze
its conversion into the misfolded form by incorporation into the growing polymer
(Fig. 1) [24, 25]. In this model, in the absence of seeds, the spontaneous PrP conver-
sion process will be thermodynamically unfavorable and kinetically very slow,
which could account for the extremely low incidence of sporadic TSEs. However,
the addition of enough seeds by infection leads to disease in 100% of the cases.

The recent generation of infectious prions in vitro has been an excellent support
for the protein-only hypothesis of prion misfolding and replication. Recently,
Legname et al. showed the generation of infectious prions in the test tube. In this
study, they used a specially folded fragment (89-230) of the recombinant mouse
prion protein [26]. The final folded product results in similar biochemical properties
to PrP5¢ as assessed by resistance to proteases and insolubility. This preparation was
inoculated in transgenic animals overexpressing PrP and the animals developed a
spongiform encephalopathy characterized by long incubation periods and the
presence of proteinase-K-resistant PrP. Although this report provides interesting
data, several problems with their experimental design limit its scope as the final
proof for the prion hypothesis. Using a different strategy, our group has developed
an in vitro system to replicate prions. This technique, termed Protein Misfolding
Cyclic Amplification, is able to replicate in vitro the misfolded form of PrPS at
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Fig. 1 Seeding/nucleation hypothesis of prion protein misfolding and propagation. Prion replica-
tion as well as amyloid formation follow a process in which the limiting step is the stabilization
of misfolded structures through formation of a minimal stable oligomer. Misfolded monomers are
transient, getting cleared by the normal biological clearance pathways or returning to the natively
folded conformation. When several misfolded monomers bind, they can form a stable oligomer
that act as a seed to induce and stabilize further misfolded monomers, which are integrated into
the growing polymer. The infectious agent acts as such in virtue of its capacity to serve as a
nucleus to catalyze the process of protein misfolding and aggregation that result in the disease.
Therefore, all protein misfolding processes following a seeding/nucleation mechanism have the
inherent possibility to be infectious (See Color Plates)

expenses of the normally produced PrP¢ [27, 28]. This assay, based on the seeding/
nucleation model, is able to generate large amounts of infectious material using a
small amount of starting PrP%. Experimentally, this process is performed by mixing
minute amounts of infectious prions in brain homogenate from healthy animals.
Using this technique we reported the successful amplification of hamster prions [27, 28].
By serial dilutions of the in vitro generated material in healthy brain homogenates,
we were able to dilute out the original inoculum obtaining only in vitro generated
prions. Biochemical and structural analysis of the newly generated misfolded
proteins showed similar characteristics to the original material. Importantly, in vivo
challenge of this preparation to wild-type hamsters showed that these prions were
infectious producing a similar disease compared to the original prions [28].

4 Are Other Protein Misfolding Disorders Infectious?

The misfolding and aggregation pathway, its mechanism, and structural intermediates
are very similar in all PMDs, including TSEs [4, 5]. The mechanism by which amyloid
is formed is similar to the process of prion replication. The seeding/nucleation model
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accounts for the generation of infectious PrPSc and for the formation of amyloid
fibrils. In vitro experiments have shown that most PMD-associated proteins form
aggregates with kinetic features of nucleated polymerization [29, 30]. The seeding-
nucleation model provides a rationale and plausible explanation for the infectious
nature of prions and suggests that protein misfolding processes as those associated
with several human diseases have the inherent ability to be transmissible [4, 5].
Infectivity lies on the capacity of preformed stable misfolded oligomeric proteins to
act as a seed to catalyze the misfolding and aggregation process (Fig. 1) [4, 5, 31].
The acceleration of protein aggregation by addition of seeds has been convincingly
reported in vitro for several proteins implicated in diverse PMDs [6, 32, 33].
Extrapolating the in vitro results to the in vivo situation, the correct administration
of preaggregated, stable misfolded structures should substantially accelerate the
misfolding, aggregation, and tissue accumulation of the protein. Provided that protein
misfolding and aggregation is the cause of the disease, this should lead to the accel-
eration of a pathogenic process that in the absence of the seed was set to occur much
later in life or not at all during the life span of the individual.

Considering the knowledge gained in TSEs, it is likely that infection by misfolded
proteins will produce a very long incubation period between the times of infection
and the manifestation of clinical disease. For this reason, a possible infectious origin
would be very hard to identify. The recognition of TSEs as infectious was possible
principally due to a couple of fortuitous events: the use of contaminated material to
treat a specific flock of sheep in the 1930s [16] and the discovery of Kuru transmission
by cannibalistic rituals [34]. The rare prevalence of TSEs makes it easy to identify
an isolated infectious event. However, in more frequent diseases, such as AD, PD,
or diabetes, it would be difficult to associate disease with a possible infectious exposure
that occurred decades before. Nevertheless, the mechanistic similarities between
TSEs and other PMDs have prompted investigators to search for this possibility [4,
5, 35]. As a result of these studies, there are several pieces of evidence in favor and
against the transmissibility of misfolding related disorders. Next, we will discuss
some of these studies in three PMDs where the literature is most abundant.

4.1 Alzheimer’s Disease

The idea that AD can be infectious has been around for a long time. The prime
approaches to prove this hypothesis consisted in the transmission of TSE by injecting
brain homogenates from AD patients to nonhuman primates; however, the results
of these experiments were conflicting, with some of them positive [36] and some
negative [37]. One possible reason for this is the low number of primates used for
these studies. In addition, a possible “species-barrier” effect, similar to what is
observed in prions [38], could also be responsible for the conflicting results.
Altogether, the limited number of animals tested and the lack of knowledge about
prion-related transmission at the time the experiments were performed suggest that
these studies should be repeated using optimal experimental conditions.
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With the emergence of transgenic mice models expressing the human amyloid
protein and developing some of the neuropathological, biochemical, and clinical
characteristics of AD [39], the search for a possible infectious origin for the disease
took a new breath. Recently, Kane et al. showed that the inoculation of brain
homogenates from AD patients to the Tg2576 transgenic model can accelerate the
appearance of amyloid plaques [40, 41]. In these studies, unilateral inoculation of
AD preparations accelerated the aggregation process 5 months postinoculation, but
only in the inoculated hemisphere [40]. After 12 months, experimental animals
presented amyloid-f3 (AP) accumulation in both hemispheres but the A3 load was
clearly greater in the injected one [41]. A followed-up study reported that the seeding
activity of brain extracts was reduced or abolished by A} immunodepletion, protein
denaturation, or AP immunization [42]. Interestingly, the phenotype of the exoge-
nously induced amyloidosis depended on both the characteristics of the host and the
source of the agent. These findings indicate that AD brain preparations can accelerate
the aggregation process. However, since spontaneous accumulation of A} occurs in
these animals at a later time, it is not possible to state that AD misfolded aggregates
are infectious, but just accelerating a process that was set to occur because of the
genetic manipulation of the mice.

4.2 Reactive Systemic Amyloidosis

Reactive systemic amyloidosis is a potential complication of any disorder that gives
rise to a sustained acute-phase inflammatory response [43]. The list of chronic
inflammatory, infective, or neoplastic disorders that can underlie it is almost without
limit. The prevalence of amyloid deposition in patients with chronic inflammatory
diseases is 3.6-5.8%, being the most common rheumatoid arthritis [44]. The protein
deposited in this disease is called amyloid-A (AA) and is derived from cleavage
fragments of the circulating acute-phase reactant serum AA protein (SAA) [45].
SAA is an apolipoprotein of high-density lipoprotein which is synthesized by hepa-
tocytes. The molecular weight is 11.4-12.5 kDa in different species and its expres-
sion is regulated by cytokines. SAA is usually at a low concentration in the plasma
(~20 mg/liter) but its concentration can increase up to a 1000-fold under inflamma-
tory conditions [46]. Although AA amyloidosis can develop rapidly, the median
latency between presentation with a chronic inflammatory disorder and clinically
significant amyloidosis is almost two decades. AA aggregates can be found in tis-
sues such as liver, spleen, and kidneys [47]. It has been found that experimental
induction of inflammation followed by challenge with tissue homogenates containing
AA seeds can produce a clear shortening in the lag phase of protein accumulation
compared with non-AA seed-treated animals [48]. It has been established that the
active principles of these preparations, referred to as amyloid enhancing factor
(AEF), are indeed the misfolded units of AA [49]. As in prion diseases, the oral
challenge of AEF in minute amounts results in a decrease in the AA deposition time
suggesting AEF is very resistant to degradation and elimination. Interestingly,
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AEF-propagating properties are also completely abolished after treatment with dena-
turing agents [50]. While AEF shares many properties with prions, its properties,
however, as an “enhancer” and not transmissible factor per se make it difficult to
consider AA aggregates as a bona fide infectious agent.

4.3 Mouse Senile Amyloidosis

The accumulation of apolipoprotein Al (apoAll) in some strains of old mice leads
to senile amyloidosis [51]. Young animals do not accumulate apoAll fibrils, but
progressively with age, animals begin to accumulate misfolded apoAll aggregates
in diverse organs during aging [52]. It has been reported that inoculation of pre-
formed apoAll seeds leads to the aggregation of this protein in young mice [53].
In contrast, no effects were observed after the administration of denatured apoAll
preparations [54]. The “infective” effects of these aggregates were also reported
after oral challenge [55]. Surprisingly, the fact that apoAll aggregates are present
in the feces of the affected animals suggests a possible mechanism for the transmis-
sion of the disease by this route [55]. In order to answer this question, untreated
animals were housed in the same cage with apoAll-affected mice. It was found that
untreated mice generated amyloidosis at early stages, just by sharing the cage with
old animals. The oral transmission via feces was suggested because p.o. administration
of feces from old animals into young animals induced disease [55]. Moreover,
transmission of apoAll amyloidosis exhibits a “strain phenomenon” analogous to
the prion strains [56]. This data suggests that apoAll misfolded aggregates might
be really a prion-type of infectious agent.
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The Possible Link Between Herpes Simplex
Virus Type 1 Infection and Neurodegeneration

Carola Otth, Angara Zambrano, and Margarita Concha

Abstract Herpes simplex virus type 1 and type 2 (HSV-1 and HSV-2) are ubiquitous,
neurotropic, and the most common pathogenic cause of sporadic acute encephalitis
in humans. Herpes simplex encephalitis is associated with a high mortality rate
and significant neurological sequelae, which afflict patients for life. HSV-1 has
been suggested as an environmental risk factor for Alzheimer’s disease. However,
the link between HSV-1 infection and neurodegenerative processes is still unclear.
It has been proposed that the innate immune response to the virus particularly the
activation of Toll-like receptor pathways in astrocytes and microglia could lead
to neurodegeneration. Finally, we have also shown that in vitro HSV-1 neuronal infec-
tion triggers a change in the hyperphosphorylation state of tau and also results in
marked neuritic damage and neuronal death.

1 Herpes Simplex Virus Type 1

Herpes simplex virus type 1 (HSV-1) infection usually occurs during childhood,
typically as a result of the direct inoculation of infected droplets from orolabial or
nasal secretions onto susceptible mucosal surfaces. Subsequently, during initial
productive infection with HSV-1, the virus reaches the cell bodies of the sensory and
sympathetic neurons in the trigeminal ganglia through retrograde transport, establishing
latent infection. Diverse non-specific events, including inflammation, can trigger
HSV-1 reactivation. Reactivated virus is transported back to the body surface to cause
recurrent lesions manifested as cold sores (herpes labialis). HSV-1 infection is virtually
universal — most adults are seropositive — however, only 20-40% of infected people
develop symptoms [1]. Moreover, HSV-1 remains lifelong in the peripheral neurons
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of the infected host in a latent state, occasionally it can also be transported to the
central nervous system (CNS) causing rapidly progressive, necrotizing, and fatal
encephalitis in humans [2]. Even with the advent of anti-viral therapy, effective
treatments for HSV-1 brain infection are limited because the cause of the resulting
neuropathogenesis is not completely understood. Herpes simplex encephalitis (HSE)
has an estimated annual incidence in the population of 1 in 250,000 to 1 in a million
[2] and causes high mortality as well as significant morbidity in survivors. Even though
treatment of HSE with acyclovir in the early stages of the disease decreases mortality,
patients are not free of further complications [2]. In fact, many suffer from severe
cognitive impairments which can seriously affect their quality of life. In younger
people, the virus is almost always absent in brain [3]; therefore, it has been suggested
that HSV-1 reaches the brain in older age, when the immune system declines, and
resides there in latent form until stress or immunosuppression reactivates it, causing
an acute but localized infection — a ‘mild’ encephalitis [4].

2 HSV-1 and Neurodegenerative Process

Several studies have suggested that HSV-1 should be considered as an environmental
risk factor for Alzheimer’s disease (AD) [4-7], in part because in HSE, the main
regions affected are the temporal and frontal cortices and the hippocampus [5]; therefore,
these patients have increased risk of memory loss and present deterioration of
intellectual and mental capabilities, and also because HSV-1 DNA can be detected in
the brain of normal aged individuals as well as in AD patients [7-9]. Moreover, it was
shown that the presence of HSV-1 in the brain of patients carrying the type 4 allele of
the apolipoprotein E gene (APOE), which is a well-known susceptibility factor for
AD, confers a higher risk to develop this disease [7, 10]. Therefore, studies that help
to elucidate the role of HSV-1 in AD are urgently needed.

It is plausible that reactivation of latent HSV-1 in the CNS can cause local and
regional neurodegenerative injury. Previously, HSV-1 DNA and viral antigens were
found in brain and neurons of AD patients, suggesting HSV-1 reactivation in these
neurons [11]. Although the pathogenesis of HSV encephalitis in humans is not well
known, the possibility of reactivation of latent virus in brain tissue has not been
excluded [2]. However, direct evidence conclusively showing that HSV-1 reactivates
in neurons and causes local neurodegenerative damage is still lacking. Hill et al. [10]
suggested the possibility that age-associated neurodegeneration could be caused by
inflammation and cell death, which could have started with reactivation of HSV.
Microtubular dynamics is important in all neuronal functions, such as vesicular traffic
and synaptic connections, and it can be affected during neurodegenerative processes
or as a result of viral infections. Tau is a microtubule-associated protein expressed
mainly in neurons; it is encoded by a single gene, but because of alternative splicing
and phosphorylation, it shows multiple isoforms. These isoforms differ in the number
of conserved repeats (three or four), located in tandem in the C-terminal region and in
the number of insertions (none, one, or two) in the N-terminal portion of the protein [12].
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These repeats constitute tau-binding domains to -tubulin and by this means promote
microtubule assembly, but it may also participate in other cellular processes such as
linking signal-transduction pathways to the cytoskeleton. Tau is functionally modu-
lated by phosphorylation and is highly phosphorylated in several neurodegenerative
diseases [13, 14]. In addition, it has been demonstrated that the ability of tau to bind
to and to stabilize microtubules correlates inversely with its phosphorylation state,
which may in turn facilitate its self-assembly. Neurofibrillary tangles constitute the
major hallmark present in pathological processes associated to neurodegenerative
diseases such as AD, tauopathies, and Parkinson’s disease. These intracellular
aggregates are composed mainly by paired helical filaments (PHFs) which are
formed by hyperphosphorylated and aggregated tau (PHF-tau) [13]. On the other hand,
potentially pathogenic forms of tau are triggered by diverse environmental factors
producing tissue damage such as stroke, head injury, stress, exposure to aluminium,
traumatic brain injury, starvation, and cold water stress [15].

Among the earliest detectable features in neurodegenerative diseases are the loss
of neuronal synapses and dying-back of axons, which appear to be accompanied by
a decay of the intracellular transport and correlates with the incipient loss of
memory and brain functions [14]. Several triggering events such as oxidative stress,
inflammatory cytokines, lack of growth factors, or the toxic amyloid-f (AP) peptide
have been implicated in axonal and/or neuronal decay [14]. More recently, axonal
injury and microglia activation have been observed in an experimental HSE model,
suggesting the participation of HSV-1 in neuronal damage [16].

In a recent study, we infected mice neuronal cultures with HSV-1 to study changes
in cytoskeleton dynamics and neurodegenerative damage. Our results showed that
HSV-1 neuronal infection triggered hyperphosphorylation of tau. The first sites to
be phosphorylated are epitopes S?*? and T?* (Taul antibody) and then to epitopes
$3% and S** (PHF1 antibody). Infection produced marked neurite damage and an
important reduction of neuronal viability (Figs. 1 and 2) [17]. These results suggest
that HSV-1 infection could lead to neuronal cytoskeleton disruption and neurode-
generative processes, and reinforces the idea that recurrent viral reactivation episodes
in vivo could trigger neurodegenerative processes.

Another interesting aspect is that AP fibrils have been demonstrated to stimulate
in vitro infection by enveloped viruses, including HSV [18]. In addition, glycoprotein
B of HSV-1, whose internal sequence shows homology to the C-terminal region of
AR, has been demonstrated to promote fibril formation in vitro [19]. Thus, a close
association between AP deposition and HSV-1 reactivation in the human brain
appears to exist.

3 Neuroinflammation

Brain inflammation due to infection, aging, and other deleterious processes is associated
with activation of the local innate immune system. In contrast to other tissues, the CNS is
essentially devoid of MHC expression and shielded from antibodies by the blood—brain
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Fig.1 HSV-I1 infection results in hyperphosphorylation of tau protein. a Primary cortical neurons
infected with HSV-1 (moi 10) for 4, 8, and 18 h and untreated controls were stained with specific
antibodies for PHF1, Taul, and Tau5. Nuclei were counterstained with propidium iodide. The
results are representative of three separate experiments. Magnification 100x. b Western blot
analyses of PHF1, Taul, Tau5, and actin in primary cortical neurons treated with HSV-1 (moi 10)
at 0, 0.5, 1, 2, 4, 6, and 8 h post-infection (ipi). Blots shown are representative of three separate
experiments. Reprinted from the Journal of Alzheimer’s Disease (in press), Copyright (2008),
with permission from IOS Press (See Color Plates)

barrier. Therefore, a rapid local innate immune response by resident cells is required
to effectively fight infectious agents. These microglial cells detect pathogen-associated
molecular patterns and also toxic cell debris, such as AP fibrils and other aggregated
proteins, through a variety of pattern-recognition receptors including complement,
Toll-like receptors (TLRs), scavenger receptors, among many others [20].
Increasing evidence indicates that TLRs play a major role in several inflammatory
CNS pathologies. TLR-mediated intracellular signalling pathways converge to
activate nuclear factor-kB (NF-kB) and c-Jun N-terminal kinases, which induce
the transcription of a series of cytokine/chemokine genes that are involved in the
initiation or regulation of the inflammatory response. In the CNS, TLRs are expressed
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Fig.2 Neuronal cultures infected with HSV-1 exhibit axonal disruption. a Neurons infected with
HSV-1 (moi 10) at 4, 8, and 18 h post-infection (hpi) and untreated controls were stained with a
specific total tau antibody, Tau5, and the nuclei were counterstained with propidium iodide (upper
row) or with Hoechst 33342 (lower row). b Neuronal viability and axonal length in HSV-1-
infected cells were expressed at different times post-infection as a percentage of the values
obtained in uninfected control. ¢ Data represent mean + SEM for three independent experiments
("p < 0.05 compared to untreated control). Reprinted from the Journal of Alzheimer’s Disease (in
press), Copyright (2008), with permission from IOS Press (See Color Plates)

predominantly by astrocytes, the most abundant glial cell population, and microglial
cells, which are considered the ‘CNS professional macrophages’ [21]. Recent
studies suggest that TLRs, mainly TLR2 and TLRY, are important players during
HSYV infection, initiating a signalling cascade leading to NF-kB activation and
proinflammatory cytokine secretion [22-24]. Although TLR signalling is essential
in anti-microbial defense, it may also constitute a ‘double-edged sword’ that leads
to injury of CNS tissue caused by an excessive inflammatory response [25].
Moreover, it has been suggested that TLR2 expression would not be protective,
but rather associated with lethal viral encephalitis on HSV-1 infection in mice [22].
After the inflammatory burst caused by HSV-1 infection, microglial cells undergo
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apoptosis, and both processes have been shown to be induced through TLR2
signalling [26]. TLR2-mediated signalling has also been involved in neuroinflam-
mation and neuronal damage caused by bacterial meningitis [27]. However, it remains
controversial whether microglial cells have beneficial or detrimental functions in
various neuropathological conditions [28-30]. It has been proposed that chronic
activation of microglia may cause neuronal damage through the persistent release
of potentially cytotoxic molecules (e.g., proinflammatory cytokines, reactive oxygen
intermediates, proteinases, and complement proteins) [30]. But also an acute phase
protein, such as a-1-anti-chymotripsin, has been shown to be over-expressed in
astrocytes of AD patients and to induce tau hyperphosphorylation in neurons [31].
In the context of tau hypothesis, a solid set of discoveries has strengthened the idea
that neuroinflammation is responsible for an abnormal secretion of proinflammatory
cytokines that trigger signalling pathways that activate brain tau hyperphosphor-
ylation [30]. On the other hand, microglial cells and TLRs display important roles
in brain development and neuronal repair [32]. Several other reviews dealing with
TLR receptors and their roles in HSV infection, CNS inflammation, and homeostasis
have been published recently [33-35].

All the results mentioned above suggest that repeated reactivation of HSV-1 in
neurons would likely promote neurodegeneration in brain. Therefore, preventive
and therapeutic measures against HSV-1 or other chronic inflammatory infections
should be applied not only to diminish the incidence of sporadic but also to chronic
neurodegenerative diseases.
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Selective Cerebrocortical Regional, Laminar,
Modular and Cellular Vulnerability and Sparing
in Alzheimer’s Disease: Unexploited Clues to
Pathogenesis, Pathophysiology, Molecular- and
Systems-Level Hypothesis Generation and
Experimental Testing

Rodrigo O. Kuljis

Abstract Virtually all current hypotheses on the pathogenesis and pathophysiology
of Alzheimer’s disease rely on an unvoiced “amorphous” concept of the brain that
essentially ignores its highly complex organization at the systems neuroscience
level. This is especially true for the cerebral cortex, which happens to be the main
target of the disorder and arguably the most complex structure of the entire brain.
Here I review increasing evidence that the involvement of the cortex — while abundant
— is not diffuse, random, or chaotic. In fact, the highly stereotyped patterns of the
three-dimensional involvement of the cerebral cortex indicate that the pathobiological
process targets highly selected cells and both anatomically and functionally unique
multicellular arrays, while closely situated elements appear considerably resistant
to the disease process. This remarkable dichotomy seems to apply pancortically and
has essentially escaped recognition by most students of the disorder. Not surprisingly,
there is no explanation for the selective involvement versus sparing of circuitry that
is immediately adjacent of one another, and this notion seems conspicuously absent
from virtually all models of the disorder. In fact, none have so far ever addressed
the now highly probable central role of the modular organization of this region in the
emerging pattern of vulnerability versus resistance to the disease process. This situation
calls for an integration of at least the molecular and the systems neuroscience approaches
to formulate new hypotheses on the pathogenesis and pathophysiology of Alzheimer’s
disease, in order to enter a new stage in the elucidation of the disorder that accounts
better for the factors that make certain neuronal assemblies more vulnerable — while
others seem to be distinctly resistant — and precisely how this helps accounts for the
clinical manifestations of the disease. Recent observations in animal models of
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some of the factors that may influence the selectivity of the disease process in the
cerebral cortex open the possibility of testing novel hypotheses experimentally, and
thus eventually extending the results to translational efforts aimed at new, more
effective treatments, early diagnosis, and prevention.

1 Introduction

Alzheimer’s disease usually begins with a progressive deterioration in memory, and
over time additional symptoms accrue that reflect the involvement of other cognitive
spheres. The latter symptoms may include aphasia, apraxia, agraphia, and alterations
in visuospatial abilities [1, 2]. There are also a few well-documented cases in which,
instead of memory loss, the initial manifestation involves a different cerebral cortex-
mediated faculty, such as aphasia, “posterior cortical atrophy,” or a right parietal
syndrome [3-11].

Here, I review and reconceptualize the presumed mechanisms responsible for the
symptoms of Alzheimer’s disease, attempting an analysis of its anatomical and
histopathological substrate in order to deduce some of the pathophysiological
processes responsible for the main clinical manifestations. As elaborated below, the
bulk of the experimental evidence suggests very strongly that this is a predominantly
cortical disorder, first recognized by the prescient statement of Alois Alzheimer
himself [12] that this is a disorder of the cerebral cortex. Within the general framework
of cortical involvement, however, there is a clear predilection not only for certain
regions of the cortex but also for certain layers of this structure and, as is well
known, for certain types of neurons: pyramidal cells. After having reviewed briefly
the latter aspects, we end by focusing on a remarkable but essentially ignored topic:
the mounting evidence that there is also a predilection for specific components of
the hypothetical anatomical and functional unit of the cerebral cortex, the so-called
cortical “module.” This relatively new pathophysiological concept has key implications
for the understanding of the disorder from the integrative and systems neuroscience
perspective. Such a viewpoint may permit a new synthesis with the inevitably — and
in fact, desirably — reductionist analysis of the disorder from the molecular perspective,
since it allows for an integration of these two distinct levels of inquiry in order to
better understand the basis for normal and disordered cognitive function and behavior.
Along these lines, it would seem that — given the volume of information available — this
novel paradigmatic view may eventually be applied to the understanding and treatment
of many other disorders characterized by deterioration in cognition and behavior.

2 Alzheimer’s Disease as a Cerebrocortical Process

Despite the potential variety of symptoms among patients — including unusual presen-
tations and even those that are extremely rare such as aphasias and a right parietal
syndrome — it seems reasonable to postulate that in virtually all cases, the symptoms
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reflect a cerebrocortical dysfunction [12—16]. The vast majority of studies also indicate
that the main lesions situated in the brain — that is, senile plaques and neurofibrillary
tangles — are situated predominantly in the cerebral cortex [12, 17]. Furthermore,
even in those studies focusing on the subcortical involvement, such as those in the
nucleus basalis of Meynert [18], in the locus ceruleus [19], or in the pulvinar nucleus
of the thalamus [13], the pathophysiological interpretation of the findings is invariably
made in terms of how they affect cortical function, and in no case contradict the
fundamental importance attributed to the cortical lesions. Thus, it is postulated that
lesions in the nucleus basalis of Meynert are important because they deprive the
cerebral cortex of its cholinergic innervation [18], and that lesions in the pulvinar
destroy cortico-thalamo-cortical circuits that interconnect this nucleus with a vast
territory in the association cortex [13].

These notions, combined with the relative absence of lesions in the majority of
subcortical regions — and especially in contrast with many other dementing conditions
in which the pathology is situated predominantly (if not always exclusively) subcortically
(e.g., Parkinson’s disease dementia, Huntington’s disease, and progressive supranuclear
palsy) — support the contention that Alzheimer’s disease is a cerebrocortical discon-
nection disorder [8, 13]. This concept has allowed some of us to focus many studies
in which we attempt to understand in detail the pathophysiology of the disorder
analyzing in detail the topographic distribution of the lesions in the cerebral cortex
[14-16, 20]. Such focus aims, among other objectives, to understand the mechanisms
underlying the disorder in terms of the circuits that are presumably selectively
affected, compared with circuits that tend to be relatively spared or resistant to the
degenerative process. Such a perspective is rarely considered in parallel with that
which tends to dominate inquiry in this field today: that is, the molecular factors
involved in the pathogenesis and pathophysiology of the disease. Nevertheless, the
analysis of the patterns of topographic distribution of lesions in the disorder, which
is in its infancy, adds an important dimension — from the perspective of Systems
Neuroscience — to the understanding of the pathophysiology of the condition. Such
a perspective is undoubtedly essential in the brain, which is the organ with the
broadest phenotypic diversity among its cells in the entire organism. Therefore, it is
not reasonable to consider the role of any trophic or toxic agent — or any other molecular
factor affecting the expression of the clinical phenotype — while ignoring the highly
complex three-dimensional organization of the brain. In fact, assuming that most of
the various cell types in the brain are exposed to the degenerative process, the bulk
of the neuropathological studies demonstrate that specific types of cells are highly
susceptible, whereas others are remarkably resistant to the disease (Fig. 1).

The great majority of studies reveal a considerably stereotyped pattern of
involvement in the cortex: regions most affected include the entorhinal cortex
(Brodmann’s area 28), the perirhinal cortex (area 35), and the subjacent hippocampus
and the temporopolar cortex (area 38) [14—16, 20]. Compared to these areas, the rest
of the association cortex develops an intermediate density of lesions, whereas the
primary cortices — both motor and sensory — develop the lowest density of neurofi-
brillary tangles. It is important to emphasize, however, that this notion is predicated
primarily on the density of neurofibrillary tangles, whose distribution is felt by
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Fig. 1 Schematic rendering of the corticocortical and thalamocortical circuits affected by
Alzheimer’s disease. The blocks in the upper part of the figure represent parts of two different corti-
cal areas. The spheroid in the lower part of the figure represents the pulvinar nucleus of the thalamus,
one of the few in the entire thalamus that contain Alzheimer’s disease lesions and is otherwise consid-
ered “unaffected.” In all these representations, the drop-like icons signify neurofibrillary tangles, and
the semispheroidal yarn-like elements signify senile plaques. Roman numerals represent cortical lay-
ers, and regions with high densities of lesions represent layers (V) or groups of layers (II/III) stere-
otypically affected in the disorder. With the exception of the pulvinar and a handful of very
circumscribed regions, thalamocortical projections are essentially unaffected given the low density
of lesions in layers IV and VI and in other subcortical regions. Similarly, the reciprocal corticotha-
lamic projections (B) that originate primarily in layer VI also appear unaffected. In contrast, corticocor-
tical connections that originate from medium-sized pyramidal neurons in layers II/III are distinctly
and selectively affected given the high density of lesions in them. Other important elements in these
circuits, which originate from layer V (labeled D in the figure), and some local circuit neurons (E,
F) are also affected. Modified from Kuljis [13], with permission (See Color Plates)

many to correlate best with the level of cognitive deterioration [21-23], although it
has been shown that primary sensory cortices have a high density of senile plaques [24]
which is in fact higher than that in medial temporal regions that are widely perceived
as severely affected [14]. Apart from this gross overall topographic pattern, there is also
a distinct laminar predilection in the distribution of the lesions (Fig. 1). This pattern
applies both to allocortical and to iso(neo)cortical regions, and consists generally
in a higher density of lesions in layers from which corticocortical projections originate
(layers II/III in the neocortex), as compared with layers that receive projections from
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subcortical regions (I and IV) or layers from where feedback cortico-subcortical
projections originate (VI). Such a pattern permits postulating that the disposition of
the lesions explains the cortical dysfunction in terms of a disconnection resulting
from the disruption of corticocortical connectivity [24, 25].

3 Modular Organization of the Cerebral Cortex
and Its Relevance to Alzheimer’s Disease

Apart from the selective distribution of lesions in different regions and areas of the
cerebral cortex, and, especially, in different layers, there is a third level or category of
organization in which their disposition is also uneven but apparently not randomly
so: the modular level of organization. This domain of cortical organization has been
increasingly recognized as important because it represents both an anatomical and
a functional unit essential to understanding both normal and disordered function,
although neglected of recent in favor of molecular studies. This domain of organization
spans the thickness of the cerebral cortex, that is, all of its layers, including those
laden with lesions (both senile plaques and neurofibrillary tangles), and few
investigators seem to have appreciated this pattern so evident in certain regions of
the cortex [24, 26-30].

Perhaps the first indication that the cerebral cortex is made of iterated macrocellular
arrays was reported by Arnold, who designated what would later be named the entorhinal
cortex as the “glomerular substance™ [31]. This observation was verified subsequently
by several neuroanatomists, who recognized in its surface a series of iterated elevations
surrounded by “valleys” [32, 33] — unique in the entire cerebral cortex (Fig. 2) — that

Fig. 2 Modular organization of the entorhinal cortex. Photomacrograph of the medial aspect of the
temporal lobe where the “glomeruli” or “warts” that decorate the surface of the entorhinal cortex are
apparent and demarcate the extent of this area. From the author’s collection (See Color Plates)
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were rebaptized as “warts” by Klinger [34]. However, since the concept of modular
organization did not exist then, it was not recognized until much later that this feature
of the entorhinal cortex reflects at the macroscopic level its modular organization
as evident by even cursory examination of its cytoarchitecture. In fact, the realization
of the importance of this observation occurred over more than a century after the
discovery of the “glomerular substance,” after vaguely homologous multicellular
aggregates were discovered in neocortical areas, which I summarize below.

Since the pioneering studies of Santiago Ramoén y Cajal on the organization of
the cerebral cortex, it has been apparent that many of the then probable connections
among neurons are predominantly traversing the thickness of the cerebral cortex
[35]. However, the first indications of a functional “columnar” organization were
eventually confirmed and extended by Rafael Lorente de N6 (1902-1990), one of
his pupils, when he discovered the now-named “barrels” (his “glomeruli”’) in what
was subsequently identified as a part of the somatosensory cortex of the mouse
[36]. These barrels consist of semicylindrical aggregates of neurons in layer IV,
which correspond merely to the cytoarchitectonically obvious part of anatomical
and functional units composed of a large array of neurons that span the thickness
of this region of the cortex [37]. The subsequent studies of Mountcastle in the
somatosensory cortex of nonhuman primates — which, nevertheless, lack barrels —
provided the best evidence that this region is made of roughly cylindrical “units”
made of columnar arrays of neurons spanning the cortical thickness which share
physiological properties and thus appear to help perform unique “computations,”
“operations,” or “permutations” of information that are distinct from those
performed by neighboring columns [38], reviewed by Kuljis and Rakic [39, 40].
Later, and mainly as the result of studies in the primary visual (striate) cortex in
primates, it was found that this area is made also by functional units of roughly
columnar disposition. Furthermore, it was also discovered that there are function-
ally and anatomically distinct types of “columns” adjacent to each other and that an
aggregate of columns presumably “analyzing” the various attributes of visual
stimuli presented in a determined portion of the visual field is thought to constitute
“modules” or “hypercolumns” (Fig. 3) of which the visual cortex is built [41].
Theoretically, then, it is proposed that the entire cerebral cortex is made of a mosaic
of modules whose internal organization and interconnections to the various sense
organs — as well as to other regions of the cortex — differs among regions, thus
endowing each set of modules (and, hence, cortical areas) with their more or less
unique functional properties [38—43]. However, although this principle of organiza-
tion is widely accepted, it is not evident in areas that lack anatomically obvious
modular cytoarchitectonic or chemoarchitectonic organization, or, lacking these, a
means to put such an organization in evidence by electrophysiological methodology
[38—40]. Therefore, this theoretical principle of pancortical organization is not
completely devoid of detractors [44, 45]. Fortunately, the theoretical concept of the
modular organization of the cerebral cortex is helpful in the formulation of hypotheses
about the mode of involvement of this region in neurodegenerative disorders, and
the experimental results obtained so far provide novel evidence for both the modular
organization of the cortex and for its differential involvement in Alzheimer’s disease,
discussed below.
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Fig.3 Modular organization of the macaque visual cortex, which is very similar to that in humans.
Schematic representation of a segment of this area of the cortex as a cube in which the upper
surface corresponds to the piamater and the lower surface corresponds to the interface between
the gray and white matter. Roman numerals depict cortical layers and hatching regions with a high
cytochrome oxidase (CO) activity. The ovoid objects in layers II/III correspond to the “patches”
rich in CO that contain neurons that respond predominantly to wavelength (color) of visual stimuli
as opposed to those responsive mainly to orientation in the interpatch spaces of the same layers.
This wavelength versus orientation selectivity spans the thickness of the cortex in semicylindrical
arrangements that form the basis of the “hypercolumns” postulated by Hubel and Wiesel [41]
according to which this cortex consists of an array of hypercolumns. Modified from Kuljis and
Rakic [39], with permission (See Color Plates)

4 Evidence for the Modular Distribution
of Alzheimer’s Disease Lesions

As summarized above, it was known since the middle of the nineteenth century, and
especially since the middle of the twentieth century that layer II of the entorhinal
cortex is discontinuous, forming “islets”” which — on the surface — develop elevations
or hillocks known as “warts” [29-34]. This is in contrast with the remainder of the cortex
which has a layer II or equivalent that is uninterrupted. Layer Il islets in the entorhinal
cortex thus serve as putative indicators — even after death — of the functional units that
can be designated as “modules” (Fig. 2). In the visual cortex, histochemical methods
such as an enzymatic reaction for cytochrome oxidase allow visualization of the “spots,”
“blots,” “patches,” or “puffs” situated in layers II/IIl, which demarcate the centers of the
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Fig. 4 Photomicrograph of a semicolumnar arrangement of neurofibrillary tangles in the perirhinal
cortex. Thioflavin S epifluorescence in a patient with histopathologically confirmed Alzheimer’s
disease. The pial surface is toward the bottom and the pseudocolumnar array of the lesions spans
the thickness of this cortical region. From the author’s collection

hypercolumns or modules [39—42, 46, 47] that presumably compose this area (Fig. 4).
Thus, cytochrome oxidase histochemistry and other histochemical methods have
been useful to begin to determine whether Alzheimer’s disease lesions are situated
preferentially in the modules, or in parts of the modules, revealing a level of selectivity
heretofore unknown in the histopathological process [24, 26, 30].
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For example, in the entorhinal cortex, neurofibrillary tangles are situated in virtually
all the neurons in the islets of layer II [15, 25, 30]. This has been interpreted as a selective
involvement of the modules making this region, and is perhaps the first anatomically
evident indication of selectively disposed pathology along the “tangential” (as opposed
to the “vertical,” i.e., translaminar) domain of the cortex. Although this is an important
and compelling observation in the entorhinal cortex, there is an equally important
concern that remains unresolved: Since layer II of the entorhinal cortex is discontinuous,
and given that its histopathological involvement occurs early in the disease process and
is rarely if ever evaluated until the patient dies in advanced stages of the disorder, why
is one to expect other than the lesion distribution reflects merely the anatomical
disposition of neurons in this layer? In other words, Alzheimer’s disease may merely
replace one marker of its modular organization (i.e., islets of neurons) with another
(“tombstone” neurofibrillary tangles that afflict all the pyramidal neurons in this
layer, after the neurons that contained them died). From this perspective, the presence
of pathology with modular-like features may be completely predictable, and may be
postulated as a mere reflection in the histopathology of its formerly normal organization.
It could thus be argued that the module-like disposition of the neurofibrillary tangles
in the entorhinal cortex is only a curious anomaly devoid of functional significance
for the rest of the cerebral cortex.

The latter concern has begun to be addressed by the discovery of discontinuous and
iterated pathology in other areas of the cortex devoid of anatomically evident modules
(i.e., discontinuously disposed neurons) in normal individuals (Fig. 5). For example,
Akiyama et al. observed a column-like arrangement of amyloid-f3 deposits in the
cerebral cortex of patients with Alzheimer’s disease [28]. These deposits 200600 pm
in width in Brodmann’s areas 9, 39, 21, 4, 3, 1, 17, and 18 are strongly reminiscent of
the columns postulated by Lorente de N6 [36], Szenthdgothai [43], and all subsequent
authors, but unfortunately this disposition does not automatically prove that they do
indeed correspond to such columns. This is because proving the functional nature of
such columnar arrangement would require histochemical labeling of markers of such
function, which were not attempted and unfortunately do not exist in most of these areas,
and because it is not possible to perform electrophysiological verification of columns
in postmortem tissue. The observation is very important, however, since these
column-like deposits occur in areas known to contain a modular organization (Brodmann’s
areas 18, 17,9, 4, 3, and 1) as well as at least two others widely suspected to have this
mode of organization, but in which it has not been rigorously demonstrated to date.

The latter difficulty has begun to be addressed with the discovery of discontinuous
and iterative pathology in convincingly modularly organized regions of cortex, which
is highly suggestive of a selective modular involvement by the pathology in Alzheimer’s
disease [24, 27]. These include the perirhinal and primary visual (striate) cortices,
both of which have continuous layers, that is, lacking the fragmentation in layer II
of the entorhinal cortex which probably imparts a compartmentalized distribution to
the neurofibrillary tangles that develop in this latter layer, and thus permitting a potential
test to the hypothesis that such module-like distribution reflects a modular bias on
Alzheimer’s disease pathology. Therefore, it is quite compelling that the perirhinal
(Fig. 4) and the primary visual cortices (Fig. 5) — which have a completely different
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Fig. 5 Two-dimensional representation of the density distribution of senile plaques in layers 11/
IIT of the primary visual cortex in a patient with Alzheimer’s disease. The density of these lesions
is depicted as if the layers were viewed tangentially from the cortical surface after computer-assisted
unfolding and stereological analysis. Progressively lighter regions represent high densities, whereas
progressively darker lesions represent lower densities of lesions. It is evident that the density of
senile plaques alternates in the horizontal plane of layers II/III, which is consistent with the
hypothesis that they are contained more or less selectively in components of the iterated modules
or hypercolumns that constitute the “building blocks” of this area of the cerebral cortex. Modified
from Kuljis and Tikoo [24], with permission

structure, phylogenetic origin, and function, but nevertheless can be hypothesized to
be organized into modules — develop an inhomogeneous distribution of lesions across
layers suggestive of the iterated compromise of elements of such modules (see
below). This alleviates substantially the difficulties of postulating such hypothesis
based solely on observations in the entorhinal cortex.

The column-like lesion aggregates in the perirhinal cortex (Fig. 4) likely represent
part of iterated circuits that constitute its modules, which, for reasons that remain to
be determined, appear to be vulnerable to the disease process earlier than immediately
neighboring circuits. A similar interpretation can be made of a more elaborate analysis
in the striate cortex, in which we used computer-assisted strategies to “unfold” this region
and map the senile plaques in layers II/III to a “midcortical plane” to render a repre-
sentation of their distribution as if one were observing them from the pial surface on a
“flat mount.” Such two-dimensional maps have the advantage of permitting visualizing
the distribution of the lesions in a way that is impossible by cursory examination of
individual sections, permitting also a comparison of their distribution with well-known
features of the organization of the striate cortex, such as the eye dominance columns
(Fig. 5). Such analysis reveals that the senile plaques in layers II/III are disposed in
a pseudocolumnar arrangement in the striate cortex that is highly reminiscent of eye
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dominance columns, providing the best evidence so far that at least some of the
lesions in the cerebral cortex are situated selectively within the modules that compose
the areas in which they occur [24, 27]. The pattern in the visual cortex is geometrically
distinct from that in the entorhinal and perirhinal cortices, and in no case interpretable
as due to polysynaptic interconnections among these three considerably different
and — comparing the parahippocampal cortices with the visual cortex — substantially
far away cortices. Therefore, this relatively newly elucidated pattern in the visual
cortex is an independent confirmation, which is not predictable from cytoarchitectonics,
of the hypothesis that Alzheimer’s disease targets selectively iterated cerebrocortical
circuits that are distinct if not unique among most cerebral cortices, and that constitute
components of the hypothetical “modules” that correspond to macroneuronal complexes
essential for cortical structural organization and function [24].

5 Conclusions

Taken together, the findings summarized above support the prevalent concept that
the cerebrocortical involvement in Alzheimer’s disease is extensive and abundant,
and in contrast with the rather sparse involvement in subcortical regions. However, in
contrast with the seemingly prevalent dogma, our observations and those of several
others indicate that the cortical involvement — while abundant — is not diffuse, random,
or chaotic. In fact, the highly stereotyped patterns of the three-dimensional involvement
of the cerebral cortex indicate highly selected targets on the part of the pathobiological
process, including groups of increasingly more easily identifiable neurons that appear
considerably resistant to the disease process, although they are in the immediate
vicinity of severely affected neurons. This dichotomy has essentially escaped recognition
by most students of the disorder, and seems conspicuously absent from virtually all
models of Alzheimer’s disease that ignore completely the highly complex organization
and function of the cerebral cortex — the main target of the disease process — and have
so far never addressed the now highly probable central role of the modular organization
of this region. This situation calls for an integration of the molecular and Systems
Neuroscience approaches to reformulate new hypotheses on Alzheimer’s disease
pathogenesis and pathophysiology, in order to enter a new stage in the elucidation of
the disorder that accounts better for the factors that appear to make certain neuronal
assemblies more vulnerable, whereas others are distinctly resistant, and precisely
how this helps account for the clinical manifestations of the disease. It is quite obvious
that such improved understanding could be readily applicable to improved means
for presymptomatic diagnosis (i.e., imaging modularly distributed changes as predicted
by Damasio et al. [48]), as well as in the design and implementation of novel
preventative and palliative strategies inspired by a mechanistic understanding of
selective sparing versus degeneration of cerebrocortical circuitry.

Newly available and heretofore unexploited opportunities to advance these goals
exist now in the form of both radiation-induced [49] and genetically engineered
animals that can serve as models of some aspects of Alzheimer’s disease pathology,
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Fig. 6 Photomicrographs of amyloid-containing-like lesions in the hippocampus of transgenic mice
overexpressing normal human-o 1 antichymotrypsin. Gallyas’ method for amyloid deposits (which
is different from other methods from the same author to demonstrate myelin and cytoskeletal lesions).
Note that the lesions in the hippocampus tend to have a selective laminar disposition, reflecting a
propensity to affect certain elements of this structure, while sparing others in a manner similar to that
in patients with Alzheimer’s disease. Modified from Kuljis et al. [50] (See Color Plates)

which exhibit suggestions of selective laminarly and modularly distributed
“lesions” (Fig. 6). It is remarkable indeed that some rather recent experimental
manipulations result in changes in the disposition of lesion-like changes [50, 51] that
suggest that it may now be possible to dissect some of the molecular factors that target
specific neuronal arrays in the cortex, while sparing others, and how this may change
as a result of altering the balance of vulnerability versus protective factors involved
in a specific disease model. The fact that all of this occurs in existing experimental
animals in which the modular organization of the cerebral cortex is readily assessable
both anatomically as well as physiologically — with a vast array of exquisite newly
available methodology — provides tantalizing opportunities that few seem prepared
to consider, and much less to exploit.
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How Biochemical Pathways for Disease
May be Triggered by Early-Life Events

Debomoy K. Lahiri, Bryan Maloney, and Nasser H. Zawia

Abstract Alzheimer’s disease (AD) is the most common form of dementia among the
elderly and usually appears late in adult life. It is presently uncertain when process of
this disease starts and how long these pathobiochemical processes take to develop.
Therefore, we address the timing and nature of triggers that lead to AD. To explain
the etiology of AD, we propose a “Latent Early-life Associated Regulation”
(LEARN) model which postulates latent expression of specific genes triggered at
the developmental stage of life. This model integrates both the neuropathological
features (e.g., amyloid-loaded plaques and tau-laden tangles) and environmental
conditions (e.g., diet, metal exposure, and hormones) associated with AD. In the
LEARn model, environmental agents could perturb gene regulation in a long-term
fashion, beginning at early developmental stages, but these perturbations would
not have pathological results until significantly later in life. The LEARn model
operates through the regulatory region (promoter) of the gene, specifically through
changes in methylation and oxidation status within the promoter of specific genes.
The LEARN model combines genetic and environmental risk factors to explain the
etiology of the most common, sporadic, form of AD.

1 Prominent Features of Alzheimer’s Disease

Alzheimer’s disease (AD) is the most prominent form of dementia among the
elderly in Western countries [1], estimated to comprise up to 70% of all dementia
in the United States [2], afflicting ~5.2 million individuals in 2008 [3]. Its major
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symptoms include severe loss of memory, failure of cognition and reasoning, and
general deficit of other intellectual abilities. Examining its neuropathology reveals
excessive deposition of two major proteinaceous aggregates. They are hyperphos-
phorylated microtubule-associated protein T “tangles” and senile plaques formed
mostly of the amyloid-P peptide (AB). AP is derived from the amyloid-B precursor
protein (ABPP). Amyloid plaques and T tangles are the basis for the two currently
dominant models in the field, the “amyloid hypothesis” and the “T hypothesis™ [4].
The amyloid hypothesis posits that the neurotoxicity of AP dimers and oligomers
and/or the damage caused by AP plaque aggregation are the primary causes of AD.
The 1T hypothesis maintains that aggregation of hyperphosphorylated T leads to
neuronal cell death and resulting neuropathology. A} aggregation would be a result
of cellular damage imposed by T aggregation. Both of these models are “protein-
based”, and each provides only a proximal cause, not a complete explanation of
disease origin.

2 Risk Factors and Genetics of AD

AD is a disorder of complex etiology, combining environmental, genetic, and
epigenetic factors. A minority of the cases of AD can be attributed to autosomal
familial AD mutations in the coding sequences of AD-associated genes, such as
APBPP and presenilin 1 (PSEN1). Unfortunately, this form of AD does not explain
the far more common sporadic late-onset AD (LOAD). The known risk factors
for sporadic LOAD include age, limited education, head trauma, dietary choles-
terol, the APOEe4 genotype, and further associations with proteins in addition to
APPP or PSENI1 such as insulin-degrading enzyme, o2-macroglobulin, and
endothelin-converting enzyme 2 [5]. In addition, AD risk has been associated
with promoter polymorphisms in the APOE and ABPP genes [5, 6]. Oxidative
stress and metals in the brain and inflammatory factors are, likewise, linked to
AD [7]. However, of the risk factors mentioned, indeed, of all known risk factors,
age itself poses the greatest risk for LOAD. None of the current etiological models
has proven sufficient to explain the sporadic nature of AD and the “incomplete”
effects of known risk factors.

2.1 The LEARn Model Addresses Fundamental Questions
in AD Etiology

Although AD manifests late in adult life, it is not clearly understood when the
disease actually starts, nor how long it takes for the associated biochemical events
and neuropathological processes to develop the disease. Most work has presumed
that AD is a late phenomenon, but it could very well be early/developmental in
nature. The factors that trigger the cascade of pathobiochemical processes of the
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disease remain unclear. Major unresolved questions concern the timing and nature
of AD triggering. Any unifying hypothesis for the etiology of AD must take into
account not only the neuropathological features but also the multiple environmental
factors associated with AD, including dietary imbalance, toxicological exposure,
hormonal factors, and inflammation after head injury. To address the interaction of
environment and genes, that is, in play with AD, we have recently proposed a
“Latent Early-life Associated Regulation” (LEARn) model, which may explain
the etiology of AD, and possibly several other neuropsychiatric and developmental
disorders [8].

The LEARn model begins with environmental agents (e.g., heavy metals),
intrinsic factors (e.g., inflammatory cytokines), and dietary factors (e.g., folate and
cholesterol) acting to alter gene regulation in a long-term fashion. This begins at
early developmental stages, but these perturbations do not yield pathological results
until significantly later in life [9, 8]. One such pathological result would be devel-
opment of AD-like pathology in aged monkeys after infantile exposure to environ-
mental lead (Pb) [10]. Similar hypotheses were developed in the 1980s by Barker
et al. [11]. However, Barker’s model is predicated upon low birth weight and rapid
childhood weight gain without proposing an underlying molecular mechanism. The
LEARn model is based on the regulatory structure common to eukaryotic genes and
epigenetic processes operating at certain specific sites within the promoter (regula-
tory) region of specific genes. Overall, LEARn is consistent with the classic
“Barker model” of fetal origins of adult disease. It enlarges upon that model by
providing specific biochemical and molecular biological pathways that can be
directly tested.

2.2 Biochemical Bases of the LEARn Model

In the LEARN model, the foundation of latent early regulation is epigenetic modification
of gene regulatory sequences with delayed, latent, changes in gene expression levels.
LEARn does not reject the already-present variation of the genetic substrate, but
combines it with long-term response to differences in environmental stresses.
Human DNA is most commonly modified by DNA oxidation and methylation.
Methylation involves the addition of a methyl group to cytosine residues at CpG dinu-
cleotides. This reaction is catalyzed by DNA methyltransferase (DNMT) enzymes.
In the DNA sequence, CpG dinucleotides are often found in clusters called CpG
islands. In normal tissues, CpG islands are primarily unmethylated, and the aberrant
methylation of CpG islands is most likely related to disease. Changing the methylation
status of a gene, for example, hypomethylation in the promoter region leads to elevated
gene expression, whereas hypermethylation results in decreased gene expression.
Environmental factors, including exposure to metals and dietary factors, may operate
by interfering with the methylation of CpG clusters, thus altering affinity with poten-
tial transcription factors proteins, such as MeCP2 and SP1. The activity of DNMT
is reduced by heavy metal (cadmium) exposure [12]. Furthermore, heavy metals
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such as Pb are known to induce oxidative stress [13] that modulate DNA methylation
during malignant transformation [14]. Furthermore, oxidation of D-guanosine to
0x0-8-D-guanosine interferes with the DNA-binding capacity of MeCP to a methylated
cytosine [15], producing an “effective demethylation” due to oxidative damage of DNA.
Histone acetylation may also function in this process, with differences in acetylation
occurring in response to DNA methylation or demethylation [16]. This, of course,
leads to the issue of chromatin remodeling. However, it is our contention that
changes in DNA oxidation and methylation are the fundamental means through
which epigenetic differences arise in reaction to the environment.

2.2.1 Latent and Delayed Modification of APP Gene Expression:
The LEARn Model at Work

A specific example of LEARn-type activity involves the response of both rat and
monkey ABPP genes to early-life exposure to Pb. When Basha et al. introduced Pb
acetate into the drinking water of dams of infant rats, levels of ABPP mRNA rose
and then fell back to normal levels when Pb was removed from their diet. However, at
the age of 20 months, these early-exposed rats’ ABPP expression levels and levels of
AP peptide increased both beyond control rats and beyond levels found in rats exposed
to Pb at 20 months of age (Fig. 1). This occurred even though levels of Pb in the
early-exposed rats were the same as for nonexposed control rats by this time [9].

This work was extended to primates when cynomolgus monkeys that had been
exposed to lead for the first month of life were sacrificed for brain tissue analysis
at the age of 26 years. Comparison of their brains with control (nonexposed) mon-
keys revealed that ABPP and AP levels were elevated, but Pb levels were the same
between exposed and nonexposed monkeys (Fig. 2). In addition, exposed monkeys
showed greater brain amyloid aggregation than did nonexposed monkeys [17].
Furthermore, to extend the possibility of such a model to humans, it has recently
been shown that methylation levels for an individual person can change over
lifespan in a significant portion of a human population [18].

A different delayed neurological response has also been demonstrated in rats
subjected to postnatal inflammation. The treatment resulted in increased susceptibility
to seizure in adulthood [19].

3 AD and the LEARn Model

The ABPP protein, AP peptide, and T protein all appear in healthy individuals. Their
presence is not a sign of active or incipient AD. Thus, there must be some form of
trigger to the disease that is independent of the simple presence of these proteins.
The LEARn model would explain developmental triggering and latent expression of
the ABPP gene at pathological levels. Studies of knockout animals have indicated
that ABPP has necessary functions, although there is redundancy with other ABPP
protein family members. Therefore, what would trigger ABPP and AP peptides to be
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Fig.1 APP and AR levels due to LEARn reaction to post natal dietary Pb in rats. a Lifetime changes
in rat APP expression in response to early-life exposure to lead (Pb). Rat pups were exposed to
dietary Pb through the dams from 1 to 20 days of age (Pb—E rats). Animals were sacrificed at differ-
ent time points and brain mRNA levels for APP was measured. Results were compared to mRNA
levels for the same genes in nonexposed (control) rats. Values marked with an asterisk are signifi-
cantly different from their corresponding controls (p < 0.05). b Comparison of end-of-life (20
month) levels of APP mRNA and APP protein, among control, Pb—E, and late-life exposed (Pb-L)
rats. ¢ Comparison of A peptide levels among Pb-E, control, and Pb-L rats. Levels of APP mRNA
and protein and levels of AP did not differ between control and Pb-L rats, in contrast to Pb-E rats,
which did differ significantly from control rats. Values marked with an asterisk are significantly dif-
ferent from their corresponding controls (p < 0.05). This figure was adapted from ref. [9]

overproduced in sporadic cases of AD? The LEARn model proposes that the initial
APPP triggering mechanism activates early in life, at developmental stages. Sites of
action would be within the promoter of ABPP and associated genes. The trigger
would be maintained through epigenetic means, such as DNA methylation. It is also
possible that genes with products protective against AD will have altered methyla-
tion patterns due to environmental stress. However, a long-latent condition such as
LEARn-induced predisposition to AD is likely to function as a “two-hit” disorder,
similarly to those found in currently accepted models of cancer etiology [20]. In the
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Fig. 2 APP and AP levels due to LEARn-type reaction to post natal dietary Pb in monkeys. a Pb
exposure in cynomolgus control Pb-E monkeys and comparison of end-of-life (23 year) Pb levels
between control and Pb—E monkeys. Pb—E cynomolgus monkeys were exposed to Pb in drinking water
between 1 and 2 years of age. Control animals were not exposed. Animals were sacrificed after 23 years
of life. Pb levels did not differ between control and Pb—E monkeys. b Levels of APP1 mRNA and ¢
AP peptides in Pb-E monkeys versus control monkeys. The mRNA levels in monkey brain were
measured by real-time PCR. A peptide levels were measured by ELISA. Levels significantly different
from control (p < 0.05) are indicated by “*.” This figure was adapted from ref. [10]

case of AD, this second hit would be a broad spectrum of changes in gene expression,
especially upregulation of inflammatory factors, that has been shown to be a function
of normal aging [21]. It is not to say that these environmental insults “intentionally”
target AD-related genes in the brain. Instead, certain genes, by juxtaposition of CpG
sites with important active/inactive transcription factor sites, would be particularly
vulnerable to the effects of environmental stresses that alter CpG methylation pat-
terns. Testing these changes could, in part, be had by microarray analysis of sporadic
and familial AD, if these assays were longitudinal, tracing individual expression
profiles across a lifetime and permitting comparison of the same AD and non-AD
individuals at multiple life stages.

4 The LEARN Model in Context

The LEARn model is an expression of the larger concepts of epigenetics and the
epigenome, specifically adapted to the etiology of sporadic disorders of long latency.
The epigenome is the collection of epigenetic markers associated with a specific
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individual organism’s genome [22]. This epigenome, like its underlying genome, has
specific epigenotypes, which are generated by modification of DNA methylation or
oxidation, by changes in histone acetylation patterns, and by variations in the physical
arrangement of chromosomal material [23]. It is the expression of these epigenotypes,
whether they be inherited by imprintation or acquired during life as somatic epitypes
[24], that specifically contribute to development of sporadic psychobiological diseases.
Of particular interest from a medical standpoint is that the epigenome is inherently
less stable than is the genome. The epigenome is subject to epigenetic drift, which is
a change in epigenetic markers over time within an individual life span. On a population
level, this has been difficult to measure, but epigenetic drift, specifically in the meth-
ylation of an individual person’s genome, has recently been illustrated in the
well-characterized Icelandic sample set and in a cohort of families in Utah [18].
However, the function of LEARn mediation of disease rests upon not only the
presence of epigenetic variation but also its location. LEARn-susceptible gene promoters
are predicted to have regions of CpG doublets overlapping critical transcription factor
binding sites. Modification of the methylation status of these sites is the basis of
modification of LEARn-vulnerable gene expression. If such a gene happens to code
for a transcription factor or DNA methylation pathway protein, this could result in
a LEARn feedback loop, in which local and short-term environmental stress sets up
a self-perpetuating cascade that could significantly modify the entire epigenome.

5 Major Implications of the LEARn Model

The LEARn model proposes environmentally induced changes in methylation and
oxidative damage as the physical mechanism that perturbs gene expression [25].
The effects of these perturbations would be latent. Lack of an acute response or
cessation of acute response would be followed some time later, after a secondary
trigger occurred (Fig. 3). They are not always immediately apparent in the same
manner found in conventional toxic responses. Thus, apparent reversal of the symptoms
of acute exposure to environmental stressors, such as Pb or poor nutrition, need not
mean that there will be no long-lasting repercussions of an environmental insult.
Under the LEARn model, conventional antitoxicity treatments would be insufficient,
as removing the cause does not remove the effect. For example, bans enacted upon
Pb in gasoline in previous decades would significantly reduce levels of Pb in urban
dwellers. However, the LEARn model would suggest that levels of AD would not
be likely to decrease in response until 50-60 years after the bans were enacted,
when individuals would begin to reach ages at risk of LOAD but would not have
suffered higher levels of childhood Pb exposure. It should be pointed out that the
possibility of “latent sequelae” to asymptomatic exposure to Pb was raised over
30 years ago, albeit without proposing a specific mechanism of activity [26].
However, the relatively long term of latency suggests the possibility of biologically
based medical remediation. The proposed mechanisms of LEARn, changes in meth-
ylation and/or oxidative damage to DNA, do lend toward potential solutions to
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Fig. 3 The LEARn model of disease etiology. This model proposes an epigenetic basis for spo-
radic disorders such as Alzheimer’s disease. Briefly, the sequence of a gene or genes is subject to
differences in methylation or oxidation due to environmental stress or insult — the “first hit.” These
epigenetic changes may have a short-term, nonpathological effect that relatively quickly returns
to normal levels of expression. Later, a “second hit,” such as typical changes in gene expression
profiles brought about by aging has an effect upon genes that have been already epigenetically
altered by the first hit. Gene expression then reaches pathological levels

a LEARn-type environmental exposure. For example, fruit juices, such as concen-
trated apple juice, have been shown to reverse acute oxidative damage and be a
useful source of S-adenosyl methionine, reversing hypomethylation in mice [27].
Likewise, dietary melatonin supplementation reduced levels of A in mouse cerebral
cortex [28]. This suggests investigation of the use of appropriate dietary supplemen-
tation early in life, as a prophylactic or treatment measure against possible latent
response to environmental insult. In addition, exercise in rats has been shown to
modulate the activity of mucosal betaine-homocysteine methyltransferase 2, poten-
tially reducing aberrant methylation [29]. This suggests the possibility that lifestyle
habits suspected to protect against AD, such as physical exercise [30], may work
through remediation of early-life aberrant DNA methylation. Thus, the LEARn
model presented here has far-reaching implications in personal health practices and
public policy.
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Strategies for Alzheimer’s Disease Diagnosis

Lisbell D. Estrada and Claudio Soto

Abstract Alzheimer’s disease (AD) is a devastating degenerative disorder for
which there is no cure or effective treatment. In the late stages of the disease when
there is evident cognitive impairment, the clinical diagnosis of probable AD is
made with around 90% accuracy using clinical, neuropsychological, and imaging
methods. Diagnostic sensitivity and specificity in early disease stages are improved
by cerebrospinal fluid markers, for example, combined tau and amyloid-B (AR)
peptides and some plasma markers. At this time, however, validated diagnostic markers
for early diagnosis of AD are not available. Simple, accurate, and noninvasive tests
for an early detection of AD are urgently required to attempt intervention before
substantial and irreversible brain damage occurs. Compelling evidence indicates that
deposition of aggregates composed by a misfolded form of AP is the central event
in the disease pathogenesis. Therefore, an attractive diagnostic strategy is to detect
the misfolded form of A in biological fluids. In this chapter, we describe current
diagnosis methods, their principles, and their potential strengths and weaknesses.
Opverall, the available data suggests the feasibility in developing a sensitive diagnostic
test for the early detection of AD.

Keywords: Amyloid-B, Alzheimer’s disease, oligomers, diagnosis

1 Introduction

Alzheimer’s disease (AD) is a complex neurodegenerative condition which has
become a major public health problem because of its increasing prevalence, long
duration, and high cost of care. It is estimated that more than 25 million people
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worldwide are affected to some degree by AD. This disorder is characterized by
loss of short-term memory, disorientation, and impairment of judgment and reasoning
[1-3]. The neuropathological hallmarks found in the brains of AD patients are neuronal
loss in regions related to memory and cognition, neurotransmitter depletion, synaptic
alteration, and the deposition of abnormal protein aggregates [4, 5]. Neurofibrillary
tangles occur intracellularly and are composed of paired helical filaments of hyperphos-
phorylated tau protein [6]. In the extracellular space, insoluble protein aggregates
termed amyloid and composed of the amyloid-P (AP) peptide accumulate in the form
of senile or neuritic plaques, cerebrovascular amyloid lesions, and diffuse deposits.

2 Current Status of AD Diagnosis

2.1 Neuropsychological Diagnosis

Mental status examinations assess memory, concentration, and other cognitive
skills. The most common mental status examination used in the evaluation of AD
is the Mini-Mental State Examination (MMSE), a research-based set of questions
that provides a score about a person’s general level of impairment. The MMSE was
designed to evaluate cognitive function in several domains including orientation,
registration, attention, memory, language, and visual construction skills [7]. The MMSE
is generally a reliable and valid measure of cognitive impairment. However, a
number of studies have demonstrated that education, age, and ethnicity have an
effect on MMSE scores [8—10]. A study in five different cities in USA found that
both age and educational level influenced scores [11]. The MMSE is the most
widely used brief screening measure of cognition, but it is not sensitive in detecting
mild memory or other subtle cognitive impairments. The Short Test of Mental
Status (STMS) was specifically developed for use in dementia assessment and was
intended to be more sensitive to problems of learning and mental agility that may be
seen in mild cognitive impairment (MCI). Tang-Wai et al. showed that the STMS
was slightly more sensitive than the MMSE in discriminating between patients with
stable normal cognition and patients with prevalent MCI [12]. Another widely
accepted test for AD diagnosis is the Alzheimer’s disease Assessment Scale-Cognitive
Subscale (ADAS-cog). This test assesses a variety of functions including language
ability (speech and comprehension), ability to copy geometric figures, orientation
to current time and place and more importantly memory. Still, some weaknesses of
the ADAS-cog are the subjective nature of several of the assessments; the fact that
it fails to assess several core deficits of AD including attention, information
processing and speed of retrieval of information held in memory, the time taken to
administer it, and its relative insensitivity (for review see [13]). A possible improvement
could be to replace the ADAS-cog with a suitable automated alternative test.
However, the major disadvantage of a computerized system is that clinicians are
very familiar with the ADAS-cog and are often skeptical about automated tests.
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2.2 Electroencephalography

Electroencephalography (EEG) reflects cortical neuronal functioning and remains
as an important tool in aiding the diagnosis of AD. The EEG is noninvasive, widely
available, low-cost, and can be carried out rapidly. Although a normal EEG is found
in many patients with mild AD, the vast majority of patients with moderate-to-severe
AD have a pathological EEG profile. The feature of EEG abnormalities in AD is
slowing of the rhythms and a decrease in coherence among different brain regions.
An increase in theta and delta activities and a decrease in alpha and beta activities
are usually observed [14, 15], as well as a reduced coherence of the alpha and beta
bands [16—18]. These abnormalities usually correlate with the severity of AD [19, 20].
However, a direct interaction between EEG slowing and AD-associated cognitive
dysfunction has not been definitively proven and the progressive EEG slowing is
not always present in all AD cases. In addition, a commonly encountered problem
in clinical practice during EEG recording is the blanking of the EEG signal due to
blinking or movements of the patient’s eyes.

2.3 Imaging

The value of structural MRI for AD diagnosis has been recently reviewed [21].
Medial temporal lobe atrophy on MRI has been detected indicating degenerative
hippocampal atrophy in old subjects, but is not specific for AD pathology [22]. A
PET scan provides both two- and three-dimensional pictures of brain activity by
measuring radioactive isotopes injected into the bloodstream. Studies show that an
elevated uptake of the PET amyloid ligand (''C)PIB in patients with MCI/mild AD
could be indicative of an early AD process [23, 24], even in nondemented individuals
[25]. However, at this time, the addition of neuroimaging to the usual diagnostic
regimen at AD clinics has been declared not cost-effective given the effectiveness
of currently available therapies.

3 Biomarkers

Biomarkers are required to improve the diagnostic sensitivity and specificity and to
monitor the biological activity of AD in terms of disease progression (Fig. 1). In view
of the advancing scientific knowledge regarding biomarkers for AD, it was proposed
to incorporate those biomarkers in revised diagnostic criteria in the future [26, 27].
Biomarkers will initially supplement our more traditional neuropsychological and
imaging markers and may progress to useful surrogate measures to the pharmaco-
logical action of therapeutic compounds [28, 29].
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Fig. 1 Current methods of Alzheimer’s disease (AD) diagnosis such as cognitive tests and brain
imaging are based on phenotypic changes, which are the consequence of irreversible brain deteriora-
tion. New approaches should aim to diagnose patients during the presymptomatic stages of the disease
(See Color Plates)

3.1 CSF Biomarkers

The cerebrospinal fluid (CSF) is in direct contact with the extracellular space of the
brain, and therefore biochemical changes in the brain affect CSF composition.
AP42 is the major component of plaques [30]. Therefore, it was postulated as a
good candidate for AD diagnosis. Still the first reports of AP in CSF as a biomarker
for AD were unsatisfactory [31-33]. Recent reports, however, have shown an inverse
relation between in vivo amyloid load and CSF levels of AB42 in humans [34]. On
the other hand, Stefani et al. showed that soluble AB42 was not related to the degree
of cognitive impairment (2006). In familial cases of AD, extremely high CSF A
levels were found in early-onset AD and late-onset AD PSEN1 mutations [35] as well
as in children with Down’s syndrome [36]. The relationships between plaque density
in the brain and CSF AP reduction are not completely understood, but they may be
due, at least in part, to depletion of the monomeric protein into oligomeric soluble
and insoluble forms in the brain and increased AP deposition in plaques [37].

Tau presence in CSF was initially proposed as a biomarker for AD by Vandermeeren
et al. [38]. It has been reported that antemortem CSF levels of AB42, total tau
(t-tau), and phosphorylated tau (p-tau) at Thr231 reflect the histopathological changes
observed in the brains of AD patients [39, 40]. Also, increase of t-tau CSF levels
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has been found from early to advanced stages of AD [41]. The CSF tau/AB42 ratio
has been correlated with cognitive decline in nondemented older adults [42—44] and
patients with MCI [45, 46].

The level of p-tau in CSF may reflect the phosphorylation state of tau in the
brain. Several reports showed high concentrations of p-tau in CSF of AD patients
[47-51]. These studies suggested that CSF p-tau protein correlates with neocortical
neurofibrillary pathology in severely demented AD patients and may serve as an in
vivo marker of tau pathology in AD [52]. Further studies showed no association of
CSF biomarkers (AB42, t-tau, and p-tau) with ApoE €4 or plaque and tangle burden
in autopsy-confirmed AD [40, 53]. Still, Apo€e genotype and p-tau association with
cognitive impairment was reported by Lavados et al. [54]. When they compared AD
patients, MCI patients, and normal senile patients, a higher proportion of €4 allele
in both AD patients and the MCI group (with elevated level of impairment) was
found. These differences were not statistical significant probably due to the reduced
number of observations in the different groups.

Blood inflammatory markers, like C-reactive protein or interleukin-6 (IL-6), are
markers for vascular dementia (VaD) [55, 56] or are increased before clinical onset
of both AD and VaD [57]. Motta et al. demonstrated that levels of IL-12, IL-16,
IL-18, and tumoral growth factor-f1 were higher in mild AD patients, but no
significant difference was observed between AD-severe patients and nondemented
age-matched subjects [58].

Plasma total amyloid or AB42 is increased in cases of familial AD and trisomy
21 [59, 60], but were not consistently related to diagnosis in clinical cross-sectional
studies of typical late-onset AD [61-65]. Although all forms of brain A are elevated
in AD, the weak correlations of the various brain AB measures in AD suggest that
they may reflect distinct biochemical and morphological pools of AP [66].

Amyloid precursor protein (APP) abnormalities in blood platelets also have been
suggested as a biomarker of AD [67, 68], correlating with membrane fluidity and
cognitive decline [69]. Recently, a novel gene/protein — ALZAS (Alzheimer-associated
protein), has been discovered on chromosome 21 within the APP region. ELISA studies
of plasma detected highest titers of ALZAS in patients with MCI (presymptomatic
AD). Finally, recent proteomic studies led to the discovery of various plasma
signaling proteins altered in AD samples, which may allow the development of
novel blood tests for AD [70, 71].

4 A Novel Approach for Biochemical Diagnosis of AD

Simple, noninvasive tests for an early detection of degenerative dementia by use of
biomarkers are highly needed. However, up to the present, no accurate extracerebral
diagnostic markers for the early diagnosis of AD are available. A sensitive and
quantitative test will enable early diagnosis, hence improving drug benefits by
allowing the treatment to begin earlier. Although the etiology of AD is not yet
completely clear, convincing data suggest that the misfolding, aggregation, and
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Fig. 2 Amyloid-f (Af) misfolded oligomers may be circulating in biological fluids many years
or even decades before the clinical symptoms of Alzheimer’s disease appear. Moreover, their
concentration might be indicative of the disease progression. One promising approach may be the
specific detection of misfolded AP oligomers in biological fluids (See Color Plates)

brain deposition of AP is the triggering factor of the pathology. Therefore, this
misfolding event may be indicative of the initial steps in the disease. Compelling
evidence supports that the protein misfolding and aggregation process follows a
seeding-nucleation mechanism. In this model, the limiting step is the formation of
small oligomeric intermediates that act as seeds to catalyze the polymerization
process. It is likely that these misfolded structures are circulating in biological
fluids long before the clinical manifestation of the disease. Thus, detection of these
oligomeric structures in biological fluids may be the basis to design a diagnostic
test for AD and other protein misfolding disorders (Fig. 2). Moreover, convincing
evidence support the important role of oligomers in the early pathophysiology of
AD, in particular in interfering with synaptic plasticity [72—74].

The challenge is how to detect the very minute amount of these structures and
how to distinguish them from the more abundant normal soluble forms. It could be
possible to use the functional property of seeds to catalyze the polymerization of a
soluble protein as a way to measure the presence of misfolded seeds in biological
fluids. With the aim to detect minute quantities of misfolded aggregates, we have
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developed a technology, termed protein misfolding cyclic amplification, which was
first applied to detect misfolded prion protein in the blood of sick animals [75] and
has recently been expanded to detect minute quantities of misfolded A} oligomers.
The method consists of cyclic amplification of seeds combined with the ultrasensitive
detection of AP aggregates.

5 Concluding Remarks

Today, the only definite way to diagnose AD is to find out whether there are plaques
and tangles in brain tissue. To examine brain tissue, however, an autopsy must be
performed. Therefore, a diagnosis of AD while a person is still alive constitutes just a
possible or probable diagnosis. Several tools are currently used to diagnose “probable”
AD, including neuropsychological tests, brain imaging, and biochemical tests.
An early, accurate diagnosis of AD helps patients and their families plan for the
future. It gives them time to discuss care options while the patient can still take part
in making decisions. Moreover, early diagnosis offers the best chance to treat the
symptoms of the disease.
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The Diagnosis of Dementia in Subjects
with Heterogeneous Educational Levels

Maria Teresa Carthery-Goulart, Paulo Caramelli, and Ricardo Nitrini

Abstract Performance in cognitive tests is influenced by age, education and
culture. Many batteries for screening and diagnosing dementia were developed
in countries where low education and illiteracy are uncommon and therefore they
may not be suitable for evaluation of populations with heterogeneous educational
backgrounds. In this chapter, we discuss the influences of education in the diagnosis
of dementia and present the results of studies with the Brief Cognitive Screening
Battery (BCSB) or Brief Cognitive Battery unbiased by education (BCB-Edu)
developed by Nitrini et al. (1994). The BCB-Edu has been employed for the diagnosis
of dementia and Alzheimer’s disease (AD) in subjects with heterogeneous educational
background (illiterate, low/medium/high levels of education). The delayed recall
(DR) test of BCB-Edu proved to be more accurate than DR of Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) battery for the diagnosis of
dementia in illiterate subjects [sensitivity = 93.3%, specificity = 95.7%, area under
receiver operator characteristic curves (AUC-ROC) = 0.975]. DR of BCB-Edu also
showed high sensitivity (82.2%) and specificity (90.4%) for the diagnosis of AD
in patients with medium/high levels of education. A mathematical model including
the results of core tests is also suggested to be employed in clinical practice. The
BCB-Edu is a simple and useful tool for diagnosis and screening of dementia,
particularly AD, in populations with heterogeneously educated individuals.

1 Introduction

The prevalence of dementia and particularly Alzheimer’s disease (AD) will increase
dramatically worldwide in the next decades due to the ageing of the global population.
In absolute numbers, the elderly population is predicted to grow much faster in least
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developed and developing countries [1], in which high rates of illiteracy or few years
of schooling are common among the elderly [2]. This low educational status is
often associated with higher prevalence of dementia among different populations
[3, 4]. Among the hypotheses that have been proposed to explain this association,
some suggest that education increases brain reserve [5] or is an indicator of mental
activity throughout life (cognitive reserve) [6]. However, further research is necessary
to establish the possible mechanisms underlying this association and the role of
possible confounders such as occupational attainment [7].

Another important problem is functional illiteracy which refers to the “Inability
to use printed and written information to function in society, to achieve one’s goals
and to develop one’s knowledge and potential” [8]. According to this definition,
around half of the adult world population is considered “illiterate” [9]. In a study
conducted in S@o Paulo in which 312 healthy individuals were evaluated with the
Brazilian version of the Test of Functional Health Literacy in Adults (S-TOFHLA),
we found that almost 40% of the elderly were considered functional illiterates and
another 13% had marginal reading skills. The proportion of these individuals was
higher in low-educated groups (Carthery-Goulart et al., submitted for publication).
This finding has important implications for epidemiological and clinical studies
undertaken with the elderly and highlights the challenges that low-educated
individuals present for dementia screening.

Accurate assessment of cognitive functioning is a crucial component in the
identification of dementia. Objective evidence of impairment in episodic memory
is a core diagnostic criterion for probable AD and reflects the early pathological
involvement of medial temporal structures [10]. Neuropsychological tests and
particularly memory tests may be influenced by several factors such as age, gender,
ethnic background, culture and education [11-14], consequently generating a bias
for the diagnosis of dementia. Educational and cultural biases are being gradually
more perceived as a problem even in the developed world because of the presence
of less-educated and ethnic minorities [15].

The growing prevalence of AD and the emergent treatments for this disease
underline the need for reliable and easily administered screening instruments. Some
brief cognitive screening batteries have been proposed for this purpose but most of
those instruments were developed and validated in countries where low education
and illiteracy are uncommon so they produce false positives when applied to populations
with lower levels of education. When it happens, those individuals are referred for
further assessment which is distressing for them and their families and wasteful of
resources [16].

There is a lack of instruments to measure cognitive function in aged populations
with low levels of formal education and high levels of illiteracy [16, 17]. In an effort
to address this problem, researchers have adjusted cutoff scores or norms of tests
according to completed years of schooling [18, 19]. This procedure is frequently
employed but has some limitations because low educational level is also a risk factor
for dementia [3]. Adjusting for education decreases the risk of observing a false
association between dementia and low test performance but increases the probability
of not discovering a real association between dementia and low educational level
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[17]. Furthermore, it fails to deal with the lack of acceptability to the older person
of a testing process tailored to a different population [16].

Other researchers have proposed the adaptation of existent instruments [20] or
have tried to devise new tools that could suit the needs of their population. In this
attempt, Nitrini et al. [21] developed a cognitive battery that does not require the
ability to read and write and that has been found useful for epidemiological and
clinical purposes. This battery of tests has been employed in population-based studies
and in busy clinic settings for the diagnosis of dementia and AD and, more recently,
for the diagnosis of amnestic mild cognitive impairment (aMCI) in subjects with
mixed educational background.

2 The Brief Cognitive Screening Battery or Brief Cognitive
Battery-Unbiased by Education

The Brief Cognitive Screening Battery (BCSB), recently named Brief Cognitive
Battery unbiased by education (BCB-Edu) [22] consists of seven tests of rapid
application and simple interpretation: identification and naming of objects presented
as line drawings, incidental memory, immediate memory, learning, delayed recall
(DR) and recognition associated with a category fluency test and the clock drawing
test (CDT) [23]. It is available free of charge from the authors.

First, subjects are asked to name ten simple objects presented as line drawings
(shoe, house, comb, key, airplane, bucket, turtle, tree, spoon and book). Two scores
are obtained, the number of correct named pictures (naming) and the number of
correct identified pictures (identification). If the subject is able to properly name the
pictures, the identification is also considered correct. However, if naming is incorrect
this could indicate either failure in identification or failure in naming itself and this
differentiation is usually straightforward. When naming is incorrect or not remembered,
the examiner provides the correct name of the object. Immediately after naming, the
sheet of paper is removed from view and the subject is asked to recall the drawings
(incident memory). The sheet of paper is then shown again for about 30 s and the
patient is explicitly asked to memorize the objects. Recall is requested immediately
after presentation (immediate memory). This latter procedure is performed once
more leading to a score of learning or acquisition. After two interference tasks
evaluating executive function, semantic memory and constructional praxis which
are the category verbal fluency test (animals/min) and the CDT, subjects are asked
to recall as many items as they can for no more than a minute (DR). As a final
procedure a sheet of paper with 20 drawings including the 10 previously presented
along with 10 added distractors is displayed and the subject is asked to point or
name the ones he had previously seen. The score of this recognition test is then
calculated by subtracting the number of wrong from the correct responses.

The BCB-Edu was used to study the impact of illiteracy on the performance in
DR tests. Nitrini et al. [24] compared the performance of elderly individuals without
dementia from a population-based study [4] in two tests of DR, the one from the
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battery proposed by the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) and the one from BCB-Edu. As the stimuli of the memory test of CERAD
battery consist of ten written words, the procedures were adapted for illiterate subjects
and the list of words was read aloud by the examiner to those individuals. Except
for that, all procedures and tasks of the two batteries were very similar.

In that study, literate and illiterate nondemented subjects presented a considerable
difference in performance in most neuropsychological tests. The only tests that
were not affected by illiteracy were the BCB-Edu memory tests (Table 1). Illiterate
and literate subjects’ performances did not differ in the immediate and DR of items
presented as simple drawings, contrary to what was observed in the immediate and
DR of the word list from CERAD. We proposed that when items to be recalled are
presented as simple drawings, encoding is made easier for the illiterate. In the
CERAD battery, the different administration procedures required for illiterates
determined a less-favorable encoding condition for this group (only auditory input
was used while their literate counterparts used visual and auditory input). Our
results corroborated findings of other studies in which tests that favor encoding
were proved to be more appropriate for illiterate individuals [11, 12, 17, 25].

In a second study [26], the delayed memory tests of CERAD and BCB-Edu were
compared for the diagnoses of dementia and AD in literate and illiterate patients
from the same population-based study previously mentioned [4]. Test accuracy for
dementia and for AD was tested by calculating the area under Receiver Operator
Characteristic curves (AUC-ROC) obtained with CERAD and BCB-Edu-delayed
memory tests in literate and illiterate samples. Either for dementia or for AD diagnoses,
the DR memory test of BCB-Edu was significantly more accurate than CERAD’s
in the illiterate samples. For the diagnosis of dementia in illiterates, BCB-Edu
obtained a sensitivity of 93.3% and a specificity of 95.7% (AUC-ROC = 0.975).
Additionally, the two batteries showed similar accuracy in the literate samples.
That study showed that the BCB-Edu is a suitable tool for evaluating DR in populations
with high number of illiterate and low-educated individuals, a common feature in
developing countries.

Table 1 Performance of illiterate and literate nondemented elderly subjects on cognitive tests
(adapted from ref. [24])

Illiterate (N = 23); Literate (N = 28);

Tests mean (SD) mean (SD) P

MMSE 21.61 (1.85) 26.82 (1.98) 0.000
Verbal fluency (animals/min) 12.13 (3.66) 14.86 (3.93) 0.010
Boston naming (15 pictures) 9.87 (1.82) 12.11 (2.22) 0.001
Clock drawing 3.00 (1.72) 7.52 (1.93) 0.000
Immediate recall (CERAD) 4.04 (1.06) 5.07 (1.05) 0.001
Delayed recall (CERAD) 3.70 (2.10) 4.96 (2.10) 0.014
Immediate recall (BCB-Edu) 6.61 (1.27) 6.57 (1.23) 0.840
Delayed recall (BCB-Edu) 6.87 (1.52) 7.26 (1.56) 0.458

SD standard deviation, MMSE Mini-Mental State Examination, BCB-Edu Brief Cognitive Battery
unbiased by education, CERAD Consortium to Establish a Registry for Alzheimer’s Disease
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As BCB-Edu was initially designed for diagnosing cognitive impairment in subjects
who are illiterate or have low levels of education, it was necessary to test if it could
also be appropriate as a screening tool for highly educated subjects. This question
was addressed in another study [22] and it was demonstrated that the battery is highly
accurate and very sensitive for the diagnosis of mild AD in a sample of medium and
highly educated individuals (sensitivity of 82.2% and specificity of 90.4%). In that
study, we proposed the use of a mathematical model applicable in clinical practice
including the scores obtained for DR, learning and category fluency tests. The model
comes into a probability score for AD diagnosis so the higher the score the higher
the probability of an AD diagnosis. This model was tested in a different sample
(from the one it was generated) and obtained an AUC-ROC of 0.917, indicative of
high accuracy for mild AD diagnosis. When low-educated individuals are included
in the sample to generate the model, the same three tests are included but years of
education is incorporated in the equation due to the influences of schooling in the
category verbal fluency test (Caramelli et al., in preparation).

The model has recently been tested for the diagnosis of aMCI showing high
sensitivity and specificity in the differentiation between these patients and controls
(Nitrini et al., in preparation). On the other hand, the specificity of the model for
the differential diagnosis between the aMCI and mild AD was not very high. Our
results are in agreement with findings that aMCI patients are closer to AD patients
than to controls on memory measures [27].

The battery takes about 8 min to be accomplished and presented high interrater
reliability [22].

3 Comments, Recommendations and Future Directions

There is an increasing trend to utilize short cognitive batteries for the diagnosis of
dementia in epidemiological studies or in busy clinical settings. However, an ideal
dementia screening instrument must contemplate several features. It should be
acceptable to older persons, brief, reliable and minimally affected by education,
gender and age. It should also be accurate (high sensitivity and specificity) and very
sensitive to mild prodromal stages of dementia. Additionally, it should be easy to
administer and score and should not require excessive training so it can be used in
several settings (specialty clinics, epidemiological studies and primary care). Finally,
it should be composed by tests evaluating different cognitive functions and specifically
cognitive processes considered central to a diagnosis of dementia, particularly AD,
the most prevalent form. Thus, it should include at least a test of episodic memory
and an indicator of executive function [16, 28].

The BCB-Edu comprises those aspects and is an appropriate tool to be used in
populations with heterogeneous educational backgrounds, due to its similar procedural
applicability and validity regardless of educational level. It is a culturally and
educationally sensitive screening instrument since it does not have items that test arith-
metical ability and does not rely on literacy or other skills related to formal education
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and that often result in unimpaired people screening positive for dementia [16].
Consequently, it can be considered a culture-fair test because it does not penalize
members of a culture for poor performance on items designed for and standardized
on members of another [14, 17, 20].

Screening tools that entail the ability to read and write as the Mini-Mental State
Examination (MMSE) [29] and even others, highly accurate for the diagnosis of
dementia such as the Memory Impairment Screen [30] and the ACE-R [31], require
excessive adaptation or adjusted cutoff scores to be used with low-educated individuals
and may lack specificity for the diagnosis of dementia in these subjects. The CDT,
which is often described as a culture free test [16] and is included in batteries such
as the Mini-Cog [32], is strongly influenced by education [22, 24] and was not
included among the most discriminative tests of the BCB-Edu.

Considering the number of cognitive functions evaluated the BCB-Edu, it is a
relatively brief battery. However, screening tests that can be administered in 5 min
or less would seem the most likely to be useable in primary care [28]. Further studies
are necessary to establish if the CDT can be excluded from the battery without
affecting the DR test. It seems possible because some studies showed no difference
in DR when a 2-4 min delay was employed between the encoding and recall phases
of a memory test [33].

Moreover, the BCB-Edu includes a memory test that optimizes encoding
since it requires naming, a cognitive task that demands attention and semantic proce
ssing [30]. Other batteries that evaluate episodic memory after forcing semantic
processing through naming such as the 7-minute Screen [34] and the Prueba Cognitiva
de Leganés [17] have been more recently proposed and are also reported as
uninfluenced by education.

The BCB-Edu contains tests of learning, DR and recognition and for that reason
can be used to characterize the type of memory impairment (encoding, storage and
retrieval). This is very important since a diagnosis of AD requires an objective deficit
on memory testing (recall deficit with intrusions). Although delayed memory tests
discriminate mild AD from healthy controls with high accuracy, impaired DR is not
itself evidence of an AD-related memory disorder. Real deficits in encoding and storage
processes that are characteristic of AD must be distinguished from non-AD deficits
that can also affect DR such as retrieval deficits that may be present for different
reasons in normal aging, depression, frontotemporal dementia or subcortical-frontal
dementia [10].

The mathematical model including Learning, Delayed Recall and Category
Verbal Fluency showed high accuracy in the differential diagnosis between AD and
control subjects. This score may be calculated straightforwardly (a template can be
provided by the authors under request) and proved very useful for rapid diagnosis
of cognitive impairment in a busy setting.

Further validation is needed in other settings and in longitudinal studies, including
intraeducation/interculture comparisons. Additionally, the battery needs to be tested
in the differentiation of clinical levels of depression and AD and in the differentiation
of AD and other dementing disorders.
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For dementia screening in heterogeneously educated populations, we recommend
the combination of cognitive scores and informant-based tools, as other groups have
suggested [35]. Cognitive tests provide an overview of current cognitive perform-
ance while informant-rated screens can offer a longitudinal view of changes in
cognition-dependant behaviors over time and are less prone to culture bias [16, 28].

It is important to consider that by identifying individuals with a very high or
very low likelihood of dementia, a good screening test may play an important part
in the diagnostic process. However, no screening tests should replace a comprehensive
clinical and neuropsychological evaluation [30].

In conclusion, the advantages of culture-fair screening methods are not restricted
to low-educated individuals or minority groups. Those tests present a less-threatening
condition in which older people can completely demonstrate their cognitive
capabilities, whatever their language, education and culture. This could determine
a better screening for all older people [16].
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Current Anti-Dementia Drugs: Hypothesis
and Clinical Benefits

Patricio Fuentes

Abstract At the moment, we have five formally approved anti-dementia drugs.
It is well known that abnormalities in cholinergic neurons are prominent among
the pathological changes in the brains of patients with Alzheimer’s disease (AD)
and that the impact of these abnormalities can be reduced by inhibiting the enzy-
matic breakdown of acetylcholine using cholinesterase inhibitors. Glutamate is
the main excitatory neurotransmitter in the central nervous system, implicated in
neural transmission, learning, memory and neural plasticity, and the enhancement
of the excitatory action of glutamate may play a role in the pathogenesis of AD.
Memantine may prevent excitatory amino acid neurotoxicity without interfering
with the actions of glutamate that are necessary for learning and memory. However,
these symptomatic treatments offer only modest benefits and disease-modifying
therapies are still in development stage. Unfortunately, many other drugs with
potential anti-pathogenic effects have not shown significant clinical benefits. In
mild cognitive impairment, consistent results were not obtained. Then, although
exists many pathogenic hypothesis in AD the current and associate available drugs
does not change the natural progression of the disease.

Abbreviations AD: Alzheimer’s disease; ChEI: cholinesterase inhibitor; DLB:
dementia Lewy bodies; FDA: Food and Drug Administration; MCI: mild cognitive
impairment; NMDA: N-methyl-D-aspartate

1 Alzheimer’s Disease

The research and development of anti-dementia pharmacological agents have been
focused on Alzheimer’s disease (AD). At present, only five agents have been approved
for AD treatment, some of which empirically have also extended their use to other
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dementia etiologies. In AD, different neurotransmitter system abnormalities appear
in the cerebral cortex and the hippocampus. Loss of cells in the nucleus basalis of
Meynert in AD results in a presynaptic deficiency in acetylcholine in areas of the
brain involved in memory, including the hippocampus, cerebral cortex and amygdala
[1]. Acetylcholinesterase inhibitors (AChEIs) — tacrine, donepezil, rivastigmine and
galantamine — act by inhibiting acetylcholinesterase. They make possible an increase
of acetylcholine in the synaptic cleft and stimulate postsynaptic cholinergics receptors.
On the contrary, for years, anatomical and biochemical evidence has existed that suggests
there is both pre- and postsynaptic disruption of excitatory amino acids pathways,
such as glutamate in AD [2]. Based on these previous facts, the other approved drug
is memantine, which acts through partial block of NMDA receptors that would
allow the prevention of excess stimulation and calcium entrance to the cell [3]. Both
glutamate and acetylcholine are related to learning and memory mechanisms.
Many drugs have been developed to control symptoms and also to neutralize
some of the pathogenic mechanisms currently known; however, all of these medications
currently approved for use in AD are considered palliative and symptomatic
treatments. From the formulation of the cholinergic hypothesis [4], the attenuation
of the cholinergic deficit has been a major therapeutic target in AD; therefore, the
main pharmacological treatment of this dementia has been the use of AChEIs, as we
already indicated, including tacrine, donepezil, rivastigmine and galantamine. Summers,
in 1986 [5], was first in communicating a successful experiment in cognitive
domain with the AChEI tacrine in a small number of patients with AD treated for
12 months. However, this drug exhibited several disadvantages in its use, as the
administration frequency had to be every 6 h and the exclusive hepatic metabolism
produced drug interactions and hepatotoxicity, with frequent gastrointestinal adverse
effects. Later on, the second generation of AChEIs appeared which in numerous
clinical trials and several meta-analysis demonstrated, in a consistent way, statistical
effectiveness in the global evaluation of cognition, behaviour and functional abilities.
Donepezil, a piperidine-specific and reversible AChEI, produces a non-competitive
blockade, is absorbed by the digestive tract, and its plasmatic peak appears to 3 h.
It is metabolized in the liver by isoenzymes 2D6 and 3A4 of the cytochrome P450
system, with half-life of elimination that reaches 70 h. Drug interactions can lead
to hepatic and kidney failure. 5-10% of patients have adverse effects, generally
gastrointestinal, with mild intensity and dose dependent. Donepezil can delay
cognitive impairment in patients with mild-to-moderately severe AD for at least
6 months duration [6] and also improves cognition and preserves function in
individuals with severe AD who live in nursing homes [7]. The third AChEI approved
by the Food and Drug Administration (FDA) for AD treatment was rivastigmine, the
only drug of this class that in addition inhibits butyrylcholinesterase. It is a carbamate,
pseudo-irreversible, non-competitive, with central action, and acts with selectivity
on the hippocampus and cerebral cortex. Unlike donepezil, its metabolization does
not require the cytochrome P450, but is excreted conjugated to a sulphate by the
renal system. The double inhibition that it produces could add cognitive and pathogenic
effects since the butyrylcholinesterase would have importance in the transformation
in neuritic plaques [8]. It has been demonstrated that with a dose of 6-12 mg/day,
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the global cognitive and functional impairment of patients with mild and moderate
dementia improves significantly, as does their ability to carry out activities of daily
living. A recent innovation with this drug has been the formulation in patches,
which quickly allows therapeutic doses to be obtained, and a significant reduction
of the gastrointestinal effects [9]. Galantamine, the last AChEI drug approved by
FDA, is a tertiary amine and has a dual mechanism of action; besides inhibiting
cholinesterases, it also modulates a presynaptic nicotinic receptor that would be in
greater neurotransmitter release. It is quickly absorbed after oral administration,
metabolized by means of the 2D6 isoenzyme of P450, has a plasmatic half-time of
elimination of 5 h and is excreted through the urine. Various studies of up to 6 months
demonstrate that galantamine also produces cognitive and functional improvement
[10]. Marked improvement in cognitive function is usually seen in only a small
percentage of subjects, but slowing of decline or stabilization over time has been
observed in several trials with these drugs. Through additional analyses, beneficial
effects on behavioural symptoms and activities of daily living have been appreciated.
Consequently, it is possible to point out that systematic reviews of the available
randomized trials, double-blind and placebo-controlled, support the use of these
three AChEIs. Statistically significant but clinically modest benefits have been
observed with them in each one of the aspects of the disease, in evaluation periods
up to 6 months [11], in reducing the risk of functional decline and maintaining the
Mini-State Mental Examination for 12 months [12], Even long-term, open-label
extension trials have shown some cognitive benefits for more than 24 months [13].
As has been expressed, these drugs, because of their vagal effect, have variable
collateral effects and therefore would not be used in patients who have antecedents
of chronic bronchial obstruction, peptic ulcer or conduction cardiac alterations.

So these drugs are not free from problems, since we must consider the contrain-
dications, some relative and others absolute, their adverse events and the high cost.
Since few comparative trials exist, no convincing evidence demonstrates that one
therapeutic treatment is more effective than another. This same class of agents has
been used widely in non-Alzheimer dementia, where cholinergic dysfunction is also
presumed, although without approval of regulating institutions. There is also
accumulating evidence that AChEIs have secondary non-cholinergic functions
including the processing and deposition of amyloid-f3 (AP). For instance, treated
patients with diffuse Lewy body disease, an entity where cholinergic hypofunction
is important, had significantly less parenchimal AP deposition [14].

On the contrary, AP also plays an important role in the degenerative process of
the disease and increases the vulnerability of cultured cortical neurons to glutamate
neurotoxicity. Memantine, an uncompetitive, moderate-affinity, voltage-dependent
NMDA antagonist, allows normal glutamatergic neurotransmission but blocks
potential excitotoxic stimulation. It is presumed to regulate glutamatergic transmis-
sion and thereby prevent neuron dysfunction and death. Its half-life is 60-80 h, it
does not interact with the cytochrome P450 system, and it is eliminated unmodified
by the urine. It is well tolerated and does not have incompatibility, but in case of
renal insufficiency, the dose must be adjusted. Although there is some evidence
in clinical trials that memantine is functionally neuroprotective, it does have
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symptomatic benefits. Its effectiveness has been demonstrated in clinical trials,
double-blind, placebo-controlled, in patients with moderate or severe AD, also in
6 months of treatment [15]. In a mouse model of AD, the administration of meman-
tine was associated with a significant decrease of AP plaque deposition and signifi-
cant increase in synaptic density [16]. The rationale for numerous medications that
are designed to modify the disease process centres on their potential ability to inter-
fere with the known pathobiological cascades in AD. Numerous agents designed to
modify the disease process and to delay the speed of declination are currently in
developing and evaluation stage. Most of these new molecules are focused in their
potential ability to interfere with the pathological process of the disease, like the
amyloid cascade or the tau aggregation. The mechanisms of disease-modifying
medications may be either specific, with focus on the specific pathological changes
in amyloid or tau, or non-specific, including oxidative stress and inflammation or
mitochondrial dysfunction. Use of high-dose vitamin E could cause increased risk
of cardiovascular disease and a recent study in mild cognitive impairment (MCI)
showed no effect in slowing the conversion to AD [17]. As well, studies with
oestrogen have shown that it has no effect on progression of symptomatic AD [18].
Ginkgo biloba did not yield positive effects in symptomatic AD [19]. Several anti-
inflammatory agents have been tested and found ineffective as a treatment for AD
[20]. Finally, to date, there is insufficient evidence to suggest the use of statins for
the treatment of patients with AD [21].

2 Mild Cognitive Impairment

Clinically, MCI represents a transition from normal cognition to AD, where more
than half progress to dementia within 5 years [22]. Inconsistent evidence exists on
the usefulness of preventative drugs for conversion; the normal therapeutic suggestion
is the recommendation of a healthy lifestyle, trying to control the risk factors and the
comorbidities. Clinical trials have focused mainly on the use of AChEIs but the
results have been rather negative. A large multi-centre study evaluated the effects of
donepezil and vitamin E, over a 3-year period, revealing that donepezil reduced the
risk of AD for the first 12 months. The benefit with this AChEI was greater in those
subjects carrying the ApoE €4 genotype, delaying the AD diagnosis for 24 months;
but vitamin E did not influence in the time of dementia emergence [17].

3 Conclusions

In AD, but not in MCI, there is a symptomatic benefit with the current approved agents
AChEIs and memantine. Although there is evidence of anti-pathogenic actions, the
clinical translations of these effects have not yet been determined. Other agents, related
to different suggested mechanisms of disease, have not shown convincing effects.
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