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Introduction

Roughly one hundred years ago at a meeting of Bavarian psychiatrists,
Dr. Alois Alzhiemer presented the intriguing case of his patient, Auguste
D., a 51 year-old female admitted to the local asylum with presenile de-
mentia. He would argue that specific lesions in and around neurons were
responsible for dementia. In the ensuing decades, studies of her disorder,
which would be named Alzheimer’s disease (AD), were largely limited to
descriptive neuropathological and psychological assessment of this disease
with little understanding of the molecular and cellular mechanisms underlying
neurodegeneration and dementia. This would change in the 1980’s when the
protein components of the major neuropathological hallmarks of the disease,
senile plaques (and cerebral blood vessel amyloid) and neurofibrillary tangles
were first determined. The identification of the β-amyloid protein (Aβ) and
the microtubule-associated tau protein as the main components of plaques and
tangles, respectively, would pave the way for the molecular genetic era of
AD research. By the late-1980’s, the genes encoding the β-amyloid precursor
protein (APP) and tau (MAPT) were identified and would subsequently be
shown to harbor autosomal dominant mutations causing early-onset familial
AD and frontal temporal dementia (FTD), respectively. Later, in the early
1990’s the ε4 variant of the apoliprotein E gene (APOE) would be found to be
associated with increased risk for late-onset AD. Fundamental differences were
soon noted between these two AD genes: APP and APOE. First, while APP
mutations caused AD with virtual certainty, the APOE-ε4 variant increased
susceptibility for, but not guarantee onset of AD. Second, while APP mutations
increased the generation of the neurotoxic peptide, Aβ42, in brain, APOE-
ε4 affected aggregation of Aβ into fibrils and its clearance from brain. In
1995, two more familial AD genes, presenilin 1 and 2 (PSEN1, PSEN2) were
identified, and mutations in MAPT were linked to frontal temporal dementia.
Thus, by 1995, the stage was set for molecular studies of age-related dementias
with APP, presenilin 1 and 2, APOE, and tau playing the major roles.

With the turn of the 21st century, the search for novel AD and FTD genes
would continue, utilizing high-throughput, chip-based genotyping technologies
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facilitated by the expansive DNA variant databases and the advent of the
HapMap. However, the vast majority of studies addressing the molecular
mechanisms underlying dementia would continue to focus on characterizing
the five genes already firmly implicated in the etiology and pathogenesis of
these dementing disorders. These five genes and the molecules they encode
are absolutely critical pieces of the puzzle of age-related dementias, however,
exactly how and where they fit into the puzzle remains a subject of intensive
investigation. In mathematical terms, these molecules can be considered as
the “givens” in the incredibly complex equation underlying the etiology and
pathogenesis of AD and FTD. Studies of these molecules have not only
elucidated the genetic, molecular, and biochemical basis of AD and FTD, but
have already begun to guide the design and development of novel ways to
diagnose, treat, and prevent these diseases. The contributors to Alzheimer’s
Disease: Advances in Genetics, Molecular and Cellular Biology cover the
remarkable progress that is being made in studies of these and other relevant
molecules and the cellular processes in which they participate. The findings
described in these chapters have not only enhanced our understanding of the
molecular basis of dementia, but have also provided a firm foundation for
translational studies that will hopefully serve to take these findings from the
bench top to the bedside.

Despite the incredible amount of data that has been garnered by studying the
four established AD genes, we also know that they likely account for only 30%
of the genetic variance involved in AD. In the Chapter 1, Bertram covers the
efforts and challenges in identifying the remaining AD genes. All four of the
established AD genes support the amyloid hypothesis of AD, which maintains
that the accumulation of Aβ in the brain is the key pathogenic event in AD.
The accumulation of Aβ is the net result of production of the peptide versus
it’s degradation and clearance from brain. The molecular and cell biological
studies of the known FAD genes including their effect on Aβ production, are
summarized in chapters by Thinakaran and Koo (APP), and Wakabayashi et al
(PSEN1 and PSEN2). The role of the β-secretase (BACE) in AD pathogenesis
and Aβ production is encapsulated in the chapter by Laird et. al. Huttunen and
Kovacs summarize the role of cholesterol and cholesterol pathway enzymes
in regulating the Aβ generation. With regard to Aβ clearance, Holtzman and
Zlokovic discuss the processes by which Aβ is transported out of the brain,
including the role of APOE, while Leissring and Saido summarize the means
by which Aβ is degraded in brain. Degradation of Aβ is significantly hampered
by its conversion from monomer to oligomeric assemblies and amyloid fibrils.
These processes are described in the chapter by Glabe and Bush. With regard to
the neurotoxic effects of Aβ , the potentially detrimental effects of the peptide
on neuronal signaling are summarized by Cotman and Busciglio, while the in
vivo effects of Aβ and tau in transgenic mouse models, are presented in the
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chapter by Ashe. On the other side of the coin, Malinow covers the possible
normal physiological roles of Aβ in modulating activity of excitatory synapses.
Several excellent chapters on tau, tangles, and the FTDs are also included.
Winton et al. provide a summary of the MAPT mutations involved in FTD,
while Duff et al. provide an overview of mouse models of FTD and other
tauopathies. The Mandelkows discuss the normal and pathogenic roles of the
tau protein in axonal transport. Finally, Nagahara and Tuszynski summarize the
role of growth factors in AD and prospects for gene therapy using nerve growth
factor.

The Editors of Alzheimer’s Disease: Advances in Genetics, Molecular and
Cellular Biology congratulate the authors for their outstanding contributions,
and for providing exciting, comprehensive and up-to-date summaries of the
most important recent advances in the genetic, molecular, biochemical, and
cell biological studies of AD. The last five years have witnessed remarkable
progress in all of these areas, and there have certainly been some surprises
along the way – Aβ playing a role in modulating synaptic transmission
(Malinow); BACE1 contributing to learning and memory processes (Laird et
al.); and, neurofibrillary tangles not appearing to cause cognitive deficits in
mice (Ashe). Isaac Asimov may have put it best when he said: “The most
exciting phrase to hear in science, the one that heralds new discoveries, is not
‘Eureka!’ (I found it!) but ‘That’s funny. . .”. Biotechnology and pharmaceuti-
cal companies continue efforts to convert the genetic, molecular, cellular and
neurobiological findings described in these chapters into novel therapeutics for
treating and preventing AD, FTD, and other dementing disorders of late life.
We only hope that the advances described in these pages will help to accelerate
this process of rational drug discovery and soon serve to extend and enhance
the mental healthspan of our burgeoning elderly population.

Dr. Rudolph E. Tanzi Dr. Sangram S. Sisodia
Harvard Medical School University of Chicago



Chapter 1

The Genetics of Alzheimer’s Disease

Lars Bertram, MD

Genetics and Aging Research Unit

Department of Neurology

MassGeneral Institute for Neurodegenerative Diseases (MIND)

Massachusetts General Hospital

114 16th Street, Charlestown, MA, 02129

Email: bertram@helix.mgh.harvard.edu

1. Introduction

Alzheimer’s disease (AD), the most common form of age-related dementia,
is characterized by progressive and insidious neurodegeneration of the central
nervous system that eventually leads to a gradual decline of cognitive function
and dementia. The principal neuropathological features of AD are the presence
of neurofibrillary tangles and β-amyloid (Aβ) deposited in the form of senile
plaques. Although the knowledge of disease pathophysiology still remains
fragmentary, it is now widely accepted that inheritance of specific genes plays
a critical role in predisposing to onset and/or in modifying disease progression.
In fact, familial aggregation had been recognized as a prominent characteristic
of AD and several other neurodegenerative disorders. More specifically, the
identification of specific, disease-segregating mutations in previously unknown
genes has directed attention to specific proteins and pathways that are now
considered critical in the pathogenesis of these diseases (e.g. mutant β-amyloid
precursor proteins that cause AD; mutant α-synuclein that cause Parkinson’s
disease; or mutant tau variants that cause frontotemporal dementia (FTD) with
parkinsonism; for review see: Bertram and Tanzi, 2005).

Another common feature observed in many neurodegenerative diseases is
a dichotomy of familial (rare) vs. seemingly non-familial (common) forms.
The latter are also frequently described as “sporadic” or “idiopathic”, although
there is a growing body of evidence suggesting that a large proportion of these
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cases are also significantly influenced by genetic factors. These risk genes are
likely to be numerous, displaying intricate patterns of interaction with each
other as well as with non-genetic factors, and – unlike classical Mendelian
(“simplex”) disorders – exhibit no simple or single mode of inheritance. Hence,
the genetics of these diseases has been labeled as “complex”. AD is a classic
example of a genetically complex disease (Figure 1). Early-onset familial AD
(EOFAD), often transmitted as an autosomal dominant trait with onset ages
usually below 65 years of age, is caused by rare, but highly penetrant mutations
in at least three genes (APP, PSEN1, PSEN2, see following section). However,
these cases probably represent not more than 5% of all AD cases. On the other
hand, the vast majority of AD occurs after the age of 65 years (late-onset;
LOAD), and does not show any overt pattern of familial segregation. Despite
intensive efforts to identify the genetic underpinnings of LOAD over the past
two decades, there is only a single gene to date (APOE) for which genetic
variants have been established to significantly increase the risk of developing
LOAD across a multitude of independent samples and different ethnicities.

Despite the considerable complexities of AD genetics, tremendous progress
has been made over the past two decades towards our understanding of the
etiological and pathophysiological mechanisms leading to neurodegeneration.
This chapter will outline a brief history of the genetics of AD and discuss the
current status and future outlook, with a particular focus on recent findings
suggesting the existence of several novel genes that predispose individuals to
LOAD.

2. Early-Onset Familial Alzheimer’s disease (EOFAD)

Only 5% (or less) of all AD cases can be explained by early-onset familial
AD (EOFAD; Ott et al., 1998; Tanzi, 1999). Despite its rarity, genetic studies
of this form of AD are actually facilitated by the availability of large multigen-
erational pedigrees allowing genetic linkage analysis and subsequent positional
cloning. In 1987, EOFAD linkage was reported on the long arm of chromosome
21 that encompassed a region harboring the gene encoding the amyloid precur-
sor protein (APP; gene: APP), a compelling candidate gene for AD (Tanzi et
al., 1987). In 1991, the first missense mutation in APP missense was reported
in a family with EOFAD (Goate et al., 1991). Since then, nearly 20 additional
AD mutations have been reported in APP that account for no more than one
tenth of all individuals with early-onset autosomal dominant AD (see Chapter
2, this volume; for an up-to-date overview of AD mutations visit the “AD
and FTD Mutation Database”; http://www.molgen.ua.ac.be/ADMutations/).
Interestingly, most of the APP-variants occur near the putative γ -secretase site
between residues 714 and 717, suggesting that alterations in intramembranous,
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γ -cleavage of APP (see Chapters 2 and 3, this volume) are critical for the
development of AD. A second AD linkage region – on chromosome 14q24 –
was reported almost simultaneously by four independent laboratories only
one year after the discovery of the first APP mutation (Mullan et al., 1992;
Schellenberg et al., 1992; St George-Hyslop et al., 1992; Van Broeckhoven
et al., 1992). However, it took three more years to clone the responsible
gene (PSEN1) and identify the first AD-causing mutations (Sherrington et al.,
1995). It is now known that PSEN1 encodes a highly conserved polytopic
membrane protein, presenilin 1 (PS1), that plays an essential role in mediating
intramembranous, γ -secretase processing of APP to generate Aβ (for review
see: Sisodia and St George-Hyslop, 2002), and Chapters 2 and 3, this volume).
Even a decade after the original discovery of PSEN1, there are several new AD-
causing mutations reported annually in this gene, currently totaling more than
140 (“AD & FTD Mutation Database”). Soon after the discovery of PSEN1
as an AD gene, it became obvious that mutations in this gene, together with
APP, do not account for all cases of autosomal dominant AD. A database
search revealed a second member of the presenilin gene family with significant
homology to PSEN1 (Levy-Lahad et al., 1995; Rogaev et al., 1995), that was
subsequently named PSEN2 (protein: PS2). PSEN2 maps to the long arm of
chromosome 1 and mutations in this gene account for the smallest fraction of
all EOFAD cases. On average, individuals in pedigrees with PSEN2 mutations
display a later age of onset and slower disease progression than carriers with
APP or PSEN1 mutations.

In conclusion, while all currently known AD causing mutations occur in
three different genes located on three different chromosomes, they all share
a common biochemical pathway, i.e. the altered production of Aβ leading to
a relative overproduction of neurotoxic Aβ42 species, that eventually results
in neuronal cell death and dementia (Table 1). Collectively, these discoveries
provided the essential connection between the long known familial aggregation
of early-onset AD and the increase in Aβ production observed in the brains of
autopsied AD patients, findings that gave rise to the “amyloid hypothesis of
AD” (for review see: Hardy and Selkoe, 2002 and Tanzi and Bertram, 2005).

Although no additional EOFAD gene has been unequivocally identified
since the discovery of PSEN2 in 1995, several lines of evidence suggest that
further genetic factors remain to be identified for this form of AD: I. Numerous
early-onset families do not show mutations in APP, PSEN1 or PSEN2 despite
extensive sequencing efforts of open reading frames and adjacent intronic
regions (Arango et al., 2001; Lleo et al., 2002; Rademakers et al., 2005;
Raux et al., 2005); II. Beyond APP and PS1, there are several additional
key proteins involved in γ - and β-secretase cleavage events (BACE1; see
Chapter 4, this volume) and in the aggregation (see Chapter 6, this volume) and
deposition of Aβ (e.g. nicastrin, aph-1, pen-2, BACE; see Chapters 3 and 4, this
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volume), as well as factors involved in the hyperphosphorylation of tau and the
development of neurofibrillary tangles (see Chapters 11 and 12, this volume);
III. A recent full genome screen performed by our group has identified at least
four early-onset AD linkage regions in addition to the chromosomal location of
PSEN1 on 14q24 (Blacker et al., 2003), and some of these map close to genes
encoding components of the γ -secretase complex and β-secretase.

Despite the somewhat unsuccessful quest for novel EOFAD genes to date,
recent – and still preliminary – reports have indicated the presence of disease-
causing mutations in possibly up to three additional genes, two of which encode
proteins that are also strong biochemical candidates for an involvement in AD
pathogenesis. First, a linkage study in a large and multigenerational clinically
defined multiplex AD family from Belgium indicated the presence of an AD
locus near the gene encoding tau on chromosome 17q (MAPT). Subsequently, a
non-synonymous mutation in exon 13 of MAPT (R406W) was reported to co-
segregate with AD dementia in this family (Rademakers et al., 2003). While
this same mutation was also reported in at least one other family with dementia
resembling AD (Ostojic et al., 2004), the majority of cases affected by R406W
appear to develop a syndrome fulfilling the criteria of frontotemporal dementia
(FTDP-17; Rosso et al., 2003). It therefore remains to be determined whether
the clinically assessed Belgian AD family will prove to show neuropathological
features at autopsy that confirms a definite diagnosis of AD. Secondly, the
same group recently reported evidence of significant linkage with EOFAD to
chromosome 7q36 in an extended multiplex AD family from the Netherlands
(Rademakers et al., 2005). The same ∼ 10cM haplotype was also found to
co-segregate with AD in three additional multiplex families suggesting the
presence of a disease-causing mutation in this chromosomal region. A syn-
onymous mutation (Ala626) in the gene encoding PAX transcription activation
domain interacting protein (PAXIP1), located ∼400,000bp downstream of the
shared haplotype region, was discovered in AD patients of the index family
(“1270”), but absent from 320 control individuals. However, this mutation
was absent from the three additional 7q36 haplotype-sharing families, and –
according to preliminary analyses – did not show evidence for functional
abnormalities in mutation carriers. Thus, the collective evidence supporting
PAXIP1 as a novel EOFAD gene remains relatively weak. Finally, a recent
study reported the presence of a D90N mutation in PEN2, a gene encoding pen-
2 that is a component of the γ -secretase complex (see Chapter 3, this volume;
(Sala Frigerio et al., 2005). In addition to being a strong pathophysiological
candidate, this gene is also interesting as it maps close to a highly significant
linkage region on chromosome 19, approximately 9 Mb proximal of APOE
(Bertram et al., 2004). However, since the familial transmission of this mutation
with AD could not be determined due to a lack of DNA specimens, and since
preliminary functional analyses did not reveal an effect of this mutation on
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APP metabolism in vitro, this finding is probably the least convincing of these
putative EOFAD loci.

3. Late-Onset Alzheimer’s disease (LOAD)

As outlined above, and in Figure 1, late-onset Alzheimer’s (LOAD) is
characterized by a considerably more multifaceted and interwoven pattern of
genetic and non-genetic factors that are poorly understood. Added to these
complexities are methodological difficulties inherent to common diseases, in
general, and late-onset diseases like AD, in particular. Family data, for instance,
is more often than not only incomplete (e.g. owing to relatives who died before
the family-specific age of risk and/or the lack of genotypic information for
parents). Another complication is the unknown number of ‘phenocopies’, i.e.
subjects with a non-genetic form of the disease or subjects suffering from other
forms of age-related cognitive decline. These and other characteristics largely
reduce the power to detect new loci in reasonably sized samples, and continue
to hamper the independent replication of proclaimed associations. This is
evidenced by the observation that more than a decade after the discovery of
APOE in AD, no other genetic risk factor has been found to consistently confer

Figure 1. Scheme of contribution and interaction pattern of known and putative AD
genes. Left Panel: Mutations in the EOFAD genes APP, PSEN1, PSEN2 all lead to
an increase in Aβ-production which almost invariably leads to neurodegeneration and
AD. Right Panel: Simplified scheme of the interaction pattern of known and proposed
late-onset AD genes. Likely, these risk-factor genes each affect one or more of the
known or suspected pathogenic mechanisms leading to neurodegeneration in AD.
Their effects are further influenced by gene-gene interactions and the contribution of
non-genetic risk-factors. Note that the interaction patterns outlined here are for didactic
purposes only and have actually not been established. [Figure reprinted with permission
from Bertram and Tanzi, 2003 (Bertram and Tanzi, 2003)].
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susceptibility to AD, despite intensive efforts in many laboratories worldwide
(for reviews see: Finckh, 2003; Rocchi et al., 2003; Bertram and Tanzi, 2004).
Despite the fact that although almost none of the well over 300 genes that have
been tested for association with AD in nearly 1,000 independent publications
over the past 20 years have yielded consistent results, several lines of evidence
suggest that further gene hunting in LOAD is indeed worthwhile. First, there
are regions on at least 10 chromosomes showing evidence for genetic linkage
or association with AD in at least two studies (Bertram and Tanzi, 2004). This
number does not include chromosome 19, for which several groups have also
suggested the presence of one or more risk genes in addition to APOE (Poduslo
and Yin, 2001; Bertram et al., 2004; Wijsman et al., 2004; Adighibe et al.,
2005). Secondly, a recent simulation study on a well characterized sample of
AD families found evidence for the existence of four to seven additional AD
susceptibility loci influencing the age of onset for AD besides APOE (Daw et
al., 2000) across a variety of different inheritance models. One of these loci
was even predicted to show effect sizes similar to that of APOE-ε4. Finally,
systematic meta-analyses on all published AD genetic association studies show
significant summary odds ratios for a few genes when all available genotype
data is summed across studies (“AlzGene”, see below; Bertram et al., 2005).
However, in nearly all cases, the associated effects – a measure of the risk
increase conferred by a specific polymorphism – are only modest and lack a
solid functional/biochemical foundation.

Apolipoprotein E (APOE). The first and to date only proof of principle for
applying the “positional candidate gene strategy” (i.e. testing biologically
plausible candidate genes in promising linkage regions) in AD was provided
by the identification of APOE as a risk gene. The positional evidence was
delivered almost simultaneously with the identification of the first APP muta-
tions, when Pericak-Vance and colleagues reported marginal linkage of a locus
on chromosome 19q to cases of predominantly LOAD (Pericak-Vance et al.,
1991). Two years later, after Aβ was found to bind apoE (Strittmatter et al.,
1993), and suggesting a functional involvement of apoE in AD, a common
polymorphism in APOE that maps near the 19q linkage region, was tested
and shown to be associated with increased risk for AD (Saunders et al., 1993;
Strittmatter et al., 1993). In contrast to all other reports of genetic association
in AD, this result has been overwhelmingly replicated in a large number of
studies across many ethnic groups worldwide (for meta-analysis see: Farrer et
al., 1997). Three major alleles occur at the APOE locus – ε2, ε3 and ε4 –
that translate into combinations of two amino acid changes at residues 112 and
158 of the apoE-protein (ε2: Cys/Cys; ε3: Cys/Arg; ε4: Arg/Arg, respectively).
While the ε4 allele has been demonstrated to significantly increase the risk
for AD, its minor allele – ε2 – has been (less consistently) associated with a
decreased risk for AD (Corder et al., 1994).
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Although the association between ε4 and AD is robust, it is not specific.
In contrast to the genetic variants in EOFAD, the presence of ε4 is neither
necessary, nor sufficient, to actually cause the disease. Rather, it appears to be
a genetic risk-modifier, that predominantly acts through decreasing the age of
onset in a dose-dependent manner, in the sense that, homozygous carriers show
a younger onset age than carriers of just a single copy (Blacker et al., 1997;
Meyer et al., 1998). Expressed in terms of disease risk, this effect translates
into an increased relative risk (as measured by the odds ratio) of roughly 3-fold
for heterozygous, and almost 15-fold for homozygous ε4-carriers as compared
to the ε3/3 genotype (Farrer et al., 1997; Bertram et al., 2005). Similar trends
can be seen across different ethnic groups, ranging from odds ratios of around
2-fold in Hispanic to more than 33-fold in Japanese ε4/4 individuals. However,
due to the non-specific nature of the ε4-effect, there is widespread consensus
within the research, as well as the clinical community, that it is presently
inadvisable to use APOE genotyping as a sole diagnostic or prognostic test
for AD (Burke et al., 2001).

Despite the established genetic role of APOE in AD, only little is known
about the potential pathophysiological effects and mechanisms that are affected
by the encoded protein, apoE. The most straightforward hypothesis assumes
that the different polymorphic variants directly influence Aβ-accumulation
(Strittmatter et al., 1993), a notion supported by several lines of evidence:
the number of Aβ-plaques in the brain of ε4-allele carriers vs. non-carriers
is elevated; the presence or absence of human APOE markedly effects the
Aβ deposition in transgenic mice over-expressing APP (for a recent review
on apoE function see: Poirier, 2000; see Chapter 10, this volume); and APOE-
ε4 decreases the onset age in EOFAD caused by PSEN1 mutations (Nacmias
et al., 1995). Unfortunately, no consensus has yet been reached regarding
the predominant mechanism(s) underlying these latter observations. Current
hypotheses include the involvement of apoE in the aggregation of Aβ (Bales et
al., 1999), the clearance of Aβ via low-density lipoprotein receptor related-
protein (LRP; Beffert et al., 1999; see Chapter 10, this volume), or via a
systemic dysfunction in lipid transport based on the observation that high
plasma cholesterol levels are associated with increased β-amyloid in the brain
(Poirier, 2000). This latter hypothesis has been countered by several recent
epidemiological studies on large cohorts that did not find a link between
increased serum cholesterol and risk for AD (Reitz et al., 2004; Li et al., 2005).
Finally, it has been proposed that apoE is involved in γ -secretase cleavage of
APP (Irizarry et al., 2004), although this effect was similar in extent for all
three protein isoforms and, hence, is unlikely to explain the increase in AD risk
observed for the ε4-allele.
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Other Putative LOAD Loci. As outlined in the introduction to this section,
no less than 300 genes have been tested as positional, or functional candidate
AD genes (or both) in nearly 1,000 independent peer-reviewed publications
over the past two decades. Currently, ten AD genetic association studies are
published on average each month (Bertram and Tanzi, 2004). For the public,
and the AD research community alike, this wealth of information is becoming
increasingly more difficult to follow, evaluate and – most importantly – to
interpret, in particular as virtually none of the initially positive association
findings have been unequivocally replicated in independent follow-up analyses.
However, successful replication – just as the primary detection of disease
association – is dependent on a number of interrelated factors, including:
locus/allelic heterogeneity (i.e. a different set of genes/alleles contributes to AD
risk across different samples); small effect size and underpowered sample sizes
(i.e. for moderate odds ratios of ∼1.5, sample sizes of more than 500 cases
and 500 controls are needed in most situations); linkage disequilibrium with
unknown variants (the initially observed association may have been caused
by another and as yet unknown variant nearby); and, population stratification
and poor case-control matching (both of which can lead to biased results).
In the case of multiple conflicting reports, meta-analysis estimating summary
odds ratios across all published studies on any specific polymorphism can help
distinguish relevant disease associations from false positive ones and those
playing only a negligible role.

Over the past two years, we have begun to create a centralized and publicly
available internet database (“AlzGene”; Bertram et al., 2005) that is maintained
on a daily basis and systematically identifies and samples the most crucial
information of every peer-reviewed genetic association study in AD (i.e. study
design, sample size, results, and polymorphism details and allele frequencies).
In addition, we perform systematic meta-analyses on all polymorphisms in im-
plicated genes that have published data available for at least three independent
samples (Figure 2). The resource is available at http://www.alzgene.org and,
at the time of this writing (November 2005), contains detailed information of
over 700 studies investigating nearly 300 genes.

Data collection for each gene is updated as soon as new studies are
published and, therefore, the results of meta-analyses can change over time.
Based on the current dataset (October 1st, 2005), “AlzGene” has uncovered a
number of overall significant associations, while other genes, some of which
have been discussed as putative AD risk factors for years, do not appear to
make a significant contribution to disease risk in the general population. In
the remainder of this chapter, I will discuss some of the positive and negative
highlights that our systematic meta-analyses of the published data to date. The
reader is encouraged to visit the AlzGene website (http://www.alzgene.org) to
check whether any of these results have changed over time.
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Figure 2. Screenshot of “AlzGene” meta-analysis using cystatin C (CST3) as example.
Upper Panel: Pooled genotype and allele frequencies in published cases-control
samples for SNP rs1064039 (Ala25Thr) in CST3, divided by ethnic group. As can be
seen, the A-allele (encoding threonine) is slightly overrepresented in cases as compared
to controls, across both ethnic groups that have been studied to date. In total, this table
and the meta-analyses (see below) are based on the published genotypes or allele
frequencies of 1,877 AD cases and 1,544 control subjects. Lower Panel: Study-specific
and summary allelic odds ratios on published genotype- or allele-frequencies. For
these analyses, study specific crude odds ratios are calculated from the published
data, and then summed using a random-effects model following four paradigms: “All
Studies” includes all available data; “All Excl Initial Study” excludes the initial (and
usually positive) study from the summary odds ratio; “All Caucasian Studies” and
“All Cauc Excl Initial” repeats the above analyses limited to case-control samples
of Caucasian ethnicity, which is usually the ethnic group studied most frequently.
Diamonds and squares represent summary and study-specific odds ratio estimates,
respectively, and horizontal bars represent 95% confidence intervals. Note that while
only two studies (Finck-Germany [2000] and Cathcart [2005]) show significant study
specific odds ratios, the summary estimate is significant because most studies actually
observed a (non-significant) overrepresentation of the A-allele in cases vs. controls (with
the exception of Nacmias [2005]). The numbers displayed were current on October 1st,
2005; for an up-to-date version of these analyses please visit the “AlzGene” database
at www.alzgene.org (Bertram et al., 2005). [Figure reprinted with permission of the
Alzheimer Research Forum].



1. The Genetics of Alzheimer’s Disease 11

Genes currently showing significant association in “AlzGene”. One of the
first polymorphisms that was analyzed in “AlzGene” was the ε2/3/4 variant
in APOE. Since the ε4 variants was already an established AD risk factor,
we elected to limit our analyses to the 42 papers originally analyzed in the
meta-analysis by Farrer and colleagues (Farrer et al., 1997). This allowed us to
determine how our overall approach of data inclusion and analysis would fare
compared to the earlier comprehensive, but conventional analysis. Surprisingly,
our calculated odds ratios were almost identical to those reported previously,
including the finding of an ∼40% decrease in AD risk in carriers of the ε2
allele (see “AlzGene” for details). In addition to these results, we also detected
significant, but weaker, effects for polymorphisms in the APOE promoter, as
well as in the APOC1 gene that maps 5 kb 3’ of APOE. Association with both
of these loci has only been inconclusively observed previously, and attributed
to varying degrees of linkage disequilibrium (LD) between these variants and
ε2/3/4. While the amount of LD cannot be estimated from the data available in
“AlzGene”, it clearly shows that even very modest (i.e. odds ratios around 1.5),
and LD-related effects can be successfully identified by applying our inclusion
criteria, data collection and meta-analysis methodology.

Other genes which currently show evidence of significant association in
“AlzGene” include a very common insertion/deletion polymorphism in intron
16 of the angiotensin converting enzyme (ACE) on chromosome 17. While
the association in “AlzGene” is statistically significant across the 34 studies
(that are comprised of ∼ 6,000 cases and more than 10,000 controls), it is
weak in the sense that the odds to develop AD in carriers of at least one
insertion allele are only increased by ∼10%. Interestingly, this small effect
size is quite comparable to this variant’s effect on myocardial infarction in a
meta-analysis of comparable size (Keavney et al., 2000). Also significantly
associated in “AlzGene” is a non-coding SNP in intron 8 of PSEN1 (Wragg
et al., 1996), suggesting that variants in this gene – in addition to causing
EOFAD – could also be responsible for contributing to the risk of LOAD. Note,
however, that the PSEN1-related effect is even less pronounced than that for
ACE, and may be difficult to detect in sample sizes of less than 10,000 cases
and 10,000 controls. While the results obtained with ACE and PSEN1 can be
considered quite robust based on the large number of samples studied, other
promising findings in “AlzGene” should be considered more provisional as they
are usually based on 10 or less studies. These genes include MTHFR (5,10-
methylenetetrahydrofolate reductase)on chromosome 1p36, TF (transferrin)
on 3q2, ESR1 (estrogen receptor 1) on 6q25, and PRNP (prion protein) and
CST3 (cystatin C; Figure 2) on chromosome 20p13 and 20p11, respectively.
Interestingly, the gene currently showing the strongest and most significant
effects (i.e. transferrin, allelic summary odds ratio ∼ 1.3), does not map to
any of the major linkage regions to emerge from full genome linkage screens
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(Bertram and Tanzi, 2004), reinforcing the notion that in genetically complex
diseases, association designs are inherently more powerful to detect genes of
small effect than linkage studies (Risch and Merikangas, 1996).

Genes with negative meta-analysis results in “AlzGene”. Despite these few
positive findings, the vast majority of genes analyzed in “AlzGene” do not
show evidence for significant association in any of the analyses performed.
Some of the more prominent candidates in this category currently include
the genes of the interleukin-1 cluster (IL1A and IL1B) on chromosome 2q12,
BCHE (butyrylcholinesterase) on 3q26, IL6 (interleukin 6) on 7p15, VLDLR
(very low-density lipoprotein receptor) on chromosome 9p24, PLAU (uroki-
nase type plasminogen activator) on 10q22, CTSD (cathepsin D) and BDNF
(brain-derived neurotrophic factor) chromosome 11p15 and 11p14, LRP (low
density lipoprotein receptor related protein) and A2M (alpha-2 macroglobulin)
on 12p13 and 12q13, ACT (alpha-1 antitrypsin) on 14q32, and MAPT/STH
(tau/saitohin) on 17q21. For all of these genes, the “AlzGene” meta-analyses
included the data of at least 2,000 cases vs. 2,000 controls (for several genes
these numbers are much higher), and thus it is unlikely that these genes harbor
common variants that make a relevant contribution to AD risk in the general
population.

Regardless of their negative outcome in “AlzGene”, two of these genes show
some interesting aspects beyond the default analyses. A2M, for instance, shows
consistently negative meta-analyses with the two most frequently studied
variants (i.e. a 5 bp insertion/deletion 5’ of exon 18, and an alanine to valine
substitution at codon 1000) in the case-control samples, but the situation is
quite different when only family-based analyses are considered, i.e. a study de-
sign in which affected and unaffected individuals stem from the same families
and which are therefore less prone to bias due to population heterogeneity. It
is noteworthy that all of these studies actually report a significant, or at least
suggestive, result for either or both of these polymorphisms in A2M, with the
exception of two small samples from Duke and Canada (see “AlzGene” for
details). Thus, A2M could actually represent a risk factor for AD in families
multiply affected by the disease, an effect which would be nearly impossible to
detect in a conventional sample of unrelated cases and controls.

The second finding worth mentioning is that of the tau locus (MAPT and
STH). While earlier studies usually investigated a varying number of poly-
morphisms throughout the entire gene in order to reconstruct the underlying
ancestral haplotype structure (usually denoted as “H1” and “H2”), more recent
studies have also tested a novel non-synonymous SNP (Q7R) in a novel gene
of unknown function, that is located in intron 9 of the tau gene (STH, encoding
saitohin; Conrad et al., 2002). In most populations, the glutamine (Q) allele
is part of the H1-haplotype, while arginine (R) is invariably associated with
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H2 (Conrad et al., 2004). Meta-analyses of the available association data in
“AlzGene” reveal a marginally protective effect of the H2-allele in studies
specifically investigating variants in MAPT, whereas meta-analyses limited to
STH actually failed to detect such an effect. Accordingly, when both datasets
are combined, the suggestive results of H2 disappear altogether. A recent study
on this subject suggested that the discrepancies may be due to recombination
events on both the H1 and H2 backgrounds and suggest the existence of a sub-
haplotype on the H1-background (denoted “H1c”), presumably harboring the
actual disease-causing variant(s) (Myers et al., 2005). On its own, however,
the association data published on H1c is relatively weak and – just as any other
proclaimed association finding –needs to be independently replicated and meta-
analyzed before any further conclusions can be drawn.

4. Conclusion

Despite the great progress in the field of AD genetics that has led to the
discovery and confirmation of three autosomal-dominant early-onset genes
(APP, PSEN1, PSEN1) and one late-onset risk-factor (APOE), strong evidence
exists suggesting the presence of additional AD genes for both forms of the
disease. The hunt for these genes is aggravated by several factors that generally
complicate the identification of complex disease genes: locus and/or allelic
heterogeneity; small effect sizes of the underlying variants; unknown and dif-
ficult to model interaction patterns; population differences; insufficient sample
sizes/sampling strategies; and, linkage disequilibrium among polymorphisms
other than those initially associated with the disease. The emergence of more
powerful and efficient genotyping technologies (e.g. whole genome association
screening) as well as analysis tools (e.g. systematic and continuously updated
meta-analyses) should enable us to disentangle the genetics of AD and other
complex diseases. Eventually, the insights gained from such studies will lead
to a better understanding of the pathophysiological mechanisms leading to
neurodegeneration. This knowledge will lay the foundation to developing new
treatment strategies that will ultimately allow to cure, delay or even prevent this
devastating disease.
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The amyloid precursor protein (APP) plays a central role in Alzheimer’s
disease (AD) pathogenesis and in AD research. In large part, this is because
APP is the precursor to the amyloid-β-protein (Aβ), the 40-42 amino acid
residue peptide that is at the heart of the amyloid cascade hypothesis of
AD. Consequently, intracellular trafficking and proteolytic processing of APP
have been the focus of numerous investigations over the past two decades.
Tremendous progress has been made since the initial identification of Aβ as
the principal component of brain senile plaques of individuals with AD and the
subsequent cloning of APP cDNA. Specifically, molecular characterization of
the secretases involved in Aβ production has facilitated cell biological investi-
gations on APP processing, and advanced efforts to model AD pathogenesis
in animal models. In this chapter, we will review the recent developments
in APP trafficking, discuss salient features of amyloidogenic processing of
APP in organelles and membrane microdomains, and examine the putative
biological functions of APP. The latter focus is essential because APP clearly
plays physiological roles in the nervous system, some of which may contribute
to neurodegeneration. Details concerning the pathways mediating production,
aggregation, and degradation of Aβ will be covered extensively in Chapters 6,
8, 9 and 10, and will be mentioned here only in passing for the purposes of
clarity.



18 Gopal Thinakaran and Edward H. Koo

1. APP gene family

The human APP gene was first identified in 1987 by several laboratories
independently using partial protein sequence information obtained by the
Glenner and Beyreuther/Masters laboratories several years earlier. The two
APP homologues, APLP1 and APLP2, were discovered several years later.
The identification of APP led to several early surprises. First, APP is a type
I membrane protein whereby two predicted cleavages, one in the extracellular
domain (β-secretase cleavage) and the other in the transmembrane region (γ -
secretase cleavage) are necessary to release Aβ from the precursor molecule.
Second, APP is located on chromosome 21 (21q21.2-3). This provided an
immediate connection to the almost invariant development of AD pathology
in trisomy 21 (Down’s syndrome) individuals (see below). Finally, although no
typical functional motifs were seen, it was speculated that APP might function
as a cell surface receptor. Almost twenty years later, this prediction has yet to be
definitively fulfilled. As an historical aside, it should be pointed out that the first
mutations that were found to be causative in inherited forms of familial AD and
a related inherited condition, hereditary cerebral haemorrhage with amyloid
angiopathy, Dutch type, were found in the APP gene (Levy et al., 1990; Hardy,
1997). Although mutations in APP are rare in comparison to mutations in PSEN
genes (which encode presenilin-1 and -2) (see Chapter 1), they are nevertheless
important because they provided early and seminal evidence that APP plays a
central role in AD pathogenesis.

APP is now known to be one of three members of a larger gene family.
These include APLP1 and APLP2 in humans, APPL (fly), and APL-1 (worm)
(Coulson et al., 2000). All genes encode type I membrane proteins with a
large extracellular domain and a short cytoplasmic region that undergo similar
processing (see below). Importantly, only APP, but not any of the other APP-
related genes, contains sequence encoding the Aβ domain. Therefore, APLP1
and APLP2 are not the precursors to Aβ and if these two genes contribute
to AD pathogenesis, then their roles must be indirect. APP and APLP2 are
ubiquitously expressed although alternative splicing generates isoforms that
may be expressed in a cell type specific manner; for example, APP695 (the 695
amino acid isoform) is neuron-specific. On the other hand, APLP1 is expressed
selectively in the nervous system.

2. APP processing

2.1 APP secretases

Full-length APP undergoes sequential proteolytic processing as outlined in
Figure 1. APP is first cleaved by α-secretase (non-amyloidogenic pathway)
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or β-secretase (amyloidogenic pathway) within the lumenal domain, resulting
in the shedding of nearly the entire ectodomain and generation of membrane-
tethered α- or β-C-terminal fragments (CTFs). The major neuronal β-secretase
is a transmembrane aspartyl protease, termed BACE1 (β-site APP cleaving
enzyme; also called Asp-2 and memapsin-2). BACE1 cleaves APP within
the ectodomain, generating the N-terminus of Aβ (Vassar, 2004). However,
the principal BACE (β’) cleavage site in native APP is between Glu +11
and Val +12 of the Aβ peptide. Several zinc metallopreoteinases such as
TACE/ADAM17, ADAM9, ADAM10 and MDC-9, and an aspartyl protease,
BACE2, can cleave APP at, or near, the α-secretase site (Allinson et al., 2003),
located within the Aβ domain (between residues Lys16 and Leu17 of the Aβ

peptide), essentially precluding the generation of intact Aβ .
The second proteolytic event in APP processing involves intramembranous

cleavage of α- and β-CTFs by γ -secretase, that liberates p3 (3 kDa) and
Aβ (4 kDa) peptides, respectively, into the extracellular milieu. The minimal
components of γ -secretase include presenilin-1 or -2 (PS1 or PS2), nicastrin,
APH-1, and PEN-2 (Edbauer et al., 2003; Iwatsubo, 2004) (see Chapter 3).
Protein subunits of the γ -secretase assemble early during biogenesis and co-
operatively mature as they leave the endoplasmic reticulum. Biochemical and
pharmacological evidence are consistent with PS1 (or PS2) as the catalytic
subunit of the γ -secretase. A pair of conserved aspartate residues within the
predicted transmembrane domains 6 and 7 of PS1 and PS2 is crucial for γ -
secretase activity. APH-1 and PEN2 are thought to stabilize the γ -secretase
complex and nicastrin to mediate the recruitment of APP CTF to the catalytic
site of the γ -secretase. The major sites of γ -secretase cleavage correspond to
positions 40 and 42 of Aβ . Greater than 90% of secreted Aβ ends in residue
40, and Aβ42 accounts for less than 10% of total Aβ . In addition, γ -secretase
cleavage at a distal site generates a cytoplasmic polypeptide, termed APP
intracellular domain (AICD). Familial AD-linked mutations in APP near the
γ -secretase cleavage site affect cleavage specificity at Aβ40/42 sites, favouring
cleavage at position 42. Intriguingly, familial AD-linked mutations in PS1
and PS2 influence γ -secretase cleavage by an elusive mechanism that also
modulates the proteolysis of APP to selectively enhance the generation of
Aβ42 peptides.

Amyloidogenic processing is the favoured pathway of APP metabolism in
neurons largely due to the greater abundance of BACE1, and non-amyloidogenic
pathway is predominant in all other cell types. Commitment of APP to
these pathways can be differentially modulated by the activation of cell-
surface receptors such as serotonin 5-hydroxytryptamine (5-HT4) receptor,
metabotropic glutamate receptors, muscarinic acetylcholine receptors, and
platelet-derived growth factor receptor. Signalling downstream of these recep-
tors regulate APPsα and Aβ secretion by engaging intermediates including
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Figure 1. Proteolytic processing of APP. A) Schematic structure of APP is shown with
Aβ domain shaded in red and enlarged. The major sites of cleavage by α-, β-, and
γ -secretases are indicated along with Aβ numbering from the N-terminus of Aβ (Asp1).
B) Non-amyloidogenic processing of APP refers to sequential processing of APP by
membrane-bound α- and γ -secretases. α-secretase cleaves within the Aβ domain,
thus precluding generation of intact Aβ peptide. The fates of N-terminally truncated
Aβ (p3) and APP intracellular domain (AICD) are not fully resolved. C) Amyloidogenic
processing of APP is carried out by sequential action of membrane-bound β- and
γ -secretases.

PKC, PKA, phosphatidylinositol 3 kinase, mitogen-activated protein kinase
kinase, extracellular signal-regulated kinase, Src tyrosine kinase, small GTPase
Rac, inositol 1,4,5-trisphosphate, cAMP, and calcium. However, whether
APP is a direct substrate of these intermediates has not been established.
Whereas secreted APPSα has been reported to have neurotrophic properties,
Aβ peptides have adverse effects on neuronal survival.
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It appears that none of the aforementioned secretases have unique substrate
specificity towards APP. Besides APP, several transmembrane proteins such
as pro-TNFα and pro-TGFα undergo ectodomain shedding by enzymes with
α-secretase activity. The relatively low affinity of BACE1 toward APP led to
the suggestion that APP is not its sole physiological substrate. In support of
this idea, α2,6-sialyltransferase and low density lipoprotein receptor-related
protein (LRP) have been identified as additional substrates that are processed
by BACE1. Similarly, PS1 and PS2 play a crucial role in intramembranous
γ -secretase cleavage of several type I membrane proteins other than APP,
including the Notch1 receptor and its ligands, Delta and Jagged2, cell-surface
adhesion protein CD44, the receptor tyrosine kinase ErbB4, netrin receptor
DCC, LRP, lipoprotein receptor ApoER2, cell adhesion molecules N- and E-
cadherins, synaptic adhesion protein nectin-1α, cell surface heparin sulphate
proteoglycan syndecan-3, p75 neurotrophin receptor etc (Koo and Kopan,
2004). Like APP, a signature of γ -secretase cleavage of these additional
substrates is the requirement of an ectodomain shedding event.

Ever increasing number of transmembrane substrates and intracellular do-
mains released by the proteolytic cleavage of these substrates indicate that in
addition to being a modulator of many cell signaling paradigms via cleavage
of proteins such as Notch, γ -secretase could simply be a proteasome or
secretosome that catabolises membrane-bound protein “stubs” of type I mem-
brane proteins (Kopan and Ilagan, 2004). Outcome of γ -secretase cleavage
of substrates can either be activation of signaling as is the case in Notch
receptor cleavage and the release of Notch intracellular domain, or termination
of signaling as described for intramembranous cleavage of DCC (Parent et
al., 2005). Apart from its essential role in the proteolytic function of the
γ -secretase, PS1 and PS2 have been shown to participate in fundamental
physiological functions including calcium homeostasis, neuronal signaling,
protein trafficking, protein degradation, fine-tuning of immune system, neurite
outgrowth, apoptosis, memory and synaptic plasticity (Sisodia et al., 1999;
Koo and Kopan, 2004; Thinakaran and Parent, 2004). Hence, although APP
secretases and factors regulating their activity in amyloidogenic pathway have
long been considered as therapeutic targets for the treatment of AD, it is unclear
whether secretase inhibitors will be free from serious side effects.

2.2 Intracellular itinerary and processing of APP

During its transit from the ER to the plasma membrane through the consti-
tutive secretory pathway (Figure 2), nascent APP undergoes post-translational
modification by N - and O-glycosylation, ectodomain and cytoplasmic phos-
phorylation, and tyrosine sulphation. In cultured cells, it is estimated that
only about 10% of nascent APP molecules are successfully delivered to the
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plasma membrane, based primarily on overexpression systems. APP can be
proteolytically processed at the cell surface mainly by α-secretases, resulting
in the shedding of APPsα ectodomain (Sisodia, 1992). Activation of protein
kinase C increases APPsα secretion by mechanisms involving the formation
and release of secretory vesicles from the trans-Golgi network, thus enhancing
APP (and possibly α-secretase) trafficking to the cell surface.

Unlike many cell surface receptors, full-length APP does not reside for
considerable length of time at the cell surface. Approximately 70% of surface-
bound APP is internalized within minutes of arriving at the plasma mem-
brane. A “YENPTY” internalization motif located near the C-terminus of
APP (residues 682-687 of APP695 isoform) is responsible for this efficient
internalization. Following endocytosis, APP is delivered to late endosomes and
a fraction of endocytosed molecules is recycled to the cell surface. Measurable
amounts of internalized APP also undergo degradation in the lysosome.

At steady-state, the majority of BACE1 localizes to late Golgi/TGN and
endosomes, consistent with amyloidogenic cleavage of wild-type APP during
endocytic/recycling steps (Koo and Squazzo, 1994) (Figure 2). BACE1 activity
is optimal at acidic pH in vitro, supporting the notion that BACE1 likely
cleaves APP during transit in acidic endocytic compartments. Available data
indicate the presence of γ -secretase complex and enzyme activity in multiple
compartments including the ER, late-Golgi/TGN, endosomes and the plasma
membrane (Cook et al., 1997; Xu et al., 1997; Greenfield et al., 1999; Kaether
et al., 2002; Takahashi et al., 2002; Chyung et al., 2004; Vetrivel et al., 2004).
Recent estimates suggest only a minor presence of γ -secretase activity at the
cell-surface, whereas the majority of the mature components of γ -secretase
complex are found, and shown to be enzymatically active, in intracellular
organelles such as ERGIC, Golgi apparatus, the TGN, and late endosomes.

As discussed below, in neurons APP is trafficked anterogradely along
peripheral and central axons, and proteolytically processed during transit
(Koo et al., 1990; Buxbaum et al., 1998). Reduced Aβ deposition in BACE1
transgenic mice illustrates how subcellular site of amyloidogenic processing in
neurons can greatly influence Aβ production and deposition in vivo (Lee et al.,
2005). Nevertheless, the intracellular organelles/transport vesicles where Aβ is
generated in neurons are not fully characterized.

Studies conducted in non-neuronal and neuroblastoma cell lines show that
Aβ is mainly generated in TGN as APP is trafficked through the secretory
and recycling pathways (Figure 2). Attempts to address the role of endocytic
APP trafficking by expression of dominant-negative mutant of dynamin, an
important component of the endocytic machinery, resulted in discrepant find-
ings. This is not surprising, since overexpression of mutant dynamin causes
pleiotropic effects on endocytic trafficking of numerous proteins including
APP secretases. Nevertheless, mutations within the APP cytosolic YENPTY
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Figure 2. Intracellular trafficking of APP. Nascent APP molecules mature through
the constitutive secretory pathway. Once APP reaches the cell surface, it is rapidly
internalized and subsequently trafficked through endocytic and recycling compartments
back to the cell surface or degraded in the lysosome. Non-amyloidogenic processing
mainly occurs at the cell surface where α-secretases are present. Amyloidogenic
processing involves transit through the endocytic organelles where APP encounters β-
and γ -secretases.

motif selectively inhibit internalization of APP and decrease Aβ generation
(Perez et al., 1999). Several cytosolic adaptors with phosphotyrosine-binding
domains, including Fe65, Fe65L1, Fe65L2, Mint 1 (also called X11α), Mint
2, Mint3, and Dab1 bind to the APP cytoplasmic tail at or near the YENPTY
motif, and regulate APP trafficking and processing (King and Turner, 2004).
Mint proteins (so named for their ability to interact with Munc18) can directly
bind ADP-ribosylation factors, raising the intriguing possibility that vesicular
trafficking of APP may be regulated by Mints serving as coat proteins (Hill et
al., 2003). Interestingly, Fe65 acts as a functional linker between APP and LRP
(another type I membrane protein containing two NPXY endocytosis motifs) in
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modulating endocytic APP trafficking and amyloidogenic processing (Pietrzik
et al., 2004). A conformational change introduced by phosphorylation at Thr-
668 (14 amino acids proximal to the YENPTY motif) interferes with Fe65
binding to APP, and facilitates BACE1 and γ -secretase cleavage of APP (Ando
et al., 2001; Lee et al., 2003). In addition, Fe65 stabilizes the highly labile
AICD, which may serve as a regulatory step in modulating the physiological
function of AICD (see below). Despite the elaborate regulatory mechanisms
that modulate cell surface transport and endocytic trafficking of APP, transit
through these compartments are not essential for generation of Aβ as shown
by amyloidogenic processing of APP in cells expressing syntaxin 1A mutants
defective in exocytosis (Khvotchev and Sudhof, 2004). Still, the overexpression
of Mint 1, Mint 2 or Fe65 causes reduction in Aβ generation and deposition in
the brains of transgenic mice, suggesting a physiological role for these adaptors
in regulating amyloidogenic processing of APP in the nervous system.

2.3 Axonal transport

Neurons are unique in their morphology with a long axonal compartment
and a rich dendritic arbor that have to be sustained bioenergetically almost
entirely from the perikaryon. Protein processing and trafficking are therefore
often modified in neurons, just as can happen in polarized epithelial cells.
Indeed, the axonal compartment has been compared to the apical compartment
while the somatodendritic compartment may be functionally analogous to the
basolateral compartment in epithelial cells. Accordingly, APP trafficking in
neurons and epithelial cells take on an extra layer of complexity (Haass et
al., 1994). Further, neurons are believed to be the major source of Aβ in
brain, an idea supported by the observation that APP expression is highest in
neurons. Therefore, if amyloid deposits are deposited at sites removed from
the neuronal cell body, then APP or Aβ must be axonally transported form
the perikaryon to distal processes. Indeed, APP is transported in axons via the
fast anterograde transport machinery such that at least one documented source
of amyloid deposits originate from synaptically released Aβ pool (Koo et al.,
1990; Lazarov et al., 2002). Because anterograde transport of APP requires
conventional kinesin, it is not surprising that APP has been found in complexes
with kinesin light chain (KLC) subunit, a component of the kinesin-1 transport
machinery (Kamal et al., 2000). Indeed, it has been shown that overexpression
of the Drosophila APP homolog, APPL, in Drosophila neurons disrupts axonal
transport, a phenotype similar to that seen in flies lacking components of the
kinesin motor (Torroja et al., 1999). Taken together, these findings led to the
hypothesis that APP may represent a kinesin cargo receptor, linking kinesin-1
to a unique subset of transport vesicles because different motor proteins are
known to carry different membranous cargos. This model is consistent with
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the observation that the microtubules that carry APP anterogradely in axons
are different from the transport carrier of synaptophysin (Kaether et al., 2000).
However, enrichment of APP in Rab 5-positive vesicles from synaptosomal
preparations, but not in synaptic vesicles, likely reflects APP sorting after
internalization from the axonal plasmalemma and is probably not indicative
of anterograde transport (Marquez-Sterling et al., 1997). APP was reported
to interact directly with KLC but recent evidence is more consistent with the
view that the interaction is mediated indirectly through adaptor proteins, of
which JIP-1, a member of the JNK-interacting protein family (JIP), is a likely
candidate as it is known to interact with both KLC and APP (King and Turner,
2004). Taken together, the data suggest that while still embedded within the
membrane of a cargo vesicle, APP interacts with KLC either directly or more
likely indirectly, to facilitate the anterograde movement of the membranous
cargo along the axon. Unresolved by this model is how APP is initially sorted
into a particular class of vesicles. The potential importance of the initial sorting
of APP is underscored by the report that BACE1 and presenilins are contained
within the same kinesin-1 dependent APP transport vesicles (Kamal et al.,
2001). This finding led to the suggestion that not only is APP required for
the delivery of the enzymatic machinery necessary for Aβ production, but
Aβ generation also occurs enroute from the cell body to the nerve terminals
within the transport cargo that is carried by APP. However, the report that APP
is a kinesin-1 receptor and a common vesicular compartment carried all the
processing machinery necessary for Aβ generation has not been confirmed
by others (Lazarov et al., 2005). Nevertheless, KLC deficient animals, when
crossed with APP transgenic mice, showed axonal pathology manifested by
axonal swellings and increased amyloid levels and deposits in brain (Stokin et
al., 2005). The latter argue that perturbations of axonal transport during aging
may predispose to the development of AD pathology. This suggestion is in
line with observations that disruption of slow axonal transport is associated
with neuronal death in animal models of motor neuron disease (LaMonte et al.,
2002).

2.4 Raft association of secretases and amyloidogenic processing

Growing evidence indicates a functional relationship between cellular
cholesterol level and efficiency of amyloidogenic processing. Cholesterol
depletion of cultured cells by lovastatin treatment and methyl-β-cyclodextrin
extraction inhibits APP processing by BACE1 and lowers Aβ production
(Simons et al., 1998; Ehehalt et al., 2003). Furthermore, the above treatments
stimulate non-amyloidogenic processing of APP by α-secretase ADAM10
(Kojro et al., 2001), raising the intriguing possibility that cholesterol levels
may determine the balance between amyloidogenic and non-amyloidogenic
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processing of APP. However, moderate, but not complete, reduction of choles-
terol leads to increased amyloidogenesis in neuronal cells (Abad-Rodriguez
et al., 2004). Thus, cholesterol regulation of APP secretases may be more
complex than previously understood.

Evidence from a variety of in vitro and in vivo studies indicates that special-
ized membrane microdomains termed lipid rafts, which are rich in cholesterol
and sphingolipids, might be the critical link between cholesterol levels and
amyloidogenic processing of APP. Lipid rafts function in the trafficking of
proteins in the secretory and endocytic pathways in epithelial cells and neurons,
and participate in a number of important biological functions (Simons and
Toomre, 2000). Disruption of rafts by depletion of cellular sphingolipids
increases secretion of APPsα and Aβ42, but not Aβ40 (Sawamura et al.,
2004), suggesting that at least certain aspects of amyloidogenic processing of
APP can be modulated by raft microdomains. High versus low cholesterol or
sphingolipid depletion may cause selective alterations in the association of APP
and secretases with cholesterol-rich membrane domains (discussed below),
thus causing the apparent discrepancy in the outcome of APP processing.

Lipid rafts are biochemically defined as detergent-insoluble membrane
(DIM) domains that resist extraction with cold non-ionic detergents such
as Triton X100, Brij-96, and Lubrol WX. These microdomains are formed
by lateral association of sphingolipids and cholesterol in the Golgi, and are
present in the plasma membrane and other intracellular organelles such as
endosomes and the TGN. As mentioned above, the BACE1 cytoplasmic tail
undergoes palmitoylation, a post-translational modification that targets proteins
to lipid rafts. Indeed, a significant fraction of BACE1 is localized in lipid raft
microdomains in a cholesterol-dependent manner, and addition of a GPI-anchor
to target BACE1 exclusively to lipid rafts increases APP processing at the
β-cleavage site (Riddell et al., 2001; Cordy et al., 2003). Elegant studies by
Simons and colleagues showed antibody-mediated co-patching of cell surface
APP and BACE1 as well as provided evidence for amyloidogenic processing
of APP in raft microdomains (Ehehalt et al., 2003). These observations are
consistent with the paucity of full-length APP in raft microdomains at steady
state, and the preferential accumulation of APP CTFs in adult brain and
cultured cells in raft microdomains, until they can be further processed. Indeed,
all four components of the γ -secretase complex (PS1 derived N- and C-
terminal fragments, nicastrin, APH-1, and PEN-2) also associate with DIM
fractions enriched in lipid raft markers such as caveolin, flotillin, PrP, and
ganglioside GM1 (Vetrivel et al., 2004). Consistent with the typical behaviour
of bona fide raft-resident proteins, association of γ -secretase components with
DIM is also sensitive to cholesterol depletion from cellular membranes. In
contrast to BACE1 and the γ -secretase complex, α-secretases have not been
linked to raft microdomains based on cholesterol depletion/loading studies
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(Ehehalt et al., 2003). Thus, mounting evidence suggest that lipid rafts may
be the principal membrane platforms where amyloidogenic processing of APP
occurs.

Detailed biochemical fractionation and magnetic immunoisolation studies
indicate that active and mature components of γ -secretase complex co-reside
in lipid raft microdomains with SNARES such as VAMP-4 (TGN), syntaxin 6
(TGN and vesicles) and syntaxin 13 (early endosomes) (Vetrivel et al., 2004).
These findings strongly implicate lipid raft microdomains of intracellular
organelles as the preferred sites of amyloidogenic processing. Interestingly,
the cell-surface raft associated protein, SNAP-23 does not co-reside with
mature components of γ -secretase complex (Vetrivel et al., 2004), raising the
possibility that the relatively low level of active γ -secretase complex at the cell
surface could be associated with non-raft membrane domains and also explain
the apparent low level of activity at the cell surface. Such spatially distinct
localization of the γ -secretase allows for intramembrane processing of diverse
substrates. Indeed, unlike APP, CTFs derived from several other γ -secretase
substrates such as Notch1, Jagged2, N-cadherin, and DCC largely remain in
non-raft membranes (Vetrivel et al., 2005). Taken together, these findings are
consistent with the prediction that γ -secretase cleavage of APP occurs in
lipid rafts. Further investigations are needed to address how the components
of the γ -secretase and APP are recruited into raft microdomains, and clarify
whether genetic mutations in APP, PS1, and PS2 modulate Aβ42 production
by affecting the localization and processing of APP in lipid rafts.

3. APP function

3.1 Trophic properties

While a number of physiological roles have been attributed to APP, some
unique to certain isoforms, the in vivo function(s) of the molecule remain un-
clear. The literature covering APP function is extensive and cannot be reviewed
comprehensively (Mattson, 1997). Suffice to say that a number of functional
domains have since been mapped to the extra- and intracellular region of APP.
These include metal (copper and zinc) binding, extracellular matrix compo-
nents (heparin, collagen, and laminin), neurotrophic and adhesion domains, and
protease inhibition (Kunitz protease inhibitor domain present in APP751 and
APP770 isoforms). One of the earliest indication of APP function came from
assessing growth pattern of fibroblasts where APP levels were decreased by
expression of an antisense APP construct (Saitoh et al., 1989). These cells grew
slowly but the growth retardation can be restored by treatment with secreted
APPs. The active domain was subsequently mapped to a pentapeptide domain
“RERMS” near the middle of the extracellular domain (positions 403-407)
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(Ninomiya et al., 1993). The activity is not limited to fibroblasts as infusion
of this pentapeptide as well as APPs into brain resulted in increased synaptic
density and improved memory retention in animals (Roch et al., 1994; Meziane
et al., 1998). Because, as mentioned above, APPs is constitutively released
from cells following α-secretase cleavage, these findings indicated that APP
has autocrine and paracrine functions in growth regulation.

In all, a trophic role for APP has been perhaps the most consistently
and arguably the best established function for the molecule. APP has been
shown to stimulate neurite outgrowth in a variety of experimental settings.
This phenotype is compatible with the upregulation of APP expression during
neuronal maturation (Hung et al., 1992). The N-terminal heparin-binding
domain of APP (residues 28-123), just upstream from the “RERMS” sequence,
also stimulates neurite outgrowth and promotes synaptogenesis. Interestingly,
the crystal structure of this domain shows similarities to known cysteine-rich
growth factors (Rossjohn et al., 1999). Conversely, injection of APP antibodies
directly into the brain led to impairment in behavioral tasks in adult rat
(Meziane et al., 1998). Finally, a recent report indicated the presence of binding
sites for APPs in epidermal growth factor (EGF)-responsive neural stem cells
in the subventricular zone in the adult rodent brain (Caille et al., 2004). In this
context, APPsα acts in concert with EGF to stimulate the proliferation of these
cells both in neurospheres in culture and in vivo. However, APPs is necessary,
but not sufficient, for full activity, as it appears to act as a co-factor with EGF.
If these findings are true in human brain, then the reduction in APPs levels in
cerebrospinal fluid of individuals with AD may indicate the loss of additional
trophic activity in AD, together with the reduction of other growth factors in
brain (see Chapter 15).

3.2 Cell adhesion

An “RHDS” motif near the extralumenal portion of APP or at the C-
terminus of APPs that is contained within the Aβ region appear to promote
cell adhesion. It is believed that this region acts in an integrin-like manner
and can, accordingly, be blocked by RGDS peptide sequence derived from
the fibronectin-binding domain (Ghiso et al., 1992). Similarly, APP colocalizes
with integrins on the surface of axons and at sites of adhesion (Storey et al.,
1996; Yamazaki et al., 1997). Evidence of interaction with laminin and collagen
provides further evidence of adhesion promoting properties. Interestingly, be-
cause the RHDS sequence is contained within the N-terminus of Aβ (residues
4-7), similar cell adhesive promoting properties have also been attributed to
Aβ peptide itself. This latter property, however, is difficult to tease out in
view of the cytotoxicity of Aβ peptide when tested in a variety cell systems in
vitro. Furthermore, it is difficult to separate the cell adhesive from the neurite
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outgrowth promoting roles of APP. Clearly, these are probably somewhat
inseparable, as neuronal migration, neurite outgrowth, and even synaptogenesis
would involve substrate adhesion. The phenotype of APP and APLP-deficient
animals are certainly in agreement with these proposed physiological activity
of these molecules (see below).

3.3 Is APP a receptor?

Although APP was initially proposed to act as a cell surface receptor, the
evidence supporting this idea has been unconvincing. Aside from interactions
with extracellular matrix proteins, only recently has a candidate ligand been
proposed. It was reported that F-spondin, a neuronally secreted signaling
glycoprotein that may function in neuronal development and repair, binds
to the extracellular domain of APP as well as APLP1 and APLP2 (Ho and
Sudhof, 2004). This binding reduces β-secretase cleavage of APP and nuclear
transactivation of AICD (see below), suggesting therefore that F-spondin may
be a ligand that regulates APP processing.

As mentioned above, γ -secretase processing of APP also releases an intra-
cellular domain of APP, termed AICD (Figure 1). This processing step is not
unique for APP, and indeed may be a rather generalized phenomenon whereby
membrane anchored proteins are cleaved to either release cytosolic fragments
that participate in cell signaling, as in the Notch receptor, or for degradation.
Because APP undergoes the same γ -secretase membrane proteolysis as Notch,
the analogy to Notch is simply too tempting or obvious, even though the
evidence that APP is itself a cofactor for transcriptional activation within the
nucleus, remains to be firmly established. Using a heterologous signalling
reporter system, AICD can form a transcriptionally active complex together
with two other molecules, Fe65 and Tip60 (Cao and Sudhof, 2001). Although
it was initially felt that AICD must enter the nucleus with Fe65, subsequent
study showed that nuclear translocation of AICD is not required but may be
indirect through Fe65 (Cao and Sudhof, 2004). An alternative approach to
address this question is to look for AICD activated candidate genes. In this
regards, two genes have been proposed to date, KAI1, a tumour suppressor
gene, and neprilysin, a neutral endopeptidase with Aβ degrading activity (Baek
et al., 2002; Pardossi-Piquard et al., 2005). The latter pathway is particularly
interesting because it suggests that γ -secretase release of AICD can regulate
the degradation of Aβ in the extracellular space. If this is true, it will be
important to know the feedback pathways that modulate γ -secretase activity
to regulate neprilysin expression.
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3.4 APP-deficient animals

In view of the above discussion, it is perhaps a little surprising then that
with so many functions attributed to APP, the initial phenotype of APP-
deficient mice obtained by gene-targeting was rather unrevealing (Zheng
et al., 1995). These mice were lighter in body mass and with age; there
was weakness in the extremities. Examination of the brain revealed gliosis
only, a rather non-specific astrocytic reaction. Postnatal growth deficit was
also noted in the APLP1-deficient mice but APLP2-deficient mice demon-
strated no apparent phenotype (von Koch et al., 1997; Heber et al., 2000).
Interestingly, APLP2-/-/APLP1-/- and APP-/-/APLP2-/- double mutants, but
not APP-/-/APLP1-/- animals, showed early postnatal lethality, indicating that
members of the APP gene family are essential genes that exhibit partial
overlapping functions. Curiously, the histopathological phenotype of the an-
imals that displayed early lethality was rather bland by initial descriptions.
Similarly, neurons cultured from these animals were unaltered in their basal
growth rates or response to excitotoxicity. However, in the peripheral nervous
system, APP-/-/APLP2-/- double knockout animals exhibited poorly formed
neuromuscular junction with reduced apposition of pre- and postsynaptic el-
ements of the junctional synapses (Wang et al., 2005). The number of synaptic
vesicles at the presynaptic terminals were also reduced, a finding confirmed
by defective neurotransmitter release. With knowledge of the neuromuscu-
lar junction phenotypes of APP-/-/APLP2-/- double knockout mice in mind,
examination of the parasympathetic submandibular ganglia of these animals
also showed a reduction in active zone size, synaptic vesicle density, and
number of docked vesicles per active zone (Yang et al., 2005). This function of
APP/APLP is evolutionarily conserved, as evidenced by the decreased number
of synaptic boutons in neuromuscular junction of Drosophila larvae lacking
APPL, and involves interaction of APPL with the cytosolic adaptor Mint and a
transmembrane cell adhesion molecule named Fasciclin II (Ashley et al., 2005).

Deficiency of all three APP genes led to death shortly after birth. The
majority of the animals showed cortical dysplasia suggestive of migrational
abnormalities of the neuroblasts and partial loss of cortical Cajal Retzius cells
(Herms et al., 2004). Taken together, the recent findings presented a convincing
picture that members of the APP gene family play essential roles in the
development of the nervous system relating to synapse structure and function,
as well as in neuronal migration. Whether these abnormalities underlie the
early postnatal survival of the animals remain to be established. Further,
whether these activities are due to mechanical properties or mediated by
activating signaling pathways, or both, are interesting questions that remain
to be elucidated.
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4. Phenotype of excess APP

In view of the trophic properties of APP, it would be natural to predict
that overexpression of APP would demonstrate phenotypes related to the
enhanced neurite outgrowth, enhanced cell growth, etc. Indeed, many studies
have reported such findings (Leyssen et al., 2005). Surprisingly and more in-
terestingly, however, convincing negative phenotypes have also been reported.
Overexpression of APP in cells induced to differentiate into neurons led to
cell death (Yoshikawa et al., 1992). In vivo, genetic engineering to overexpress
APP carrying various familial AD mutations in transgenic mice resulted in
the development of amyloid deposition and amyloid associated changes in
brain, including loss of synaptic markers, confirming the pathogenic nature
of these mutations. Careful examination also showed axonal swellings and
varicosities, months before any evidence of amyloid deposition or amyloid
associated pathology in brain (Stokin et al., 2005). Perhaps the best example
of the consequences of APP overexpression is trisomy 21 in humans and
trisomy 16 in mice, the latter containing many of the cognate human chro-
mosome 21 orthologous genes. Individuals with Down’s syndrome (DS) who
live beyond the 3rd decade of life almost invariably develop histopathology
indistinguishable from AD (Burger and Vogel, 1973). APP is present in three
copies in trisomy 21 and this excess gene dosage leads to early elevation of Aβ

levels, even in brains of fetuses (Teller et al., 1996). Several lines of evidence
support the concept that APP gene triplication is necessary and possibly even
sufficient to cause the AD histopathology in DS individuals. First, fine mapping
of genes duplicated in several individuals with partial trisomy, where some
but not all chromosome 21 genes are triplicated, excluded APP and SOD1
genes in generating classical features of DS (Korenberg et al., 1990). Second, a
remarkable case report of a 78 year-old woman with DS features due to partial
trisomy 21 who at postmortem examination did not have any of the expected
AD pathological changes in brain (Prasher et al., 1998). The segment of the
chromosome that was triplicated in this individual excluded the APP gene,
thereby confirming that APP or possibly genes immediately adjacent to APP
is necessary for the development of AD histopathology. Third, the segmental
trisomy 16 mouse (Ts65Dn), a genetic model of DS, shows physiological and
structural abnormalities that are in common with human DS. For example,
vesicular enlargements in neuronal perikarya containing endosomal markers
(Rab5, EEA1, etc.) present in AD and DS individuals are also seen in this
mouse model. Interestingly, these changes can be reversed if the APP gene
dosage was reduced back to the euploid state when the Ts65Dn mice were
crossed to the APP-deficient animals, showing that these changes are uniquely
due to APP gene dosage (Cataldo et al., 2003). Finally, the studies from DS
cases have led to some to suggest that AD may be caused by triplication of APP
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in brain. However, generalized APP gene triplication appears to be excluded in
AD but somatic aneuploidy remains a distinct possibility (Yang et al., 2003;
Rehen et al., 2005). If true, then this intriguing idea can certainly provide a
plausible mechanism for the development of sporadic AD.

5. Summary

This review has covered some of the salient aspects of APP biology,
concentrating on the recent advances in processing, trafficking, and function
of APP and the related APLP1 and APLP2 members. The importance of APP
in AD clearly lies in its role as precursor to the Aβ peptide that plays a central
role in the amyloid hypothesis. However, APP has a number of additional
biological activities, some of which impact neuronal development and function.
Growing evidence suggests that perturbations of some of these activities may
also contribute to AD pathogenesis and neurodegeneration. As such, it will be
important to continue to investigate the normal function of APP.
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1. Introduction

1.1 APP proteolytic processing

Alzheimer’s Disease (AD) is characterized by the deposition of two kinds
of abnormal protein aggregates, senile plaques and neurofibrillary tangles,
and by neuronal dysfunction and cell loss in the brain. Senile plaques are
primarily composed of extracellular deposits of hydrophobic 37-43 amino acid
Aβ peptides. Aβ peptides are derived by successive enzymatic cleavages of
the type I membrane protein, β-amyloid precursor protein (APP) (Haass and
Selkoe 1993). APP is first cleaved close to the membrane in the extracellular
domain by either α- or β-secretase, resulting in a release of soluble APP
ectodomains, and residual membrane-tethered C-terminal protein stubs, termed
C83 or C99, respectively (The numbers indicate the length of each carboxyl-
terminal fragment). C83 and C99 are substrates for γ -secretase, an activity that
generates p3 and Aβ peptides, respectively. γ -Secretase processes substrates at
different positions within the membrane domain and thus, both Aβ and p3 have
“ragged” termini. Aβ has been best studied in this regard and species between
37 and 43 amino acid residues have been identified. γ -Secretase cleavage
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of APP also releases the intracellular carboxy-terminal “APP intracellular
domain” or “AICD”. The function of both Aβ and AICD is the subject of
intense investigations.

Because Aβ42 is the primary constituent of the amyloid fibrils deposited in
the AD brains, and mutations in APP and presenilin enhance the production of
this peptide, γ -secretase cleavage of APP is a pivotal step in AD pathogenesis.
It is striking that this proteolytic reaction occurs within the highly hydrophobic
environment of the membrane.

1.2 Identification of presenilin

Genetic studies in familial AD (FAD) cases have identified disease-linked
mutations in three genes that contribute to AD. The first pathogenic mutations
in early-onset FAD families were found in the APP gene on chromosome 21
(Chartier-Harlin et al. 1991; Goate et al. 1991; Murrell et al. 1991). However,
subsequent studies indicated that mutations in APP account only for a small
fraction of FAD cases. Several genetic studies indicated a major locus for
FAD on chromosome 14 in early onset autosomal dominant AD, and in 1995,
the Presenilin1 (PS1) gene on chromosome 14 (14q24.3) was identified by
positional cloning (Sherrington et al. 1995). Shortly thereafter, it was shown
that mutations in the closely related PS2 gene on chromosome 1 (1q42.2) could
cause FAD as well (Levy-Lahad et al. 1995; Rogaev et al. 1995).

Studies in transgenic mice (Borchelt et al. 1996; Duff et al. 1996) and
cultured cells (Citron et al. 1997; Scheuner et al. 1996; Tomita et al. 1997) have
revealed that expression of FAD-linked PS variants elevates Aβ42/Aβ40 ratios.
Moreover, transgenic mice that co-express FAD-mutant PS1 and APP develop
amyloid plaques much earlier than age-matched mutant APP mice (Borchelt et
al. 1997). Therefore, PS mutations cause a change in the Aβ42/40 ratio, but
whether PS is directly involved in γ -secretase processing of APP was unclear.
However, in PS-deficient neurons and fibroblasts, APP processing was greatly
impaired, leading to the accumulation of the C83 and C99 APP fragments, the
direct substrates of γ -secretase, and inhibition of Aβ (and p3) generation (De
Strooper et al. 1998; Xia et al. 1998). Thus, PS are directly required for γ -
secretase cleavage of APP. Overall, the findings imply that mutations in the
substrate (APP) or in the proteolytic machinery (PS) result in similar changes
in Aβ42 generation (Scheuner et al. 1996). This provides very strong support
for the “amyloid cascade hypothesis”.
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2. Molecular and cellular biology of the presenilins

The overall gene structures of PS1 and PS2 are similar, consisting of ten
translated exons that undergo tissue-specific alternative splicing (Clark et al.
1995; Levy-Lahad et al. 1996). The biological importance of differentially
spliced PS is still unclear. Analysis of mRNA expression revealed that both
PS1 and PS2 are present in most human and mouse tissues but expressed at
different levels (Hébert et al. 2004; Lee et al. 1996). In brain, PS is expressed
predominantly in neuronal cells, while lower levels of PS are also detected in
glial populations (Kovacs et al. 1996; Lee et al. 1996).

Human PS1 and PS2 polypeptides display 67% identity to each other.
PS homologues were found across diverse species including plants, insects
and vertebrates, indicating that PS plays essential roles in all multicellular
organisms. PS1 and PS2 are highly hydrophobic proteins that consist of 467
and 448 amino acid residues, respectively. The membrane topology of the PS
is still a matter of ongoing debate. Theoretical predictions identify seven to
ten transmembrane domains, and no signal peptide (Sherrington et al. 1995).
Experimental studies all agree that the first 6 hydrophobic domains span the
membrane (De Strooper et al. 1997; Doan et al. 1996; Henricson et al. 2005;
Laudon et al. 2005; Li and Greenwald 1996). Based on immunocytochemistry
studies combined with selective permeabilization of cells or using hybrid SEL-
12 (C.elegans presenilin) – LacZ fusion proteins, a model with eight trans-
membrane domains has been proposed (Doan et al. 1996; Li and Greenwald
1996). In this model (Fig. 1A), the amino- and carboxyl-termini are both
oriented towards the cytoplasm, and a relatively large hydrophilic loop between
TM (transmembrane domain) 6 and TM7 also protrude into the cytoplasm.
However, alternative models have been proposed (Fig.1B). Most recently,
elegant experiments were performed introducing minimal modifications (such
as short glycosylation tags and biotinylation experiments) in PS and expressing
those proteins in a PS-negative background. These studies have proposed a nine
transmembrane topology for presenilin, which is also supported by theoretical
calculations (Henricson et al. 2005; Laudon et al. 2005; Spasic et al. 2006).
This model indicates that the carboxy-terminus of PS is lumenal/extracellular
(Fig. 1B).

PS1 and PS2 are unglycosylated polypeptides of ∼43 kDa and 50 kDa, re-
spectively (De Strooper et al. 1997; Walter et al. 1996). Shortly after synthesis,
full-length PS is cleaved by an unidentified “presenilinase activity” yielding
an N-terminal fragment (NTF) and a C-terminal fragment (CTF) (Thinakaran
et al. 1996). Proteolytic cleavage in PS1 occurs mainly between residue 291
and 292 in the large cytoplasmic loop region between TM6 and 7 (Podlisny
et al. 1997). In cultured cells and tissues, NTF and CTF are the principal
PS-related polypeptides that are observed, but low levels of full length PS
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Figure 1. Transmembrane structure of presenilin. A. Eight transmembrane model of
presenilin. Two putative active site aspartates in TM6 and TM7 are marked. The
location of the endoproteolytic cleavage site by “presenilinase activity” within the large
cytoplasmic loop is indicated. NTF: aminoterminal fragment, CTF: carboxyterminal
fragment. B. Several alternative models are reported in the literature and schematically
represented here.

are occasionally detected. In contrast, overexpression of PS in cultured cells
results in the accumulation of full-length proteins without increasing NTF/CTF
levels (De Strooper et al. 1997; Thinakaran et al. 1996). The half-life of the
holoprotein species (∼2 hours) is much shorter than that of the PS fragments
(over 24 hours), indicating that only cleaved PS fragments become incorporated
and stabilized in the γ -secretase complex. Full-length PS, on the other hand is
unstable and degraded by a proteasome-mediated pathway (Kim et al. 1997;
Steiner et al. 1998).

The subcellular localization of presenilins is also a matter of debate.
Overexpression of presenilins leads to accumulation in ER and to a certain
extent, the Golgi apparatus, and is present in “aggresomes” (De Strooper et
al. 1997; Johnston et al. 1998). Overexpression data are difficult to interpret,
because we now know that the localization of PS is also determined by its
incorporation into the γ -secretase complex, and that this step is rate-limiting.
In primary cultures of neuronal cells expressing presenilin at endogenous levels
(Annaert et al. 1999), the bulk of immunoreactivity is observed in ER, and very
little if any staining is observed in Golgi, or at the cell surface. However, a
small pool of PS, likely incorporated in the active complex, is found at the
cell surface (Kaether et al. 2002; Rechards et al. 2003) and endocytic/TGN
compartments. It is believed that this latter fraction is responsible for the
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cleavage of APP (and probably other substrates as well). Less clear is the
significance of PS in the lysosomal compartments and the mitochondria as
reported in the literature (Hansson et al. 2004; Pasternak et al. 2003). γ -
Secretase might also be localized in phagosomes, which could be relevant in the
context of the overall function of γ -secretase in the turnover of transmembrane
domains of integral membrane proteins (see below) (Jutras et al. 2005).

3. Genetics of PS

To date, more than 140 autosomal-dominant mutations that cause early-
onset AD have been found in PS1, while 10 have been identified in PS2
(http://www.molgen.ua.ac.be/ADMutations/). PS1 mutations are more com-
mon than mutations in either APP or PS2. The mutations are, in general, mis-
sense mutations that result in amino acid substitutions at conserved positions
in PS1 and PS2. One exception is a splice acceptor site mutation in exon 9,
resulting in the in-frame deletion of exon 9 (the mutation referred to as �9)
(Perez-Tur et al. 1995). The deletion on its own has little effect on γ -secretase,
but the amino acid substitution (S290C) at the splice site is sufficient to cause
an elevation in Aβ42 production (Steiner et al. 1999a).

The mutations in PS are scattered over the entire sequence, but have a
slight preference for the transmembrane helices and exon 8. It is still unclear
how the mutations in PS affect function: as ablating PS expression blocks Aβ

generation, investigators have proposed that the clinical mutations in presenilin
cause a gain of “toxic” or “abnormal” function. However, the FAD-linked PS
mutants weakly rescue the PS deficient phenotypes in C.elegans (Baumeister
et al. 1997; Levitan et al. 1996). Additional accumulating evidence in the
literature indicates that, in general, FAD-linked PS variants are associated with
partial loss of functions as assessed in a variety of assays (Baki et al. 2004;
Leissring et al. 2000; Marambaud et al. 2003; Nishimura et al. 1999). On the
other hand, it is clear that all mutations increase the Aβ42/Aβ40 ratio. However
since this reflects a decrease in Aβ40 and an increase in Aβ42, these results
do not necessarily imply that absolute amounts of Aβ are elevated (Walker
et al. 2005). If Aβ42 is an inefficiently generated Aβ species, one could
reconcile the data, at least conceptually, by proposing that PS mutations cause
partial loss of function of the γ -secretase complex (hypomorphs), resulting in a
protease that is biochemically inefficient. This interpretation is not necessarily
in contradiction with rescue experiments in PS1 knock out mice showing that
transgenic expression of FAD mutant PS1, can (partially) rescue the embryonic
lethal phenotype (Qian et al. 1998; Davis et al. 1998).

Genetic studies have been also instrumental in the understanding of the bio-
logical function of PS. In C.elegans (Levitan and Greenwald 1995), Drosophila
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melanogaster (Struhl and Greenwald 1999; Ye et al. 1999) and Mus musculus
(De Strooper et al. 1998; Shen et al. 1997; Wong et al. 1997), PS deficiencies
cause phenotypes that are similar to those observed with Notch loss of function
mutations. In fact, the C.elegans homologue of the human PS genes, sel-12,
was identified independently from the work on the human genes, in a screen
for genes capable of suppressing a lin-12 (a member of the Notch receptor
family) phenotype (Levitan and Greenwald 1995). Notch is a type I integral
membrane protein that is constitutively processed by furin at site 1 (S1).
The ligands of Notch receptors are members of the DSL (Delta/Serrate/Lag-
1) family. While the (S1) cleavage occurs constitutively, a second (S2) and
third (S3) cleavage only takes place upon binding to Notch ligands (Brou et
al. 2000; Logeat et al. 1998; Mumm et al. 2000). The S3 cleavage releases
the Notch intracellular domain (NICD) that is subsequently translocated to
the nucleus. NICD modulates target gene expression via binding to the CSL
(CBF1/Suppressor of Hairless/Lag-1) family of transcription factors (Kopan
and Goate 2000).

While the genetics do not tell at what level PS influences the Notch
signalling pathway, the mode of Notch processing is reminiscent of that of
APP cleavage. Therefore, in studies similar to those performed with APP (De
Strooper et al., 1998), Notch1 processing was investigated in neurons and other
cells derived from PS-deficient mice (De Strooper et al. 1999). These studies
revealed that S3 cleavage of Notch was blocked, indicating that PS was indeed
responsible for the final cut in Notch (De Strooper et al. 1999; Struhl and
Greenwald 1999). The S3 cleavage releases the Notch intracellular domain
and results in signal transduction to the nucleus (Schroeter et al. 1998). These
studies provided the first evidence for a direct role of PS1 in APP and Notch
processing.

Knockout mice for the PS1 homologue, PS2, were also generated. Unlike
PS1-/- mice, PS2-/- mice were viable, fertile, and showed no abnormalities
in APP metabolism. Limited pathology was observed in the lungs of aged
animals (Donoviel et al. 1999; Herreman et al. 1999). However, loss of both
PS1 and PS2 in mice led to early embryonic lethality, a severe Notch deficient
phenotype, and a complete loss of Aβ production, suggesting that PS2 and PS1
have partially overlapping functions in vivo (Donoviel et al. 1999; Herreman et
al. 1999; 2000; Steiner et al. 1999b).
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4. PS function in intramembrane proteolysis: Clearance
of integral membrane stubs and signaling

4.1 PS is a protease

Aspartyl proteases require two catalytic aspartate residues to hydrolyze
the peptide bond of a substrate. Based on this notion, Wolfe and colleagues
identified two critical aspartate residues in transmembrane domain 6 and 7
(Wolfe et al. 1999a). Mutation of either or both of these aspartate residues in
PS abrogated γ -secretase activity (Steiner et al. 1999b; Wolfe et al. 1999b). It
is unusual to find charged amino acids within transmembrane sequences, but
these two aspartates are completely conserved in PSs from all species. PS in
which the aspartyl residues are mutated do not undergo endoproteolysis, cause
accumulation of C83/C99 fragments, and reduce p3/Aβ production. Although
the sequences around the two aspartates, YD and GLGD, do not fit with the
motifs of canonical aspartic proteases (D(T/S)G(T/S)), the active site of PS is
similar to the catalytic sites of the bacterial type-4 prepilin peptidase (TFPP)
(Steiner et al. 2000). TFPP has an eight TM structure with active sites close
to the transmembrane regions. Direct support for the hypothesis that PS were
catalytical active proteases came from studies showing that several γ -secretase
inhibitors bound to presenilin (Esler et al. 2000; Li et al. 2000a; Seiffert et
al. 2000). In these studies, photoactivated forms of putative transition-state
analogue inhibitors of γ -secretase specifically bound to NTF and CTF of
presenilins, while full-length PS was not labelled, further suggesting that full
length PS is an inactive precursor for the active dimeric form of PS. Thus,
the catalytic centre of γ -secretase resides at the heterodimeric interface of PS
fragments. Besides two aspartates within TM6 and TM7, there is also a highly
conserved PAL motif in the C-terminus of all reported PSs. Mutations within
this sequence abolish both the endoproteolysis and the enzymatic activity of PS
(Tomita et al. 2001; Wang et al. 2004).

4.2 Presenilin is part of a larger γ -secretase complex

In detergent-solubilized membranes, γ -secretase activity resides within
high molecular weight fractions (Capell et al. 1998; Yu et al. 1998). These
fractions contain PS NTF/CTF, while holoprotein is detected in lower molec-
ular weight fractions. Therefore, it seems that γ -secretase activity is mediated
by a multiprotein complex. The exact size of the active complex remains
an issue of debate. Early estimates based on gel filtration indicated Mr of
above 2x106 kDa, the exclusion limit of the chromatography column used in
those experiments (Li et al. 2000b). This is probably an overestimation due
to incomplete solubilisation of the membranes in which the complex resides.
More recent estimates are based on Blue Native gel electrophoresis and indicate
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Mr ranging between 200 and 900 kDa (Edbauer et al. 2002; Evin et al. 2005;
Yu et al. 1998).

Different approaches have led to the identification of three additional
components of the complex. Nicastrin (Nct) was purified biochemically using
antibodies against PS (Yu et al. 2000). Nct is a well conserved, type I integral
membrane protein, synthesized as a ∼110 kDa immature protein and highly
glycosylated to ∼ 130 kDa. In C.elegans, Nct was genetically identified as
Aph-2 (anterior pharynx defective), which, like PS, is involved in the GLP-
1 (C.elegans Notch) pathway (Goutte et al. 2000). Although the observations
confirm the importance of Nct in γ -secretase activity, overexpression of both
Nct and PS was not sufficient to enhance γ -secretase activity in cells.

Two additional hydrophobic membrane proteins that failed to be identified
using classical mass spectophotometry methods were identified in genetic
screens. Aph-1 and Pen-2 were identified as modifiers of GLP-1 signalling in
C. Elegans (Francis et al. 2002; Goutte et al. 2002). Aph-1 is proposed to have
a seven TM structure with the C-terminus located in the cytoplasm. In human,
three Aph-1 isoforms (two splice variants of Aph-1a and one Aph-1b) have
been identified. Pen-2 displays a hairpin-like structure with two transmembrane
domains and both termini are located luminally (Crystal et al. 2003).

Antibodies against one of any four proteins (PS, Nct, Aph-1 and Pen-
2) immunoisolate all four proteins, and the immunoprecipitates contain γ -
secretase activity in vivo (Kimberly et al. 2003; Steiner et al. 2002; Takasugi et
al. 2003). Furthermore, down regulation of Nct by RNA interference (RNAi)
resulted in a loss of γ -secretase activity (Edbauer et al. 2002; Francis et al.
2002). Nct is also involved in the Notch signalling pathway and Aβ generation
in fly and mouse (Chung and Struhl 2001; Edbauer et al. 2002; Hu et al. 2002;
Li et al. 2003; Lopez-Schier and St Johnston 2002). Downregulation of Aph-1
or Pen-2 levels in cells causes a decline in γ -secretase activity, similar to that
observed in cells with reduced PS or Nct levels (Francis et al. 2002; Lee et al.
2002; Takasugi et al. 2003). Thus, all four proteins are indispensable for APP
and Notch processing. Indeed, expression of any combination of three proteins
did not enhance γ -secretase activity, while the four proteins expressed together
in mammalian or fly cells (Kimberly et al. 2003; Takasugi et al. 2003) cause
increased γ -secretase cleavage of APP or Notch. In yeast cells that lack the four
γ -secretase components, coexpression of all four human proteins reconstitutes
γ -secretase activity (Edbauer et al. 2003). Thus, PS, Nct, Aph-1 and Pen-2 are
the minimal components that constitute the core of the γ -secretase complex.

The functions of the individual components of the γ -secretase complex
are not fully understood, but each polypeptide influences the maturation and
stability of other molecules within the complex. For example, in the absence
of PS, Nct does not leave the endoplasmic reticulum and Pen-2 protein levels
decrease (Chen et al. 2003; Herreman et al. 2003; Leem et al. 2002). However,
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Figure 2. γ -Secretase components and the stepwise assembly and activation of the
γ -secretase complex. Presenilin holoprotein (full-length) is rapidly degraded, whereas
a fraction of presenilin is stabilized by binding to Nicastrin and Aph-1 (subcomplex).
Subsequent binding of Pen-2 to the ternary complex induces the endoproteolysis of
presenilin and confers γ -secretase activity. Cylindrical columns represent the putative
transmembrane domains of each component.

Aph-1 is not markedly influenced by PS depletion (Lee et al. 2002; Gu et al.
2003). In the absence of Nct, PS and Pen-2 are destabilized (Chung and Struhl
2001; Edbauer et al. 2002; Hu et al. 2002; Steiner et al. 2002). The loss of
Aph-1a results in decreased levels of PS, mature Nct and Pen-2. In addition
to the decline in PS fragments and mature Nct levels, the loss of Pen-2 leads
to the accumulation of full-length PS and immature Nct (Francis et al. 2002;
Luo 2003; Takasugi et al. 2003). Apparently, immature Nct and Aph-1 form an
intermediate complex (subcomplex) in the ER prior to the binding of PS and
Pen-2 (Hu and Fortini 2003; La Voie et al. 2003). Overall, these studies suggest
a hypothetical sequence for the assembly of the complex (Fig. 3).

First, immature Nct and Aph-1 form a subcomplex in the ER that binds and
stabilizes full-length PS. Incorporation of Pen-2 into the PS/Nct/Aph-1 ternary
complex stabilizes the whole complex and results in PS endoproteolysis, and
activation of the γ -secretase complex (Takasugi et al. 2003). Nct is extensively
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glycosylated, but inhibitors of glycosylation do not interfere with complex
assembly or γ -secretase activity (Herreman et al. 2003).

The stoichiometry of the γ -secretase components is still under discussion.
The sum of the molecular weight of the individual subunits is 200–250 kDa.
The higher molecular weight estimates reported in the literature suggest that
either the complex forms multimers or additional proteins are in the complex.
Some evidence suggests that the catalytic PS subunits can form homodimers
(Hébert et al. 2003; Schroeter et al. 2003). The mode of interaction(s) of
each subunit within the complex is not fully resolved, but the transmembrane
domains are clearly important. A conserved GXXXG motif in Aph-1, known
to facilitate transmembrane helix-helix interactions (Edbauer et al. 2004; Lee
et al. 2004; Niimura et al. 2005), is important for the Aph1-Nicastrin interac-
tion. The C-terminal residues of PS are also important for the generation of
active γ -secretase (Tomita et al. 1999), probably because this region mediates
interactions with the transmembrane domain of Nct (Kaether et al. 2004).
Finally, deletion or replacement of the transmembrane domain of Nicastrin
prevents incorporation into the complex, further corroborating the importance
of hydrophobic interactions for the assembly of the complex (Capell et al. 2003;
Morais et al. 2003; Shah et al. 2005).

The subcellular localization of the γ -secretase complex and its activity is
also subject of intensive research. The discrepancy between the PS subcellular
localization in the endoplasmic reticulum (see above) and γ -secretase activity
is somewhat puzzling (Annaert et al. 1999). However, assembly and activation
of the γ -secretase complex in the early secretory compartment can be demon-
strated when Nct is retained in the ER with an ER retention signal (Capell et
al. 2005; Kim et al. 2004). In contrast, activity-dependent inhibitors modified
with fluorophores display binding at the cell surface (Tarassishin et al. 2004).
Therefore, it appears likely that the four components of the γ -secretase assem-
ble and become enzymatically active in early compartments of the biosynthetic
pathway, but that the assembled complex rapidly leaves the ER, to encounter
and cleave its substrates in the late secretory compartments, such as the trans-
Golgi network, endosomes and plasma membrane. This would explain why
little intact complex is present in the ER, and suggests that it is mainly
unassembled PS that is observed in the ER in immunocytochemical staining
experiments of untransfected cells. Somewhat opposed to this hypothesis is
the observation that transition-state-analogue-inhibitors apparently only bind a
small subset of the total pool of γ -secretase complex in the cell. This suggests
in fact that only a fraction of γ -secretase complex is active in the cell (Beher et
al. 2003; Lai et al. 2003), compatible with the idea that additional proteins
or factors are involved in the activation of the protease. In conclusion, the
subcellular localization of PS does therefore not necessarily correspond with
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that of the active γ -secretase activity and further work to precisely understand
the activation of the complex is needed.

4.3 Nicastrin is a gate keeper for the γ -secretase substrates

As already stated, γ -secretase only cleaves APP and Notch after the bulk of
the ectodomain has been shed. γ -secretase cleaves these remaining stubs in the
transmembrane domain with an extremely relaxed specificity (a hydrophobic
α-helix seems all that is required (Lichtenthaler et al. 2002)). On the other
hand, the size of the ectodomain is important since bulky ectodomains of 200
to 300 amino acid residues prevent γ -secretase cleavage, whereas proteins with
ectodomains smaller than about 50 amino acid residues are efficiently cleaved
(Struhl and Adachi 2000). Thus, γ -secretase is able to measure the length of
the ectodomain of its substrate, which is rather an unexpected property for
a protease. Recent elegant work (Shah et al. 2005) provides a mechanistic
insight. In these studies, it was shown that the extracellular domain of nicastrin
binds specifically to the amino-terminal residue of membrane-bound protein
fragments. A domain of nicastrin is reminiscent of aminopeptidase structures,
and the carboxyl function of a particular glutamate residue (E333) in this region
is crucial for the binding interaction. This domain also encompasses a stretch of
amino acid residues (DYIGS) previously shown by Yu et al. (2000) to modulate
APP processing. This substrate binding domain in nicastrin is accordingly
called the DAP domain (DYIGS and peptidase homologous region). The DAP
domain of nicastrin is not involved in assembly of the γ -secretase complex
(see above) but, as Shah et al. confirm, the transmembrane domain of nicastrin
is needed for the interaction of nicastrin with the other partners of the complex
(Capell et al. 2003; Morais et al. 2003).

4.4 PS and regulated intramembrane proteolysis

As mentioned above, presenilins in the γ -secretase complex cleave sub-
strates with an extremely relaxed specificity in the membrane, and are therefore
likely very important to clear the membrane of such transmembrane stubs that
remain after ectodomain shedding (“proteasome of the membrane” (Kopan and
Ilagan 2004)). However presenilins are also involved in Notch signalling and
thus are also molecular switches in important developmental processes. In fact,
several other examples of proteases that cleave in the membrane are known
to have important signalling functions as well. For instance, the active site of
PS, GxGD (x = variable), represents a novel motif that is also found in other
polytopic membrane aspartyl proteases like signal peptide peptidase (SPP) and
SPP-like proteases (SPPLs/PSHs) (Grigorenko et al. 2002; Ponting et al. 2002;
Weihofen et al. 2002). Similar to PSs, SPP and SPPLs contain two active site
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Figure 3. Conserved motifs in presenilins and SPPL/PSHs. A. Models of transmem-
brane domains that comprise putative active sites and its substrates. Presenilins (top)
cleave the transmembrane domains of substrates with type I orientation. SPP and
some related SPPL (PSH) family members (bottom) have GXGD type active sites in
the opposite topology and cleave substrates with type II topology. B. Alignment of
the three highly conserved domains, YD, GXGD and PAL motifs in human presenilin
and SPPL/PSHs. Bars designate the transmembrane domains of human presenilins.
Residues highlighted in black indicate the conserved motifs. Stars indicate the critical
aspartates.

aspartates that are positioned opposite to each other in adjacent transmembrane
domains (Fig. 3).

However, the transmembrane orientation of the domains containing the ac-
tive site is opposite to that of PSs (Fig.3A). Accordingly, SPP cleaves peptides
with type II membrane topology. Some of the SPPLs are also suggested to
possess protease activity (Krawitz et al. 2005).

In addition to the polytopic membrane aspartyl proteases, rhomboid, a
serine protease responsible for the processing of the ligands such as Spitz
(Urban et al. 2001), and the site-2 protease (S2P), a zinc-metalloprotease
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responsible for the cleavage of sterol regulatory element binding proteins
(SREBPs) (Rawson et al. 1997) have been identified as crucial factors in
cell signalling events. These proteases are able to cleave substrates in a
“regulated” manner, meaning that they only cleave after an initial cleavage in
the ectodomain upon ligand recognition (presenilin/S2P), or after the specific
transport of the substrate to the compartment where the protease resides
(rhomboid). The released fragments can act as a transcription factor (e.g.
SREBP) or as a ligand for a receptor (like Spitz) (Brown et al. 2000; Wolfe
and Kopan 2004).

Given the relaxed specificity of presenilin/γ -secretase, it is not surprising
that a rapidly growing list of substrates have been identified over the last several
years (see Table 1).

As with the case of APP, γ -secretase cleavage of these substrates requires
the prior trimming of the large ectodomain. Following γ -secretase cleavage,
intracellular domains (C-terminal fragments) of several substrates are released
from the membrane. In analogy with Notch, it has been suggested that many
of these intracellular domains can move to the nucleus and regulate gene
transcription, but further work in vivo is needed to make those conclusions
more definitive (see Table 1). PS-dependent RIP could also mediate non-
nuclear signalling, for example, by affecting the assembly of receptor com-
plexes or adherence junctions on the plasma membrane. Several proteins such
as cadherins, nectin-1α and CD44 are known to mediate cell-cell adhesion
(Georgakopoulos et al. 1999; Kim et al. 2002; Marambaud et al. 2002; Nagano
et al. 2004), suggesting that PSs might regulate intercellular adhesion in
neurons or epithelial cells by cleaving those proteins. However, it should be
noted that these proteins only become a substrate after ectodomain shedding,
and thus, the regulation of these processes likely occurs at the level of the initial
cleavage step rather than by the γ -secretase-mediated cleavage event.

While Nicastrin is pivotal for recognition of γ -secretase substrates, the
question as to whether different γ -secretase complexes have different biochem-
ical properties should be further considered. There are two PS genes and two
Aph-1 genes (that encode alternatively spliced transcripts) in human, and PS1
or PS2 and Aph-1a or Aph-1b are incorporated in a mutually exclusive way into
different complexes (Hébert et al. 2004; Shirotani et al. 2004). Thus four (and
maybe more) different γ -secretase complexes do exist, and likely in the same
cell type (Hébert et al. 2004). Gene targeting studies of PS1 and PS2, or Aph-
1a, Aph-1b and Aph-1c in mice indicate that the two PS and the three (rodent)
Aph-1 proteins contribute differentially to the overall γ -secretase activity in
mice (Mastrangelo et al. 2005; Serneels et al. 2005) and are involved in quite
different biological processes. It remains to be seen whether these differences
are a reflection of specific tissue expression or variable biochemical properties
of each complex.
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4.5 γ -Secretase inhibitors and AD treatment

Besides general aspartyl protease inhibitors such as pepstatin, several small
compounds inhibit γ -secretase activity both in vitro and in vivo. A series of
transition state analogue inhibitors, such as the hydroxyethylene dipeptide
isostere, L-685,458, and the peptidomimetics designed on the basis of the
γ -secretase cleavage site in APP and modified with difluoro ketone/alcohol
groups, specifically bind to the γ -secretase compex and inhibit activity (Esler
et al. 2002; Li et al. 2000b; Wolfe et al. 1999b). Modified versions of these
inhibitors have identified PS as the binding site, suggesting that PS is responsi-
ble for γ -secretase activity. The dipeptide type γ -secretase inhibitor, DAPT
(N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester), was
identified from a large scale compound screening (Dovey et al. 2001). In
this report, dose-dependent decreases in cortical Aβ levels were observed
after acute administration of DAPT in mutant APP transgenic mice. Benzo-
diazepine analogue compounds have been shown to be potent inhibitors with
low IC50 (half-maximal inhibitory concentration). The most potent compound
reported, compound E, inhibits Aβ production in cell culture with an IC50 of
0.3 nM (Seiffert et al. 2000). A series of fenylamine sulfonamides (Rishton et
al. 2000), benzocaprolactams, certain low molecular weight hydroxyethylenes
and sulfoneamides (Anderson et al. 2005) that inhibit γ -secretase activity
have also been disclosed by several companies. Short helical peptides with
α-aminoisobutyric acid based on the APP transmembrane domain have been
demonstrated to inhibit γ -secretase activity (Das et al. 2003) as well.

Quite unexpectedly, cell-based studies have shown that compounds of the
class of the non-steroidal anti-inflammatory drugs (NSAIDs) can modulate
γ -secretase (Weggen et al. 2001). Some commonly used NSAIDs selectively
inhibit Aβ42 generation, and in turn increase Aβ38 production, a less fibril-
logenic species. Importantly, these compounds do not affect Notch signalling.
The effect is independent of the inhibitory effect on cyclooxygenases (COX) 1
and 2. Based on epidemiological evidence that patients with arthritis taking
NSAIDs show reduced incidence and slower progression of AD, NSAIDs
are potential anti-AD drugs. However, this area needs further exploration
in prospective studies and clinical trials. It has been suggested that Aβ42-
lowering NSAIDs bind to PS and change its conformation, resulting in small
changes in the way APP (and possibly other substrates) are presented to the
catalytic site (Lleó et al. 2004).

An important down side of these studies is that many drugs now used in the
clinic actually significantly raise the Aβ42/Aβ40 ratio (Kukar et al. 2005). It
remains to be seen whether this is a risk factor for the development of AD.

While γ -secretase inhibitors are being developed with the aim to cure AD,
they have also contributed to our understanding of the γ -secretase complex.
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For instance, immobilized transition state analogue inhibitors were used to
purify the active γ -secretase complex. As a result, the substrates of γ -secretase
were copurified with the protease subunits, suggesting that the initial substrate
binding site is different from the active site (Beher et al. 2003; Esler et al. 2002),
in accordance with the role of Nct in substrate binding (see above).

5. Other functions of PS

The role of PS/γ -secretase in clearance of membrane stubs of type I integral
membrane proteins and in cellular signalling via the RIP mechanism is well
supported by the in vivo evidence in different species. However, PSs have
been implicated in several other functions as well. Two hybrid screenings
have yielded a vast amount of candidate proteins potentially interacting with
PS. One particular well studied example is the interaction of presenilin with
β-catenin and other members of the armadillo-repeat protein family, such as
neural plakophilin related armadillo protein (NPRAP or β-catenin) and p0071
(Levesque et al. 1999; Stahl et al. 1999; Zhou et al. 1997). The cell surface pool
of β-catenin is bound to the cadherin-cell adhesion complex and provides a link
to the actin cytoskeleton. The cytoplasmic pool is in complex with Axin, APC
and GSK-3β and can translocate to the nucleus, regulating gene expression.
This pool is activated by Wnt signaling. PS1 appears to contribute to the
sequential β-catenin phosphorylation, independent of the Wnt-regulated Axin
complex. In the absence of PS1, β-catenin accumulates and causes malignant
transformation (Kang et al. 2002). Mice deficient in PS1 expression in the
skin develop skin tumors, correlating with β-catenin stimulated LEF/TCF
transcription (Xia et al. 2001). However, since deficient Notch signalling in
the skin causes a similar phenotype, deficient γ -secretase could contribute to
the phenotype as well (Nicolas et al. 2003). Since PS1 dependent β-catenin
regulation is rescued by presenilin in which the catalytic aspartate residues are
mutated, the role of PS in β-catenin signaling is apparently γ -secretase activity
independent (Meredith et al. 2002). Apparently, the presence of Cadherins (see
above) is essential to mediate the molecular and functional interactions of PS
and β-catenin (Serban et al. 2005).

Strong evidence also points to a role of PS in Ca2+ homeostasis (LaFerla
2002). Both γ -secretase dependent (possibly via AICD (Leissring et al. 2002))
and independent mechanisms have been invoked. Inositol 1,4,5-triphosphate
(IP3) mediated intracellular Ca2+ release in cells expressing FAD-linked PS
mutants is potentiated (Leissring et al. 1999a, b). Finally, it has been shown
that PSs facilitate capacitative calcium entry (CCE) (Leissring et al. 2000; Yoo
et al. 2000). CCE is a process in which influx of Ca2+ through store-operated
Ca2+ channels on the plasma membranes are activated when intracellular Ca2+
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stores are depleted. PS1 deficiency enhances CCE while FAD-linked mutations
attenuate CCE. For a further discussion of the relevance for Alzheimer’s
Disease, please see the review by LaFerla (LaFerla 2002).

Independent of these studies, the C-terminal portion of PS2 had been
identified in a screen for genes involved in T cell apoptosis (Vito et al.
1996). While the PS2 CTF is antiapoptotic, overexpression of full-length PS2
promotes apoptosis after trophic factor withdrawal or induced by β-amyloid
peptide (Wolozin et al. 1996). Some of PS binding proteins, such as Bcl-XL,
PSAP and calsenilin, relate to apoptotic pathways, which indirectly support the
possible role for PSs in apoptosis. On the other hand, mice deficient in PS do
not display significant signs of enhanced or decreased apoptosis.

More recent in depth studies on the physiological functions of presenilin
have been performed in different genetic PS1 and PS2 gene knockout animals.
These were recently reviewed and further references are available in Marjaux
et al. (2004). PS null mice that lack PSs specifically in the postnatal forebrain
exhibit age-related impairments in LTP and in hippocampal memory, followed
by synaptic and neuronal degeneration. Synaptic levels of the NMDA receptor
and CaMKII are selectively decreased, and decreased levels of CBP cause
reduced expression of CREB/CBP target genes, such as c-fos and BDNF (Saura
et al. 2004). This severe phenotype is only observed when PS is completely
inactivated (Feng et al. 2001; Yu et al. 2001). The authors suggested that part
of the phenotype could be explained by PS function in molecular trafficking
of, for instance, the NMDA receptor, in line with previous in vitro experiments
suggesting a role for PS in protein trafficking (Naruse et al. 1998).

Finally, recent publications indicate that PS are involved in autophagic
degradative pathways, but whether these functions are related to trafficking
or turnover of transmembrane proteins remains to be clarified (Esselens et al.
2004; Wilson et al. 2004).

6. Challenges in presenilin research

Enormous progress has been made since the presenilins were identified
in 1995 (Levy-Lahad et al. 1995; Rogaev et al. 1995). We now know that
they are catalytic subunits of a larger γ -secretase complex, the components
of which are well defined. We have reasonable notions regarding the role of γ -
secretase in the turn-over of membrane anchored protein stubs, and in regulated
intramembrane proteolysis signalling, particularly in the Notch pathway. A
major challenge is to provide more in vivo support for the many other functions
in which presenilin/γ -secretase has been implied. Does presenilin also have
functions independent of γ -secretase, and does it form other complexes that
are responsible for these alternative functions?
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The principal goal in Alzheimer’s Disease research is to develop a cure.
γ -Secretase remains a very interesting target in that regard, since it executes
the final step in the production of the Aβ peptide. Worries that blocking
γ -secretase could result in major side effects (mainly via disturbing Notch
signalling) have seriously delayed clinical trials with the inhibitors that have
been developed over the last years. However, it becomes more and more
clear that we have still to learn a lot about this complex. For examples: how
is the substrate, after docking to the Nicastrin binding site, transferred to
the putative hydrophilic pore of the presenilin catalytic subunit?; are there
additional binding sites that contribute to the recognition of the substrates?;
why do at least four different γ -secretases exist?; what is the exact structure
of the complex; and finally, can we decipher the mechanism by which this
protease recognizes and cleaves its substrates? It will take a long time before
all these questions are answered, but it is also likely that by answering them
we will find new ways to subtly influence its activity, so that we decrease the
amyloid burden in patients without significantly impacting upon the important
biology of this fascinating complex.
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1. Introduction

Alzheimer’s Disease (AD), the most common cause of dementia in the
elderly (Morris and Price, 2001; Mayeux, 2003; Petersen, 2003), selectively
damages the brain but does not involve other tissues/organs. Thus, AD is a
classical example of the mystery of “selective vulnerability”, a term that refers
to the predilection of certain neurological and psychiatric diseases that involve
the nervous system and certain regions/circuits and cells in the brain and spinal
cord. Therefore, the clinical signs of AD are the consequence of the degenera-
tion of selected populations of neurons in brain regions/neural circuits critical
for memory, cognitive performance, and personality (Price and Sisodia, 1998;
Mesulam, 1999). In AD, amyloid-β (Aβ) neuritic plaques and neurofibrillary
pathology are preferentially localized to the central nervous system (CNS),
particularly the cortex, hippocampus, and amygdala. Although the biological
basis for the selective vulnerability of the brain to Aβ amyloidosis is not well
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understood, it has been postulated that levels of APP in concert with levels and
activities of the pro-amyloidogenic enzyme β-secretase β-site APP cleavage
enzyme1 (BACE1) play critical roles in the susceptibility of the CNS and in the
pathogenesis of this common brain disease of the elderly (Wong et al., 2002).

In the CNS, Aβ peptides are generated by sequential endoproteolytic
cleavages of neuronal APP by two membrane-bound enzyme activities; BACE1
cleaves APP to generate APP-β carboxyl terminal fragments (APP-βCTFs)
(Hussain et al., 1999; Sinha et al., 1999; Vassar et al., 1999; Yan et al.,
1999; Lin et al., 2000) and cleavage of APP-βCTFs by the γ -secretase
complex (Francis et al., 2002; De Strooper, 2003; Selkoe and Kopan, 2003;
Takasugi et al., 2003) leads to secretion of Aβ peptides. In other cells, APP
can also be cleaved endoproteolytically within the Aβ sequence through an
alternative, non-amyloidogenic pathway involving α-secretase thought to be
TNF-alpha Converting Enzyme (TACE) (Allinson et al., 2003), or BACE2
(Farzan et al., 2000; Yan et al., 2001); subsequently, γ -secretase cleavage
of these APP-αCTFs generates p3 fragments. These α-secretase and BACE2
cleavages, which occur in non-neural tissues, preclude the formation of Aβ

peptides and thus are thought to protect these organs from Aβ amyloidosis.
The physiological roles of APP and its derivatives (APPs, APP-CTFs, Aβ , and
AICD) are not well understood (Zheng et al., 1995; Dawson et al., 1999).
APP is a member of a gene family including the APLPs (APLP1 and 2)
(von Koch et al., 1997; Heber et al., 2000) and functional redundancy has
made interpretations difficult. However, emerging evidence indicates that the
APP-βCTF or αCTF that are cleaved by γ -secretase lead to the release of a
cytosolic fragment termed the APP intracellular domain (AICD), which forms
a multimeric complex with the nuclear adaptor protein, Fe65, and the histone
acetyltransferase, Tip60, to regulate gene transcription (Cao and Sudhof, 2001;
Baek et al., 2002). The complex formed between APP and Fe65 has also been
implicated in neurite growth and synapse modification (Sabo et al., 2003).

A variety of studies demonstrate that mutations in APP and presenilins (PS1
and PS2) cause a subset of familial AD (FAD) (Sisodia and St George-Hyslop,
2002) and do so by increasing the production, length and/or aggregation
propensities/toxicity of Aβ peptides. Multiple lines of evidence support the
view that excessive accumulation of Aβ peptides, particularly Aβ42, and
oligomeric Aβ species may be particularly significant in the pathogenesis of
AD (Hardy and Selkoe, 2002). Recent studies indicate that APP is transported
rapidly anterograde in axons in both the PNS and CNS (Kamal et al., 2001;
Lazarov et al., 2002; Sheng et al., 2002, 2003). In the CNS, the actions of β-
and γ -secretases, lead to the normal release of Aβ peptides at axon terminals
where they may modulate synaptic activity, perhaps by interacting with NMDA
receptors at glutaminergic synapses (Kamenetz et al., 2003). The observation
that Aβ might be involved in NMDA receptor trafficking supports the view that
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abnormal accumulation of Aβ can cause synaptic dysfunction (Snyder et al.,
2005). Thus, elevated concentrations of Aβ , particularly oligomeric species,
at these sites appear to interfere with synaptic communication and in circuits
of brain responsible for memory, leading to impairments in performance on
memory tasks (Price and Sisodia, 1998; Chapman et al., 1999; Hsia et al., 1999;
Lansbury, 1999; Serpell et al., 2000; Selkoe, 2002; Walsh et al., 2002). Because
BACE1 cleavage of APP is critical in Aβ amyloidosis it has been suggested
that pharmacological inhibition of BACE1 will be an attractive strategy to
ameliorate Aβ deposition in AD (Citron, 2002). In this chapter, we will review
recent advances towards our understanding of the physiological role of BACE1
as well as validating BACE1 as a therapeutic target for anti-amyloid therapy.
Specifically, we will summarize evidence to support: 1) BACE1 is a major
determinant of Aβ amyloidosis in the brain; 2) BACE1 and APP processing
pathways play critical roles in cognitive, synaptic and emotional functions; 3)
deletion of BACE1 prevents age-associated cognitive deficits occurring in a
mouse model of Aβ amyloidosis; and 4) Aβ deposition is sensitive to BACE1
dosage and is efficiently cleared from brains of aged mouse models of Aβ

amyloidosis.

2. BACE1 is a major determinant of Aβ amyloidosis
in the CNS

In AD, why should the brain and not other organs, such as the pancreas (with
a high level of BACE1 mRNA), be particularly prone to develop Aβ deposits?
The relative differences between BACE1 and BACE2 mRNA expression in
various tissues (Vassar et al., 1999; Bennett et al., 2000) suggested that BACE1
may be a major factor in selective predisposition of Aβ accumulation in
the CNS (Wong et al., 2001). Thus, the distributions and levels of BACE1
and BACE2/TACE, along with APP, are proposed to be key determinants of
susceptibility of the CNS to Aβ amyloidosis (Wong et al., 2001). Summarized
below is direct evidence that supports this hypothesis. First, BACE1 protein
is much more abundant in the brain as compared to other organs. With the
exception of the relatively higher levels of BACE1 in the olfactory bulb, the
levels of BACE1 in most regions of the brain appear to be uniform (Laird et
al., 2005). Second, although BACE1 protein is present at comparable levels
in most brain regions, neurons are enriched in BACE1 (and APP), both of
these proteins are conspicuous in presynaptic terminals in the hippocampus
(Laird et al., 2005), a region that is critical for learning and memory and
one that is vulnerable in AD. Notably, strong BACE1 immunoreactivity was
observed in the hilus of dentate gyrus and stratum lucidum of CA3 region
(terminal field of mossy fiber pathway) (Laird et al., 2005). Moreover, BACE1
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immunoreactivities were localized to the giant boutons of the mossy fibers
that form synapses with proximal dendrites of CA3 pyramidal cells; these
giant boutons were readily labeled by anti-synaptophysin antibody (Laird et
al., 2005). Taken together, these results are consistent with the view that
BACE1 is enriched in presynaptic terminals. Because hippocampal granule
cells are continuously undergoing turnover throughout the life of the animal,
the enrichment of BACE1 in these highly plastic cells suggests that BACE1
may play a role in either synaptic development or plasticity. While these
findings are consistent with reports documenting that APP is anterogradely
transported in the CNS (Buxbaum et al., 1998; Lazarov et al., 2002; Sheng
et al., 2002) initial reports indicated that BACE1 is anterogradely transported
in CNS to a greater extent than in the PNS (Kamal et al., 2001; Sheng et al.,
2003). However, recent studies failed to detect the transport of BACE1 in the
PNS (Lazarov et al., 2005). Importantly, BACE1 and APP-βCTF are present
in terminal fields of some populations of neurons and lesions of inputs to these
regions reduce levels of APP, β-CTFs and Aβ (Lazarov et al., 2002; Sheng et
al., 2002). Third, physiologically high levels of BACE1 in neurons are coupled
with low levels of α-secretase and BACE2 activities. In contrast, non-neuronal
cells exhibit low levels of active BACE1 and high levels of BACE2 and/or α-
secretase activities (Laird et al., 2005). Although a high level of BACE1 mRNA
is observed in the pancreas (Vassar et al., 1999), it appears that some of the
pancreatic mRNAs are alternatively spliced to generate a BACE1 isoform that
is incapable of cleaving APP (Bodendorf et al., 2001) and full length BACE1
cannot be detected in mouse pancreas (Laird et al., 2005). Taken together,
these results support the hypothesis that a high ratio of BACE1 to BACE2/α-
secretase activities is a biological explanation as to why neurons form amyloid
in the CNS while other cells do not. This interpretation raises the interesting
possibility that there exist polymorphisms that might predispose individuals
to elevated levels of BACE1. The recent reports that show elevated BACE1
activities in cohorts of individuals with AD are consistent with this view
(Fukumoto et al., 2002; Li and Sudhof, 2004). Genetic studies suggest that an
association of C to G polymorphism in exon 5 of BACE1 might serve as a risk
factor for AD and that this effect is most pronounced in carriers of the ApoE4
allele (Kirschling et al., 2003). However, it remains to be determined whether
polymorphisms in regulatory regions of BACE1 are associated with AD.
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3. Deletion of BACE1 prevents neuropathological
abnormalities and age-associated cognitive deficits
occurring in a mouse model of Aβ amyloidosis

Transgenic mice expressing mutant APP or mutant APP in conjunction with
mutant PS1 exhibit many, but not all of the features of AD (Borchelt et al.,
1997; Holcomb et al., 1998; Ashe, 2001; Chapman et al., 2001; Wong et al.,
2002). These animals have been employed to test potential therapeutic strate-
gies by a variety of approaches (Dewachter and Van Leuven, 2002; Kotilinek
et al., 2002; DeMattos et al., 2004). Since previous studies demonstrated that
BACE1 is the neuronal β-secretase required for the secretion of Aβ peptides
in the CNS (Cai et al., 2001; Luo et al., 2001; Roberds et al., 2001), it was
anticipated that the ablation of BACE1 would impact upon the deposition of
Aβ in the brains in mouse models of amyloidosis. Indeed, this prediction
is confirmed in studies documenting that the deletion of BACE1 completely
prevented Aβ deposits in brains of younger (12 months of age) APPswe mice
lacking BACE1 (Luo et al., 2003) as well as in aged (18 months of age)
APPswe;PS1�E9 mice (Laird et al., 2005). In addition, deletion of BACE1 pre-
vents neuritic alterations, astrocytosis, and microgliosis in APPswe;PS1�E9
mice, observations that are consistent with the idea that accumulation of Aβ

induces microgliosis and astrocytosis in the brain and deletion of BACE1
prevents both of these glial inflammatory responses (Laird et al., 2005). Given
that the levels of p3 fragments observed in vitro in BACE1 null cells (Cai et al.,
2001) does not seem to contribute to development of Aβ deposition in vivo,
these results are consistent with the view that no compensatory mechanisms
exist for BACE1-driven Aβ production and indicate that BACE1 might be an
excellent therapeutic target for amelioration of Aβ amyloidosis in AD.

Although deletion of BACE1 prevents both Aβ deposition and neuropatho-
logical abnormalities occurring in APPswe;PS1�E9 mice, an important ques-
tion is whether these mutant mice develop age-associated deficits in the acqui-
sition and retention of spatial memories in the absence of BACE1 (Jankowsky
et al., 2002; Savonenko et al., 2003). Initial studies showing that deficits in a
Y-maze alternation task observed in young APPswe mice (at a time before Aβ

deposits were observed) can be prevented in the absence of BACE1 (Ohno et
al., 2004) are consistent with the hypothesis that oligomeric Aβ (McLean et
al., 1999; Walsh et al., 2002), or other Aβ-derived diffusible ligands (ADDL)
(Gong et al., 2003), might be important for cognitive deficits in these mouse
models. To address the question as to whether in aged animals the absence
of BACE1 prevents Aβ amyloidosis and age-dependent cognitive deficits and
whether partial reduction of BACE 1 ameliorates cognitive impairments in
aged mutant APP;PS1 mice, the Morris water maze task which is sensitive
to age-associate cognitive deficits in different mutant APP transgenic models
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(Ashe, 2001) including APPswe;PS1�E9 mice (Savonenko et al., 2005), is
employed. Analysis of cognitive effects of BACE1 ablation in 16–18 month-
old APPswe;PS1�E9 mice with 0, 50, or 100 % of BACE1 activity showed as
expected: APPswe;PS1�E9 mice swam a significantly longer distance to find
the platform and spent less time in the vicinity of the platform than control non-
transgenic mice (Laird et al., 2005). However, APPswe;PS1�E9; BACE1−/−
mice performed as well as non-transgenic mice in both platform and probe
trials, indicating that deletion of BACE1 prevented age-dependent cognitive
deficits observed in APPswe/PS1�E9 mice (Laird et al., 2005). However, par-
tial decrease of BACE1 to 50% of normal level was not sufficient to ameliorate
cognitive deficits since APPswe;PS1�E9;BACE1+/− mice were significantly
impaired as compared to non-transgenic controls and indistinguishable from
APPswe;PS1�E9 mice (Laird et al., 2005). These results demonstrate that
while complete deletion of BACE1 prevents age-related cognitive deficits
occurring in a mouse model of Aβ amyloidosis, a 50% decrease of BACE1 is
not sufficient to significantly ameliorate cognitive deficits. Thus, these studies
demonstrating that the ablation of BACE1 prevents the neuropathological
abnormalities and age-associated cognitive deficits occurring in a mouse model
of amyloidosis favor the view that BACE1 inhibitors may prove beneficial
in efforts to attenuate Aβ amyloidosis in AD. However, caution is necessary
as complete inhibition of BACE1 could lead to memory deficits as occurs in
BACE1−/− mice (see below). Analysis of conditional BACE1 knockout mouse
models will be of value in clarifying this issue.

Because these behavioral analyses were performed with aged mutant
APP;PS1 mice lacking BACE1 in a hybrid strain background (C57/Bl6J and
129Sv), it was conceivable that the genetic background was a confounding
factor in the Morris water maze study. To address this issue, it was important
to verify that baseline performance was intact or to exclude the possibility that
strain background impacts significantly on the effect of APP;PS1 transgenes.
Comparative Morris water maze analysis of mutant APP;PS1 mice on congenic
C57Bl6/J background showed a similar effect as compared to mutant APP;PS1
mice on an F2 C57Bl6/J;129Sv background (Laird et al., 2005). Moreover,
one of the well-known behavioral characteristics of the 129Sv strain that may
affect the performance in the Morris Water maze is a relatively high floating
time (Wolfer et al., 1997). However, a comparison of the time which cohorts
of F2 C57B6/129sv mice spent floating, showed no significant differences
between the various genotypes (Laird et al., 2005). Thus, these observations
are consistent with the view that the genetic background used in these studies
did not affect the sensitivity of the Morris Water maze task.
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4. BACE1 and APP processing pathway play critical roles in
cognition and emotion

Although the deletion of BACE1 did not lead to overt developmental abnor-
malities, an observation that BACE1 null mice exhibit mild cognitive deficits in
the Y-maze task (Ohno et al., 2004) raised the question as to whether BACE1
plays a critical role in learning and memory. To assess hippocampus-dependent
cognitive function in BACE1 null mice, three different behavioral tasks were
used. First, using the Morris water maze task to assess spatial reference
memory, it was observed that 3 month-old BACE1−/− mice were able to learn
and remember the hidden platform location as efficiently as BACE1+/− or non-
transgenic littermates. However, 16 month-old BACE1−/− mice exhibited a
significant impairment in spatial reference memory during probe trial measures
as compared to littermate controls (Laird et al., 2005). During platform trials,
the performances of aged BACE1−/− mice were not significantly different
from non-transgenic mice indicating that they were able to adopt non-spatial
strategies in finding the hidden platform (Laird et al., 2005). These results
indicated that BACE1−/− mice exhibit an age-dependent deficit in spatial
reference memory. Secondly, the radial water maze tasks was employed to
analyze the impact of BACE1 on spatial working memory (Arendash et al.,
2001; Dudchenko, 2004). BACE1−/− mice were significantly impaired in the
radial water maze; BACE1−/− mice made significantly more errors before
finding the platform as compared to BACE1+/− mice or BACE1+/+ mice
(Laird et al., 2005). This deficit cannot be attributed to differences in visual
acuity since 3 month-old BACE1−/− mice were not impaired on the classical
Morris water maze where the visual demands are equivalent. One critical aspect
of the radial water maze task is a variable start position randomly assigned to a
different arm for each trial. This variability in start position ensures that the task
is solved using allocentric, hippocampus-dependent, rather than egocentric,
hippocampus-independent, strategies (Eichenbaum et al., 1990; King et al.,
2002). Interestingly, when a start position was made invariant across the trials,
performances of the BACE1−/− mice in the radial water maze were normal
(Laird et al., 2005). Therefore, by reducing the hippocampal demands of the
task, the BACE1−/− mice were able to perform as well as littermate controls,
possibly by utilizing hippocampus-independent strategies to complete the task.
Thirdly, the Y-maze task was employed as an independent method to assess
spatial working memory in BACE1−/− mice. Similar to the radial water maze,
a deficit in cognitive function was seen in BACE1−/− mice as judged by the
Y-maze task. Although BACE1−/− mice visited a similar number of arms
as the BACE1+/− or BACE1+/+ mice, BACE1−/− mice showed significant
deficits in arm alternation, indicating that the ablation of BACE1 resulted in the
early cognitive deficits in spatial working memory (Laird et al., 2005). Taken
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together, these findings support the view that BACE1 plays a critical role in
both spatial reference memory and working memory.

Interestingly, BACE1−/− mice exhibited a reduced speed of swimming
compared to littermate controls (Laird et al., 2005) in the Morris water maze
task suggesting that anxiety levels in these mice might be reduced since swim
speed in rodents may reflect a stress/anxiety reaction to the placement in cold
water (Winocur and Hasher, 2004). To test this hypothesis, an open field task,
a popular model of anxiety-like behaviors (Crawley, 1999; Prut and Belzung,
2003), was used to confront animals with an unknown environment. In such
a situation, mice spontaneously prefer the periphery of the apparatus (thig-
motaxis) due to an anxiety-induced inhibition of exploration in the aversive
central parts of the open field. An increase in time spent, distance traveled and
number of entries to the central part, as well as a decreased latency to enter
the central part would indicate anxiolysis. In the open field task, BACE1−/−
mice traveled a significantly longer distance, and showed a significantly higher
proportion of activity and number of visits in the central parts of the open field
as compared to BACE1+/− or BACE1+/+ mice (Laird et al., 2005). This ”low
anxiety” phenotype was also confirmed in the plus maze where 3 month-old
BACE1−/− mice visited open arms of the maze more often as compared to
BACE1+/− mice or littermate controls. Together, these findings are consistent
with the view that BACE1 knockout mice exhibit a lower level of anxiety as
compared to control littermates, implicating an important role for BACE1 in
emotion (Laird et al., 2005).

The findings that BACE1 deficient mice exhibit significant impairments in
a number of hippocampus-dependent cognitive tasks provides direct evidence
that BACE1 plays a critical role in learning and memory. Because a variety
of possible substrates of BACE1 have been identified (Kitazume et al., 2001;
Gruninger-Leitch et al., 2002; Lichtenthaler et al., 2003; Li and Sudhof, 2004),
it is difficult to ascertain at this juncture which pathways may account for
the cognitive deficits observed in BACE1 null mice. However, the observation
that transgenic expression of APPswe and PS1�E9 is sufficient to restore the
memory deficits, but not emotional alterations occurring in BACE1−/− mice
suggests the APP processing pathway is a candidate for critical signaling mech-
anisms influencing cognitive functions (Laird et al., 2005). Consistent with this
view is the finding that APP-deficient mice appear to exhibit age-associated
deficits in tasks that measure spatial reference memory (Dawson et al., 1999).

Although it is not known precisely how APP signaling impacts on learning
and memory, we postulate that a deficiency in neuronal AICD might contribute
to the cognitive deficits observed in BACE1 null animals. The demonstration
that a multimeric complex comprised of AICD, Fe65 and Tip60 is capable of
stimulating heterologous reporter constructs (Cao and Sudhof, 2001) coupled
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with the identification of a subset of NF-kB genes regulated by the AICD-
mediated transcription complex (Baek et al., 2002) are consistent with the
view that AICD plays a signaling role analogous to that of NICD signaling.
Recent studies indicate that AICD may play a role in neuronal differentiation
through the c-Jun N-terminal kinase pathway (Kimberly et al., 2005). In this
model, we suggest that the majority of AICD produced in neurons is BACE1-
dependent due to the relative abundance of BACE1 enzymatic activities found
in these cells, we hypothesize that only a minor proportion is derived from
non-amyloidogenic pathways, i.e. via BACE2 or α-secretase activities. Thus,
we envision that BACE1−/− mice have low levels of AICD in neurons, leading
to misregulation of AICD/Fe65/Tip60-dependent transcription which results
by as yet to be characterized processes leading to memory deficits observed in
BACE1−/− mice. Consistent with this concept are observations that cognitive
impairments are prevented in APPswe;PS1�E9;BACE1−/− mice because
the levels of AICD can be compensated by increases in levels of APP, by
greater efficiency of ε-cleavage mediated by PS1�E9-dependent γ -secretase
activity, or by both mechanisms. While future investigations will be required
to distinguish these possibilities, studies showed that increased expression of
APPswe is capable of preventing mild memory deficits in young BACE1−/−
mice (Ohno et al., 2004). Thus increased levels of APP appear to be sufficient to
compensate for the postulated impaired signaling underlying cognitive deficits.
Intriguingly, recent studies demonstrated that isoform-specific deletion of Fe65
is associated with memory deficits (Wang et al., 2004). One interpretation of
this finding is that interactions of AICD with Fe65-dependent pathways are
important for normal cognitive function.

While it is clear that the cognitive deficits observed in BACE1 null mice
can be prevented in APPswe;PS1�E9;BACE1−/− mice, the emotional deficits
occurring in BACE1 null mice persisted in APPswe;PS1�E9;BACE1−/− mice
(Laird et al., 2005). Consistent with this view are demonstrations that increases
in motor activity found in BACE1 null mice as assessed by a Y-maze paradigm
also occurred in APPswe;BACE1−/− mice (Ohno et al., 2004). Moreover,
isoform-specific Fe65 knockout mice showed cognitive but not emotional
deficits (Wang et al., 2004). Taken together, these findings strongly support the
idea that other potential substrates of BACE1 (other than APP family members)
may play critical roles in neuronal circuits that impact on aspects of emotion in
BACE1−/− mice. These discoveries raise issues regarding mechanism-based
alterations in physiology and behavior that may be associated with use of
BACE1 inhibitors.
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5. BACE1 modulates synaptic function in hippocampus

To examine the role of BACE1 in synaptic transmission and plasticity, a
series of electrophysiological parameters on area CA1, one of the main integral
outputs from the hippocampus, were assessed in BACE1−/− mice. While basal
synaptic transmission (which predominantly measure the AMPA receptor me-
diated component) and pharmacologically isolated NMDA receptor-mediated
responses were similar between wild-type and BACE1−/− mice there was a
significant increase in paired-pulse facilitation (PPF) ratio in BACE1−/− mice
as compared to littermate controls at 50 msec interstimulus interval (Laird et
al., 2005). Since changes in PPF ratio have been attributed to alterations in
presynaptic release probability (Manabe et al., 1993; Saura et al., 2004), the
increased PPF ratio observed in BACE1−/− mice may indicate a deficit in
presynaptic release. However, recent data indicate that PPF can also arise from
postsynaptic modifications, namely subunit composition of AMPA receptors
(Rozov et al., 1998; Shin et al., 2004). Thus, a postsynaptic role for BACE1
cannot be excluded.

To determine whether synaptic plasticity is altered in the BACE1−/− mice,
long-term potentiation (LTP) was examined using four trains of theta-burst
stimulation (TBS). While no differences were observed in the magnitude of
LTP up to 2 hours following the TBS protocol or in long-term depression
(LTD) induced with one train of paired-pulse 1 Hz protocol, there was a
significantly larger LTD reversal (de-depression) in BACE1−/− mice (when 4
trains of TBS were delivered after LTD saturation) as compared to control mice
(Laird et al., 2005). Since both LTP and de-depression are induced by the same
TBS protocol, these results indicate that BACE1−/− mice show a selective
increase in de-depression. To determine if this is due to differential summation
of responses during TBS, the area under the field potentials during the TBS
was compared and it was observed that a significant increase in responses
during TBS in the BACE1−/− only occurred during the de-depression (Laird
et al., 2005). Thus, these outcomes indicate that BACE1−/− mice display
specific deficits in paired-pulse facilitation and de-depression implicating
significant alterations in mechanisms of pre-synaptic release and synaptic
plasticity. Regardless of the exact role BACE1 plays in synaptic functions, the
increase in PPF ratios indicates that a lack of BACE1 can increase synaptic
transmission at higher frequencies. This observation may explain the larger
de-depression in BACE1−/− mice as compared to control mice. However,
contrary to expectations, no increase in LTP in BACE1−/− mice, which is
induced by the same TBS protocol was observed. One possibility is that the
expression of LTP and de-depression utilize different molecular mechanisms
(Abeliovich et al., 1993; Lee et al., 2000). In this case, BACE1 dependent
pathways may act as a negative regulator of de-depression mechanisms, while
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leaving LTP mechanisms intact. That an enhanced summation of responses was
observed in BACE1−/− mice only during LTD reversal suggests that BACE1
acts selectively on the induction mechanism of de-depression. Regardless of
the mechanism, the enhanced transmission of information at high frequencies
(due to increase in ratio of PPF) suggests that altered BACE1 functions lead
to interference with information transmission across synapses. Additionally,
the enhanced de-depression (LTD reversal) observed in BACE1−/− mice may
prevent stable expression of LTD, and hence would interfere with information
storage/memory. It is plausible that the enhanced PPF and/or de-depression
may be responsible for the behavioral deficits seen in BACE1 null mice by
either preventing effective transmission and/or storage of relevant information.
In future studies, it will be interesting to clarify whether abnormalities in
synaptic plasticity reported here in BACE1−/− mice are dependent on APP
processing. Crosses of APP transgenic mice to BACE1−/− mice should be of
value in clarifying this issue. Finally, as BACE1 also accumulates in CA3 in
the hippocampus, it will be important to define whether deficits in synaptic
transmission and plasticity also occur in this area in BACE1−/− mice.

6. Aβ deposition is sensitive to BACE1 dosage and efficiently
cleared from brains of aged mouse models of Aβ

amyloidosis

Because of the potential value of inhibiting BACE1 in efforts to ameliorate
Aβ deposition in AD, it would be important to address whether Aβ burden
is sensitive to BACE1 dosage and whether Aβ deposits can be efficiently
cleared from the CNS by silencing BACE1. To determine whether Aβ burden
is sensitive to dosage of BACE1 in the CNS, Aβ production in young APPswe;
PS1�E9; BACE1+/+ and APPswe; PS1�E9; BACE1+/− mice before the
onset of Aβ deposition was assessed. In 3-month-old APPswe; PS1�E9;
BACE1+/− mice as compared to age-matched APPswe; PS1�E9 mice, both
APP β-CTF, and Aβ1-40/1-42 were significantly reduced (Laird et al., 2005).
To quantify the reduction in Aβ burden after the onset of Aβ deposition,
filter trap and unbiased stereological approaches were employed to measure
the amount of aggregated Aβ and percentage of the brain occupied by Aβ

deposits, respectively. Importantly, no Aβ aggregation was detected from the
filter trap assay in 12- or 20-month old APPswe;PS1�E9 transgenic mice in
the BACE1 null background (Laird et al., 2005). The filter trap assay reveals a
27% reduction of Aβ aggregates in brains of 12 month-old APPswe; PS1�E9
transgenic mice as compared to those in the BACE1+/− background (Laird
et al., 2005). However, no significant differences were observed in 20-month-
old animals. Unbiased stereological analysis of brain sections of the same sets
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of mice revealed a 37% decrease in percentages of brain volume occupied
by Aβ plaques in 12-month-old APPswe; PS1�E9; BACE1+/− as compared
to APPswe; PS1�E9; BACE1+/+ mice (Laird et al., 2005). However, no
significant reduction of Aβ deposition was found in brains of 20 month-old
APPswe; PS1�E9; BACE1+/− mice paralleling the result from filter trap
assays (Laird et al., 2005). Taken together, these results demonstrate that Aβ

burden is sensitive to BACE1 dosage in young but not aged mice suggesting
that BACE1 is no longer a limiting factor in this aged mouse model, possibly
due to compromised Aβ clearance mechanisms including those mediated by
ApoE, ApoJ (clustrin), insulin degrading enzyme (IDE), and neprilysin (Iwata
et al., 2001; Leissring et al., 2003; Marr et al., 2003; DeMattos, 2004; Iwata
et al., 2004). Future studies will be necessary to clarify the ways by which Aβ

clearance mechanisms may be compromised with age.
To determine whether Aβ deposits can be efficiently cleared from the

brain by reducing the level of BACE1, RNA interference (RNAi) strategies to
silence BACE1 in the hippocampus of aged mouse models of amyloidosis were
employed (Laird et al., 2005; Singer et al., 2005). First, lentivirus expressing
shRNA to silence BACE1 was demonstrated to be effective in reducing levels
of BACE1 mRNA and BACE1 protein, as well as secretion of Aβ1−40 (Laird et
al., 2005; Singer et al., 2005). Subsequently, stereotaxically injected lentivirus
expressing shRNA to silence BACE1 selectively in the hippocampus of mutant
APP mice (Singer et al., 2005) or APPswe;PS1�E9 mice (Laird et al., 2005)
showed a significant reduction in Aβ burden (as assessed by unbiased stereo-
logical methods) in injected hippocampus as compared to the hippocampus of
transgenic mice injected with an irrelevant lentivirus. However, no differences
on Aβ burden were seen in the cortex. Furthermore, silencing BACE1 through
RNAi in the hippocampus also attenuated neuropathology and cognitive
deficits occurring in mutant APP mice (Singer et al., 2005). Taken together,
these findings demonstrate that Aβ deposits can be efficiently cleared from
the brain by silencing BACE1 and further validate BACE1 as a target for anti-
amyloid therapy for AD.

7. Summary

Over the past several years, significant advances have been made towards
our understanding of the physiological role of BACE1 and APP signaling
pathway. Moreover, target validation studies indicate BACE1 to be a high
priority anti-amyloid therapeutic target for the treatment of AD. However,
inhibition of BACE1 activity may not be completely free of mechanism-
based consequences related to possible roles of BACE1-dependent APP/AICD
signaling in cognitive functions. It is anticipated that novel mechanism-based
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treatments such as BACE1 inhibitors will become available in the future.
Therefore, it will be critical to understand some of the BACE1/APP mech-
anisms that influence cognition and emotional circuits in the CNS. BACE1
conditional knockout mouse models will be invaluable for clarifying whether
cognitive deficits seen in BACE1−/− mice are related to development or to
aging, and whether BACE1 is involved directly in memory formation, as well as
for evaluating to what extent Aβ peptide associated synaptic abnormalities are
reversible following reductions of BACE1 activity. Finally, studies summarized
in this review emphasize the pivotal roles that BACE1 plays in both health and
disease, findings that are pertinent to the development of effective and safe anti-
amyloid therapies for the treatment of this devastating disease of the elderly.
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1. Introduction

Alzheimer’s disease (AD) is the most common cause of dementia in the
United States. It currently affects over four million patients and this prevalence
is predicted to quadruple in the next five decades, unless effective treatments are
developed. The major clinical and neuropathological features of AD have been
known for nearly a century. Alois Alzheimer, a German psychiatrist, described
the progressive dementia associated with amyloid plaques, neurofibrillary
tangles and neuronal loss, in 1907 (Alzheimer, 1907). Biochemical studies
performed in the 1980’s led to identification of the insoluble aggregates of
two peptides known as amyloid-β (Aβ) and tau, which compose the amyloid
plaques and neurofibrillary tangles, respectively (Glenner and Wong, 1984;
Grundke-Iqbal et al., 1986; Kosik et al., 1986; Wong et al., 1985). In the
1990’s molecular genetic investigations linked the amyloid precursor protein
(APP), which is the polypeptide precursor to Aβ , and the tau protein to a set
of autosomal dominant human neurodegenerative diseases, including familial
AD, hereditary Congophilic angiopathy, and fronto-temporal dementia with
Parkinsonism (Goate et al., 1991; Hutton et al., 1998; Levy et al., 1990).
Mutations in some APP cleavage enzymes, which increase the production of a
more amyloidogenic form of Aβ , were found to be linked to AD (Levy-Lehad
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et al., 1995; Sherrington et al., 1995), and provided the firmest evidence yet
for the primacy of Aβ in the pathogenesis of AD. Mutations in tau are linked
to familial tauopathies, but not to AD. The discovery of these mutations estab-
lished tau as an important pathogenic molecule, rather than an inconsequential
product of upstream pathological cascades. Yet, despite impressive advances in
our understanding of APP trafficking and tau protein chemistry, APP and tau
molecular genetics, Aβ and tau production and clearance, and the molecular
pathology of the structural lesions created by the Aβ and tau peptides, the
mechanisms by which Aβ and tau proteins disrupt brain function are poorly
understood.

Understanding the molecular basis of memory loss, cognitive dysfunction
and neurodegeneration in AD is crucial for developing effective AD therapies.
Studies addressing these problems necessarily involve the creation of trans-
genic models of AD. We have focused Aβ and tau, the peptides that accumulate
and neuropathologically define AD. The work has shown that the aggregation
of Aβ and tau into plaques and neurofibrillary tangles does not cause cognitive
deficits in mice. This astonishing result has redirected AD research toward
the functional properties of Aβ and tau peptides that precede the insoluble
aggregates.

This chapter is written in two parts. The first section of this chapter will
focus on data examining the role of Aβ in causing cognitive deficits. The
second section will discuss the role of tau in disrupting memory function.

2. The role of Aβ in impairing cognition

2.1 APP transgenic mice

Animal models are essential for elucidating the molecular mechanisms
leading to dementia in AD. Three scientific breakthroughs made the creation
of the first transgenic mouse models of AD possible. First was the isolation
and sequencing of the Aβ peptide in 1984 (Glenner and Wong, 1984). Second
was the cloning of APP and the elucidation of its role in generating the Aβ

peptide (Goldgaber et al., 1987; Kang et al., 1987; Robakis et al., 1987;
Tanzi et al., 1987). Third was the discovery of the first mutation in autosomal
dominant AD in APP (Goate et al., 1991) and the subsequent realization that
all autosomal dominant mutations in AD appear to enhance the aggregation
potential of Aβ , which may occur by one of three mechanisms. The Swedish
mutation facilitating APP cleavage near the β-secretase site (Mullan et al.,
1992) increases the overall production of all forms of Aβ . A mutation within
Aβ , called the Arctic mutation, enhances protofibril formation (Nilsberth et
al., 2001). Several mutations near the γ -secretase site increase the relative
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production of the more amyloidogenic Aβ42 (Chartier-Harlin et al., 1991;
Goate et al., 1991; Murrell et al., 1991; Murrell et al., 2000).

This information enabled investigators to create the first APP transgenic
mice modeling Alzheimer’s disease. Altogether, more than 20 such mice mod-
els have been published; many models show age-related plaque deposition and
memory loss. For example, the Tg2576 mouse model, which harbors human
APP with the Swedish mutation, recapitulates many of the neuropathological
features of AD, including amyloid plaques (Hsiao et al., 1996), oxidative stress
(Smith et al., 1998) (Pappolla et al., 1998), astrogliosis (Irizarry et al., 1997),
microgliosis (Benzing et al., 1999; Frautschy et al., 1998), cytokine production
(Benzing et al., 1999), and dystrophic neurites (Irizarry et al., 1997). Tg2576
also show progressive deterioration in spatial reference memory (Hsiao et al.,
1996; Westerman et al., 2002).

However, within a year or so of the creation of the first APP transgenic
mouse models, it became apparent that many important features of AD were
conspicuously absent, including neurofibrillary tangles and gross atrophy, and
that there was variable neuronal and synaptic loss in the different models.
Tg2576 mice were virtually devoid of such neurodegenerative changes (Irizarry
et al., 1997), while synaptic loss was present in J20 and PDAPP mice (Games
et al., 1995; Hsia et al., 1999), and there was some neuronal loss in APP23
mice (Calhoun et al., 1998). We do not understand the factors that account for
the variations in synapses and neurons between mice, but it is clear that the
differences are not entirely attributable to variations in the expression levels
of Aβ . Recently, using highly sophisticated statistical analyses, it was shown
that neurons are killed within the compact plaques of Tg2576 mice (Urbanc
et al., 2002), but their numbers are too small to be detected using unbiased
stereological estimates of overall neuron counts (Irizarry et al., 1997). Thus,
some of the differences may be due to the amount of compact amyloid in the
different models.

2.2 Dissociation of memory impairment from amyloid plaques

A large effort in developing AD modifying therapies has been directed at
reducing the amyloid deposits in the brain (Cherny et al., 2001; Citron, 2004;
Hock et al., 2003; Lim et al., 2001; Lim et al., 2000; Nicoll et al., 2003; Schenk
et al., 1999). Imaging brain amyloid in living patients has been proposed as
a method for following the therapeutic efficacy of amyloid modifying treat-
ments (Klunk et al., 2004). However, amyloid deposits correlate weakly with
cognitive impairment in humans (Arriagada et al., 1992; Katzman et al., 1988;
Terry et al., 1991). Therefore, amyloid plaques may not be the most appropriate
target against which to direct potential interventions. Identifying and isolating
the forms of Aβ that specifically induce memory loss and cognitive dysfunction
may greatly facilitate the development of effective AD treatments.



80 Karen H. Ashe

Multiple studies in APP transgenic mice have supported the idea that CNS
dysfunction and Aβ are related (Chen et al., 2000; Hsiao et al., 1996; Hsiao
et al., 1995; Janus et al., 2000; Morgan et al., 2000; Westerman et al., 2002).
As early as 1995, Hsiao and colleagues showed that the expression of APP in
the brains of mice in the FVB/N background strain produced an age-related
CNS disorder that developed in the absence of amyloid plaques (Hsiao et al.,
1995). Impaired animals showed decreased glucose utilization preferentially in
the parietal and temporal lobes, similar to the pattern observed in AD patients.
Interestingly, a fraction of aged non-transgenic FVB/N mice developed an
identical CNS disorder, suggesting that APP expression accelerated a naturally
occurring, age-related CNS abnormality. These observations provided a link
between age-related cognitive decline and APP, but did not delineate the
particular forms of APP or APP cleavage products that were responsible for
the functional brain abnormalities. Importantly, this study was the first to
demonstrate that brain dysfunction related to APP overexpression could be
dissociated from amyloid formation in these mice.

Over the past decade, descriptive and experimental studies have examined
the relationship between amyloid plaques and cognitive impairment in APP
transgenic mice. A major emphasis has been placed on correlating amyloid
plaque load with memory loss in various lines of APP transgenic mice. These
studies were done to provide support for the amyloid cascade hypothesis, which
stipulates that amyloid plaques cause neurodegeneration and thereby impair
brain function. Multiple studies have been published on the subject (Chen et
al., 2000; Chishti et al., 2001; Gordon et al., 2001; Koistinaho et al., 2001;
Van Dam et al., 2003; Westerman et al., 2002). A rigorous examination of the
descriptive studies along with the experimental results from Aβ immunization
experiments leads to the resounding conclusion that amyloid plaques are not a
major cause of cognitive impairment in plaque-forming mice.

The results of Aβ immunization studies reported by two independent groups
in two different APP transgenic models completely severed the connection
between amyloid plaques, insoluble Aβ and memory impairment (Dodart et
al., 2002; Kotilinek et al., 2002). Memory function in an object recognition task
was fully restored in aged PDAPP mice following six weekly intraperitoneal
injections of m266 monoclonal antibodies (raised against Aβ(13-28)) (Dodart
et al., 2002). Importantly, there was no accompanying change in amyloid
plaque load (Dodart et al., 2002). Even a single injection of m266 antibodies
improved performance in a hole-board exploration task, within the short
interval of a few days (Dodart et al., 2002). In Tg2576 mice, spatial reference
memory deficits in the Morris water maze that were present prior to plaque
deposition were completely reversed following intraperitoneal injections of
two full doses and one half dose of BAM-10 monoclonal antibodies (raised
against Aβ(1-10)) administered within 11 days of testing (Kotilinek et al.,
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2002). The reversal of memory deficits in Tg257 mice was not accompanied
by changes in either SDS-soluble or SDS-insoluble, formic-acid extractable
Aβ , measured by standard enzyme-linked immunosorbent assays (ELISAs)
(Kotilinek et al., 2002). These two studies clearly dissociate memory deficits
from amyloid plaques and gross Aβ measurements in APP transgenic mice,
but failed to identify the form of Aβ that is responsible for memory deficits.

One Aβ immunization study showed no significant improvement in cog-
nitive function in Tg2576 mice until the amyloid load was significantly
reduced (Wilcock et al., 2004). Weekly intraperitoneal administration of 2286
monoclonal antibodies (raised against Aβ(28-40)) in 19- to 22-month Tg2576
mice failed to improve spontaneous alternation significantly in the Y-maze
significantly after one or two months, but significantly improved performance
after three months of treatment. In this study, plaque loads were unaffected
after one month of treatment, but were significantly lower after two and three
months. Thus, the data show an imperfect correspondence between improved
behavioral performance and lower amyloid burden. Yet, if the improvement in
behavioral performance was due to the elimination of plaques, then Tg2576
mice treated for two months, which showed significant reductions in amyloid
burden, should have shown significantly improved spontaneous alternation, but
they did not. The study is limited by small sample sizes (N = 3 in control group,
and N = 6, 9 and 4 in the 1-, 2- and 3-month treatment groups, respectively).

It is also instructive to compare this study with the previous studies exam-
ining effects of passive immunization studies on cognitive function. The 2286
antibodies were directed against the carboxyl-terminus of Aβ , in contrast to
the studies described above, which used m266 (Dodart et al., 2002) and BAM-
10 (Kotilinek et al., 2002) directed against the amino-terminus and the mid-
region of Aβ , respectively. While 2286 antibodies failed to reverse cognitive
dysfunction after two months, m266 and BAM-10 antibodies reversed memory
deficits within two weeks. Thus, carboxyl-terminus Aβ antibodies appear
incapable of rapidly reversing cognitive dysfunction. In contrast, antibodies
that led to rapid recovery of memory function have epitope specificities for the
amino-terminus and mid-region of Aβ , an observation which may shed light
on the potential structure of the form of Aβ that impairs cognitive function
independently of amyloidosis.

The striking improvement in memory following passive immunization with
m266 and BAM-10 antibodies, taken together with the lack of change in plaque
load or the levels of SDS-soluble or SDS-insoluble Aβ levels, implies the
existence of a form of Aβ in the brain that impairs memory independently
of plaques and is not readily detectable by ELISA assays of gross brain
homogenates. This form of Aβ is referred to here as Aβ star (Aβ*). However,
the identity of Aβ* has been elusive.
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Identifying Aβ* has been hampered by the complexities surrounding the
interpretation of cognitive studies in APP transgenic mice. It has been im-
portant in the study of behavioral deficits in transgenic mice overexpressing
APP to distinguish between age-independent and age-dependent abnormalities
(Ashe, 2001; Chen et al., 2000; Westerman et al., 2002). The former appear
to result from the overexpression of APP during brain development, while the
latter are related to biochemical or structural changes that occur as the mice
age. The most rigorous method for distinguishing between age-independent
and age-dependent behavioral deficits is to directly compare transgenic mice
overexpressing equivalent levels of wild type and mutant APP, which has been
done in only one study (Westerman et al., 2002). This study showed that age-
dependent memory deficits begin in Tg2576 mice at 6 months, at least four
months prior to the appearance of amyloid plaques. There is no correlation
between memory function and insoluble Aβ , the main component of amyloid
plaque fibrils, across the lifetime of Tg2576 mice. A critical observation that
emerged from this study was that memory deficits beginning at 6 months of age
remain unchanged for the next 7 to 8 months, an interval during which there
is an increase of between 10- and 1000-fold in the levels of water-soluble,
detergent-soluble, detergent-insoluble, intracellular and lipid-raft associated
Aβ and Aβ-derived diffusible ligands (Chang et al., 2003; Kawarabayashi et
al., 2004; Kawarabayashi et al., 2001; Takahashi et al., 2004; Takahashi et al.,
2002). The prominent dissociation between memory function and all known
forms of Aβ provided additional support for the existence of Aβ*.

The descriptive studies of spatial reference memory in Tg2576 mice enabled
the delineation of two criteria that Aβ* must satisfy. One, Aβ* must appear at 6
months of age, and not before. Two, the levels of Aβ* must remain stable from
6 to 13 months of age. These criteria, along with newly developed techniques
for fractionating Aβ from well-defined, sub-cellular compartments of Tg2576
brain and measuring Aβ oligomers using highly sensitive immunoblotting
methods, have laid the foundation for identifying and isolating Aβ* (Lesne
et al., 2005). A specific 56 kilodalton Aβ assembly called Aβ*56 impairs
memory in Tg2576 mice (Lesne et al., 2006). Aβ*56 correlates with memory
loss in Tg2576 mice. Purified from brains of impaired Tg2576 mice, Aβ*56
impairs memory when administered to young, healthy rats (Lesne et al., 2006).
Thus, Aβ*56 is a particular form of Aβ*. Whether there are other endogenous
forms of Aβ* is unknown.

Recent data support the hypothesis that naturally secreted soluble oligomers
of Aβ are both necessary and sufficient for Aβ to disrupt cognitive function
(Cleary et al., 2005). Soluble Aβ oligomers secreted by Chinese-hamster ovary
cells in culture were isolated by size-exclusion chromatography and injected
into the lateral ventricles of young rats that had been trained in an operant task,
the ALCR (alternating lever cyclic ratio), which measures executive function
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and reference memory (MacNabb et al., 1999; MacNabb et al., 2000). The
ALCR task was used because it is approximately 10 times more sensitive
to subtle cognitive effects of very small doses of psychoactive drugs than
other more commonly used behavioral tests, such as the conventional Morris
water maze (Weldon et al., 1996). In the ALCR task, substances that disrupt
cognitive function produce increases in switching and perseveration errors. The
detrimental effects of soluble Aβ oligomers on cognitive function occurred
independently of effects on motivation or activity, because the increases in error
rates occurred in the absence of changes in either absolute response rates (total
responses per session length) or running response rates (responses per second
during active response periods) (Cleary et al., 2005). Fractions containing
femtomole amounts of oligomers, but not monomers, of Aβ increased the error
rates of the rats performing the ALCR test, within 2 hours of injection. Perfor-
mance returned to normal within one day of injection, and repeated weekly
injections did not disrupt the ability of the rats to continue learning to improve
in the ALCR task, indicating that the rats suffered no permanent neurological
damage resulting from periodic exposure to the soluble Aβ oligomers. Thus,
naturally secreted Aβ oligomers disrupt cognitive function independently of
neurodegeneration when exogenously introduced into healthy, young rats. In
summary, naturally produced soluble Aβ oligomers disrupt cognitive function
in a manner that is rapid, potent and transient, and impair cognitive function
without producing permanent neurological deficits.

3. The role of tau in disrupting memory function

3.1 Tau transgenic mice

Neurofibrillary tangles have long been associated with neurodegeneration
in hereditary and sporadic tauopathies, AD being the most common of these
disorders. However, whether and how neurofibrillary tangles disrupt cognitive
function and the extent to which the structural and functional abnormalities
caused by neurofibrillary pathology are capable of being modulated were
unknown until quite recently. These questions are addressed more easily in
transgenic mouse models than in other experimental systems.

Four landmark findings in tau biology made the creation of transgenic mice
producing neurofibrillary pathology possible. First was the isolation and char-
acterization of tau (Weingarten et al., 1975), a protein involved in promoting the
aggregation and polymerization of tubulin to form microtubules. Second was
the cloning of tau (Neve et al., 1986). Third was the recognition that tau was the
principal protein forming the core of the paired helical filaments of neurofibril-
lary tangles (Grundke-Iqbal et al., 1986; Kosik et al., 1986). Fourth was the dis-
covery of mutations in tau linked to familial tauopathies (Hutton et al., 1998).
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This knowledge led to the generation of transgenic mice with neurofibrillary
pathology, which were developed using both mutant and wild-type tau genes
(Ishihara et al., 1999; Lewis et al., 2000). The 3xTgAD mouse carrying
mutant tau, mutant APP and mutant presenilin-1 develops age-related amyloid
deposits, neurofibrillary tangles and memory decline (Billings et al., 2005;
Oddo et al., 2003). The htau mouse expressing all human wild-type tau
isoforms but no mouse tau is the only one that produces true paired helical
filaments identical to those in AD (Andorfer et al., 2003). The R406W mouse
develops neurofibrillary pathology and memory deficits when mice are nearly
two years old (Tatebayashi et al., 2002).

3.2 Neurofibrillary tangles do not impair memory function in mice

Cognitive function often declines with age and is believed to deteriorate
initially because of changes in synaptic function rather than loss of neurons
(Craik, 1977; Gallagher and Rapp, 1997; Morrison and Hof, 1997). Some
individuals progress to develop AD with neurodegeneration. There is a
prodrome often referred to as Mild Cognitive Impairment (MCI) or Clinical
Dementia Rating (CDR) 0.5 in which individuals have subjective complaints,
mild clinical abnormalities, some plaques and tangles, and neuronal loss mostly
restricted to the entorhinal cortex and the hippocampus (Morris et al., 2001;
Petersen et al., 1999). However, there is a large degree of overlap between the
healthy non-demented cases (CDR 0) and the CDR 0.5 cases. Some individuals
with CDR 0.5 have no overt loss of neurons, indicating that neuronal loss
does not occur invariably prior to cognitive dysfunction (Price et al., 2001).
A similar argument applies to tau pathology and neuritic degeneration, where
there is extensive overlap between CDR 0 and CDR 0.5 cases, arguing also
against these features causing early cognitive symptoms (Price and Morris,
1999). The discrepancies between neuropathology and cognitive function in
individual cases cannot be explained entirely on the basis of specific structural
lesions in the brain.

Recently, we created rTg4510 mice to determine the role of tau in memory
impairment (Ramsden et al., 2005a). The tau transgene driving tauP301L expres-
sion in rTg4510 mice is regulatable (hence the “r”), and can be suppressed with
the antibiotic doxycycline. rTg4510 mice develop progressive age-dependent
neurofibrillary tangles, neuronal loss and cognitive deficits (Ramsden et al.,
2005a). Spatial reference memory measured in the Morris water maze, a test
that is sensitive to hippocampal lesions (Morris et al., 1982), becomes impaired
prior to the appearance of mature, argyrophilic neurofibrillary tangles in the
hippocampus (Ramsden et al., 2005a; SantaCruz et al., 2005). Following the
suppression of transgenic tau, memory function recovers and neuron num-
bers stabilize but surprisingly, neurofibrillary tangles continue to accumulate
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(SantaCruz et al., 2005). The data show that neurofibrillary tangles are neither
necessary nor sufficient to cause cognitive decline or neuronal death. Moreover,
these findings imply that memory function in rTg4510 mice is impaired by, as
yet unidentified, tau star (tau*) molecules, which are located among the soluble
tau species. Identifying and isolating tau* is a focus of current work (Ramsden
et al., 2005b).

Figure 1. The Aβ* and tau* hypotheses of cognitive impairment in Alzheimer’s dis-
ease. Models summarizing the relationship between memory impairment and Aβ in
plaque-forming APP transgenic mice and tangle-forming tau transgenic mice. (A) The
hypothetical amyloid cascade involves the conversion of monomeric Aβ (circles) to
Aβ star (Aβ*), which are as yet unidentified soluble Aβ assemblies in the brain that
disrupt cognitive function independently of amyloidosis or neurodegeneration. There
may be a dynamic equilibrium between Aβ*, Aβ monomers and amyloid plaques.
Amyloid plaques have not been shown to induce cognitive dysfunction directly. Amyloid
plaques may be cleared by cells and molecules involved in the inflammatory system.
(B) The hypothetical neurofibrillary tangle cascade entails the conversion of monomeric
tau (squares) to tau star (tau*), which are as yet unidentified tau species in the brain
that disrupt cognitive function independently of tangle formation or neurodegeneration.
Neurofibrillary tangles contain a form of tau that appears to be a stable protein fate,
as it accumulates even when tau protein production is greatly reduced. Neurofibrillary
tangles do not appear to impair memory function.
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4. Summary

Our research addressing the molecular basis of dementia in AD has involved
the creation of Aβ and tau transgenic mice. Our work and that of other
investigators has shown that plaques and tangles do not cause cognitive deficits
in mice. These exciting findings have redirected research away from the
structural consequences of the Aβ and tau peptides and turned attention toward
studies of their functional consequences. We refer to the specific species of Aβ

and tau that underlie memory deficits as Aβ star (Aβ*) and tau star (tau*) (see
Figure 1).

Aβ* and tau* are potential early causative agents in AD. Investigations of
Aβ* and tau* have been made possible by the creation and study of memory
and cognitive function in transgenic mice and in non-transgenic rat models of
Alzheimer’s disease. Identifying Aβ* and tau* is the most logical first step
to developing therapies to modulate Aβ- and tau-related brain dysfunction.
Successful approaches to the prevention and treatment of AD will depend upon
isolating Aβ* and tau* and understanding the cellular mechanisms by which
they disrupt brain function.
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1. Cholesterol homeostasis in cells and the brain

Cholesterol can be considered a molecule of life and death: an essential
component of cellular membranes and a precursor of many hormones, and yet
a risk factor for many life-threatening diseases, such as Niemann Pick type
C disease, Smith-Lemli-Opitz syndrome and cardiovascular disease. Because
of cholesterol’s central role in determining the physical properties of cellular
membranes, even small changes in cholesterol homeostasis will affect numer-
ous cellular events. A good example is a mutation in the NPC1 gene leading
to the intracellular accumulation of cholesterol due to a failure to transport un-
esterified cholesterol out of late endosomal/lysosomal compartments (Carstea
et al., 1997; Ikonen and Holtta-Vuori, 2004; Loftus et al., 1997). As the basic
mechanisms of Aβ generation have been reviewed elsewhere in this book (see
Chapters 1–3), we will begin this chapter at the basics of cholesterol biology
and then review how cholesterol may be involved in the pathophysiology of
Alzheimer’s disease (AD).

1.1 Intracellular cholesterol compartmentation

In peripheral cells, cholesterol is derived from two sources: circulating low-
density lipoproteins LDL and VLDL that are taken up via receptor-mediated
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endocytosis; and, de novo synthesis in the endoplasmic reticulum (ER). In sys-
temic cholesterol homeostasis, liver is the central organ, as it synthesizes most
of the needed cholesterol, processes absorbed dietary cholesterol and is also
partially responsible for cholesterol catabolism. The liver releases low-density
lipoproteins into the circulation mainly as lipoprotein-bound cholesteryl-esters.
After endocytosis in peripheral cells, esterified cholesterol is released from
the lipoprotein particles in the endo/lysosomal compartment and unesterified
cholesterol is transported either to the ER or through the Golgi complex to
the plasma membrane (reviewed in Soccio and Breslow, 2004; summarized in
Figure 1).

The ER is the crucial regulatory compartment in cellular cholesterol home-
ostasis. First, the entire cholesterol biosynthetic pathway of 19 steps is cat-
alyzed by 9 enzymes that are localized in the ER (in addition, peroxisomes
and plasma membrane might play some minor roles in cholesterol synthesis)
(Kovacs et al., 2002; Reinhart et al., 1987). The rate-limiting enzyme of the
pathway and the target of statins, HMG CoA reductase, is also localized in ER
membranes (Reinhart et al., 1987). The ER membranes are low in cholesterol
content and serve as a delicate sensor for changes in cellular cholesterol levels.
The level of cholesterol in the ER is translated into the expression of genes
regulating lipid metabolism through ER-bound transcription factors, called
sterol regulatory element binding proteins (SREBP) (Brown and Goldstein,
1997; Brown and Goldstein, 1999). When cholesterol levels are low, active
SREBP is released by proteolytic processing after its transport from the ER
to the Golgi by SCAP (SREBP-cleavage activating protein). On the other
hand, when cholesterol is abundant, SREBP-SCAP complex binds to the ER
retention protein Insig, preventing exit of the complex from the ER (reviewed
in Anderson, 2003).

The cholesterol:phospholipid ratio is more than ten-fold higher in the
plasma membrane as compared to the ER membrane and eight-fold in the
Golgi and endosomes (Colbeau et al., 1971; Reinhart, 1990). Cholesterol
constitutes ∼35–45% of lipid molecules in the plasma membrane. In addition to
differences in cholesterol content among intracellular membranes, cholesterol
is also compartmentalized within the Golgi and plasma membrane in lipid rafts.
A third type of cholesterol compartmentalization is achieved by the budding
of neutral lipid vesicles from the ER as a storage form of ER-associated
cholesterol. These three lipid compartments are summarized in Figure 1.

Specific intracellular cholesterol trafficking mechanisms create and main-
tain marked asymmetries in cholesterol contents among intracellular mem-
branes and compartments. To maintain the ER-plasma membrane gradient,
cholesterol must be transported from the ER by transport mechanisms. This
transport can occur through two general pathways, vesicular and nonvesicular
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Figure 1. Intracellular trafficking of cholesterol. (1) Endoplasmic reticulum (ER) is the
crucial regulatory compartment in cholesterol homeostasis. Synthesis (9 enzymes from
HMG CoA reductase (HMGR) to 7-dehydrocholesterol reductase (DHCR7)), esterifi-
cation (ACAT1) and hydroxylation (e.g. cholesterol 25-hydoxylase (25OH), cholesterol
7α-hydroxylase (CYP7) and cholesterol 24-hydroxylase (CYP46)) of cholesterol occur
in the ER, although some hydroxylation may also take place in mitochondria. Fur-
thermore, the cholesterol-sensing mechanism (SREBP, SCAP and Insig) that controls
the transcriptional regulation of cholesterogenic enzymes and lipoprotein receptors
is located in the ER. Steep concentration gradient of cholesterol is maintained
throughout the secretory pathway (cholesterol/phospholipid ratio increases more than
ten-fold from ER to plasma membrane). (2) Excess free cholesterol is converted to
cholesteryl-esters by ACAT in the ER and stored in neutral, cytoplasmic lipid droplets.
(3) Although cholesterol is transported intracellularly in the membranes of vesicles, a
nonvesicular, Golgi-independent route appears to be the main ER-to-plasma membrane
route for nascent cholesterol. Members of the StAR-related lipid transfer protein
(START) family are the main sterol carrier proteins. Reverse cholesterol transport
from intracellular pools to extracellular cholesterol acceptors (such as HDL) occurs
through ABC-transporters (e.g. ABCA1, ABCG1) located on the plasma membrane.
Alternatively, cholesterol/sphingolipid-rich membrane microdomains (caveolae and lipid
rafts) are assembled in the Golgi before transport to the plasma membrane. (4)
Cholesterol uptake occurs through endocytosis of lipoproteins through lipoprotein
receptors such as LDL receptor (LDLR). Released cholesterol is then recycled through
the endosomal/lysosomal compartment to the ER, Golgi and plasma membrane. NPC1
is crucial protein in the endocytic sorting plasma membrane-derived cholesterol.
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(reviewed in Soccio and Breslow, 2004). Vesicular transport involves the mem-
branes of trafficking vesicles between compartments. Nonvesicular transport
between the ER and the plasma membrane is not well defined. Nonvesicular
transport, in general, can be mediated by diffusible carrier proteins such as
sterol-carrier proteins (SCP) and members of StAR-related lipid transfer pro-
tein (START) family that have hydrophobic cavities to bind cholesterol (Soccio
and Breslow, 2003). Cholesterol-rich microdomains such as caveolae and lipid
rafts form in the Golgi where cholesterol molecules assemble together with
sphingomyelin and glycosphingolipids. Cholesterol-rich microdomains are
then transported to the plasma membrane to constitute functionally important
protein-lipid assemblies (reviewed in Brown and London, 1998; Quest et al.,
2004; Simons and Ikonen, 2000). Finally, acyl coenzyme A:cholesterol trans-
ferase (ACAT) converts excess unesterified cholesterol to inert cholesteryl-
esters for storage (Buhman et al., 2000; Chang et al., 2001). Cholesteryl-esters
are highly hydrophobic and form neutral lipid droplets that pinch off from
the ER into the cytoplasm, surrounded by a monolayer of phospholipids and
proteins (Martin and Parton, 2005).

Cells can handle excess cellular cholesterol in many ways, via enzymes lo-
calized to the ER and also to the mitochondria. As mentioned above, cholesterol
can be converted to cholesteryl-esters by the ER-associated ACAT and stored in
cytoplasmic lipid storage organelles called lipid droplets or lipid bodies (Martin
and Parton, 2005). However, unesterified cholesterol can also be transported
out of the cells by plasma membrane ATP-binding cassette transporters (ABC-
family proteins; e.g. ABCA1 and ABCA2 in extrahepatic tissues) to become as-
sociated with apolipoproteins such as ApoA-I that are ultimately cleared from
the plasma by the liver (Santamarina-Fojo et al., 2001). Furthermore, excess
unesterified cholesterol can be converted to oxysterols that are excreted from
the cells through ABC-family transporters (Knight, 2004). Some cholesterol-
metabolizing enzymes such as cholesterol 25-hydroxylase, cholesterol 7α-
hydroxylase (CYP7A) and cholesterol 24-hydroxylase (CYP46) (Bjorkhem et
al., 1999) are located in the ER (some oxysterol-producing enzymes are located
in mitochondria). Oxysterols generated by these enzymes are mostly excreted
by the cells but also serve as ligands for liver X receptor (LXR) transcription
factors that provide another layer of transcriptional control on cholesterol and
fatty acid metabolism (reviewed in Accad and Farese, 1998; Collins, 2004).

Intracellular trafficking of cholesterol is crucial for maintenance of mem-
branes and membrane-dependent cellular functions but also for regulation of
cholesterol homeostasis itself. As ER is the central cholesterol sensor of the
cell, all pools of cellular cholesterol must have access to the ER in order
to regulate cholesterol homeostasis through the SREBP and LXR pathways
as well as to be esterified by ACAT for storage in cytoplasmic lipid bodies.
Interestingly, changes in ER cholesterol levels not only regulate cholesterol
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homeostasis but can also affect other cellular processes such as the activation
of unfolded protein response (UPR) pathway (Feng et al., 2003).

1.2 Cholesterol metabolism in the brain

Cholesterol is highly enriched in the central nervous system (CNS) com-
pared to other tissues. Although the CNS accounts for only ∼2% of whole
body mass it contains almost 25% of the total body cholesterol. According to
rough estimates, the average concentration of cholesterol in fresh tissues of
whole animals is ∼2.2 mg/g but in the brain almost 10-fold, in the range of
15–20 mg/g (Dietschy and Turley, 2001; Dietschy and Turley, 2004). Sterols in
the CNS are predominantly in the form of unesterified cholesterol with small
amounts of cholesterol esters and desmosterol (Dietschy and Turley, 2004).
Roughly 70–80% of cholesterol in the adult brain is present in the specialized
membranes of myelin, the remainder being in plasma membranes of neurons
and glia. As ∼90% of the cells in the CNS are glial cells, neurons contain only
a small fraction of the total cholesterol pool of the brain (Vance et al., 2005).

Brain cholesterol metabolism is largely independent from systemic choles-
terol metabolism. As plasma lipoproteins cannot cross the blood-brain barrier,
virtually all cholesterol in the brain is synthesized locally (Dietschy and Turley,
2001). However, it is possible that cerebrovascular endothelial cells could
mediate uptake of plasma LDL-cholesterol to the brain to a limited extent
(Vance et al., 2005). On the other hand, the blood-brain barrier also restricts the
egress of cholesterol from the CNS. For example, in the rat brain cholesterol
has a long half-life of 4 to 6 months (Vance et al., 2005). Hydroxylation of
cholesterol allows the sterol molecule to be transferred across the blood-brain
barrier orders of magnitude faster than cholesterol per se. Thus, the main
mechanism by which cholesterol is excreted from the brain is by conversion
to 24(S)-hydroxycholesterol via cholesterol 24-hydroxylase (CYP46) (Lund
et al., 1999; Lund et al., 2003). However, the mechanism by which 24(S)-
hydroxycholesterol crosses the blood–brain barrier is not well understood.

Some of the plasma lipoproteins are also expressed in the CNS, suggesting
that these proteins are involved in cholesterol transport among neurons and
glia. For example, several members of the LDL receptor family [e.g. LDL
receptor (LDLR) and the LDL receptor-related proteins (LRP)] as well as
apolipoproteins (Apo) E, A1, D and J, and membrane transporters of the
ATP-binding cassette (ABC) family (such as ABCA1, ABCG1 and ABCA4)
(Nakamura et al., 2004; Wang et al., 2004), are expressed in the CNS. On the
other hand, cerebrospinal fluid has been reported to contain a population of
lipoproteins that is distinct from those in plasma (Koch et al., 2001; LaDu et
al., 1998; Pitas et al., 1987).
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Glia-derived ApoE plays a major role in the cholesterol metabolism in
the nervous system. ApoE and ApoJ in the CNS are present in cholesterol-
containing lipoprotein particles that are roughly the size and density of plasma
HDLs (Koch et al., 2001; LaDu et al., 1998; Pitas et al., 1987). The ApoE-
containing lipoproteins in the CNS are proposed to bind to neuronal surface
receptors of the LDL receptor family (such as LDLR, LRP and the Apo ER2
receptor) that can mediate uptake of the ApoE-containing lipoproteins. Three
common alleles of ApoE are found in humans – ApoE2, E3 and E4; Apo E3
being the most frequently expressed ApoE allele. Importantly, inheritance of
the ApoE4 allele is the strongest known risk factor for the development of
late-onset Alzheimer’s disease (Tanzi and Bertram, 2005; other chapters in this
book). Intriguingly, the synthesis of ApoE by glial cells increases dramatically,
by up to 150-fold, after injury to the nervous system, suggesting that ApoE is
a key molecule for repair processes in the nervous system.

Changes in CNS cholesterol metabolism may be etiologically related to the
onset of several neurological diseases. Smith-Lemli-Opitz syndrome (charac-
terized by marked abnormalities in brain development and function due to
defective cholesterol synthetic pathway) and Niemann-Pick type C disease
(characterized by fatal neurodegeneration due to intracellular cholesterol accu-
mulation in the endo/lysosomal compartment) represent neurological disorders
caused by genetic defects in genes regulating cholesterol homeostasis. Interest-
ingly, it has been reported that in patients suffering from Alzheimer’s disease
the rate of sterol flux across the CNS is elevated and is proportional to the
severity of dementia (Lutjohann et al., 2000).

2. Cholesterol in Aβ biology

Cholesterol homeostasis appears to be intimately linked to various aspects
of Aβ biology (summarized in Figure 2). Changes in cholesterol levels can
be manifested on cellular physiology on many levels including changes in
membrane cholesterol asymmetry, lipid raft structure and function, membrane
lipid fluidity and protein conformation. On a mechanistic level, how these
changes in cellular cholesterol homeostasis are linked to various aspects of APP
and Aβ biology is not well understood. However, statins and ACAT inhibitors
appear to be promising therapeutic strategies for AD since both reduce amyloid
plaque density in animal models of the disease (discussed later in this chapter).
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Figure 2. Cholesterol and the cell biology of Aβ. (1) Newly synthesized APP is
N-glycosylated in the endoplasmic reticulum (ER). The ER is also the site of choles-
terol esterification and hydroxylation, although how these processes mechanistically
relate to APP is not well understood. (2) Partially matured APP is transported to
the Golgi complex where it completes maturation and is finally transported to the
plasma membrane. β- and γ -secretases activities can be found in newly assembled
cholesterol/sphingolipid-rich membrane microdomains in the Golgi. APP processing
is thought to occur mostly in the trans-Golgi network, the plasma membrane, and
endosomes. (3) Unprocessed, mature APP is transported to the plasma membrane.
The newly generated Aβ is either released to the extracellular space or remains
associated with the plasma membrane and lipid raft structures. Excess unesterified
cholesterol in the plasma membrane and ER- and mitochondria-derived oxysterols
are loaded to extracellular lipid acceptors such as ApoE by ABCA1. (4) Monomeric
Aβ can bind to numerous molecules in the extracellular space. Binding of Aβ to
ganglioside GM1 in the cholesterol/sphingolipid-rich membrane microdomains (lipid
rafts) strongly favors Aβ aggregation. Binding of ApoE to Aβ regulates aggregation but
also cellular uptake of Aβ. (5) ApoE-Aβ complexes are taken up by the cells through
receptor-mediated endocytosis mediated by e.g. LRP (LDL receptor-related protein)
and LDLR. Lipoprotein-bound cholesteryl esters are hydrolyzed in the endo/lysosomal
system and cholesterol is transported through NPC1-containing compartment to the ER
and Golgi. Endocytosed Aβ also has access to other subcellular compartments through
the vesicular transport system. In addition, Aβ may be generated in the endo/lysosomal
system from endocytosed APP.



100 Henri J. Huttunen and Dora M. Kovacs

2.1 Cholesterol and Aβ generation

Of all aspects of Aβ biology linked to cholesterol, Aβ generation is the
one supported by strongest experimental evidence. Aβ is generated from
amyloid precursor protein (APP) by two successive proteolytic cleavages that
are catalyzed by β-secretase (BACE1) and γ -secretase (a heteromultimeric
complex containing presenilin, nicastrin, Aph-1 and Pen-2). APP can also be
cleaved by α-secretases (ADAM10, ADAM17 or TACE) within the Aβ domain
(for details, see Chapters 1–3).

Cholesterol is a major constituent of lipid rafts together with sphingolipids
(sphingomyelin and glycosphingolipids) and glycosylphosphatidylinositol
(GPI)-linked proteins. As several transmembrane receptors and cytoplasmic
signaling molecules have been shown to concentrate to lipid rafts, they are
considered as functional hot spots of the plasma membrane (reviewed in Cohen
et al., 2004; Quest et al., 2004; Simons and Ikonen, 1997). Lipid rafts are
assembled in the Golgi complex (Simons and Ikonen, 1997) and are constantly
endocytosed. Amyloidogenic processing of APP depends on cholesterol-rich
membrane domains whereas “nonamyloidogenic” α-cleavage of APP occurs
mainly in the phospholipid-rich domain of plasma membrane (Ehehalt et al.,
2003). Both BACE1 and γ -secretase complex have been shown to localize to
lipid rafts (Riddell et al., 2001; Vetrivel et al., 2004). BACE1 appears to be
particularly sensitive to membrane cholesterol content and targeting of BACE1
to the lipid rafts by adding a GPI-anchor strongly upregulates its activity
(Cordy et al., 2003). Importantly, the enzymes of the α-secretase pathway (e.g.
ADAM10, ADAM17 and TACE) preferentially partition to the phospholipid-
rich (cholesterol-poor) domain of the plasma membrane (Kojro et al., 2001).
A recent study suggests that segregation of β- and γ -secretases to cholesterol-
rich membrane domains restricts their access to APP and that aberrant access
of APP to these membrane domains results in increased Aβ generation (Abad-
Rodriguez et al., 2004). Thus, localization of APP to the subdomains of
the plasma membrane could directly regulate whether nonamyloidogenic or
amyloidogenic pathway is utilized for APP processing (Abad-Rodriguez et al.,
2004). Interestingly, both monomeric and dimeric species of Aβ were shown
to be concentrated in lipid rafts both in the transgenic mouse model (Tg2576)
of AD as well as human AD brains (Kawarabayashi et al., 2004; Lee et al.,
1998). It is possible that these lipid raft-associated dimeric Aβ species were
produced from dimerized APP.

Changes in cellular levels of cholesterol and distribution of cholesterol
induced by pharmacological agents such as statins and ACAT inhibitors have
repeatedly been shown to modulate Aβ generation and will be reviewed below.
In animal models, hypercholesterolaemia induced by high cholesterol diets
increased deposition of Aβ in brains of rabbits (Sparks et al., 1994) and
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double-mutant transgenic mice (PSAPP) that overexpress APP (Tg2567) and
presenilin 1 (PS1) (Refolo et al., 2000). However, one study showed that diet-
induced hypercholesterolaemia caused a decrease in brain levels of secreted
Aβ in transgenic mice expressing APP with Swedish mutation (Howland et al.,
1998).

2.2 Cholesterol in Aβ aggregation and clearance

Altered Aβ aggregation and/or clearance have repeatedly been implicated
in the pathogenesis of late-onset AD. Ganglioside GM1-bound Aβ has been
shown to act as an efficient seed for Aβ aggregation (Choo-Smith et al., 1997;
Yanagisawa and Matsuzaki, 2002; Yanagisawa et al., 1995). The binding of
Aβ to GM1 is markedly accelerated in cholesterol-rich environments and it
has been suggested that soluble Aβ recognizes the GM1 cluster in cholesterol-
rich membrane domains as a receptor and binds to it to initiate Aβ aggregation
(Kakio et al., 2001). Increases in membrane cholesterol content, which are
likely to occur during aging, could favor amyloid fibril formation through this
mechanism.

ApoE is involved in many aspects of Aβ metabolism, including Aβ deposi-
tion and clearance (DeMattos, 2004; DeMattos et al., 2004; Hone et al., 2003).
The cellular mechanisms underlying the effects of ApoE on amyloid deposition
and plaque formation are not well understood but are likely to be independent
of cholesterol and involve a direct interaction between ApoE and Aβ that alters
the metabolism and/or clearance of Aβ (Bales et al., 2002; LaDu et al., 1994).
For further details on Aβ aggregation and clearance, see Chapter 10 of this
volume.

2.3 Aβ and cholesterol homeostasis

Changes in cholesterol levels alter APP expression and production of
Aβ (Gibson Wood et al., 2003). Interestingly, several studies have sug-
gested that Aβ itself may modulate cholesterol homeostasis and properties
of cellular membranes. Extracellular Aβ has been shown to stimulate uptake
of cholesterol-containing ApoE-lipid complexes into hippocampal neurons
and Chinese hamster ovary cells (Beffert et al., 1998; Yang et al., 1999).
Oligomeric Aβ1−40 induced removal of cholesterol, PC and GM1-ganglioside
from cultured rat neurons and astrocytes without an exogenous lipid acceptor
(Michikawa et al., 2001). On the other hand, Aβ can promote production of
reactive oxygen species (Butterfield et al., 2002) that could promote oxidation
of lipoproteins. Oxidized lipoproteins are taken up into the cells faster than
their unoxidized counterparts. Whether these contrasting effects of Aβ on
cholesterol uptake and release have disturbing effects on cellular cholesterol
equilibrium is currently not known.
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Several studies have suggested that even low concentrations of Aβ can alter
the fluidity of cellular membranes (Muller et al., 2001). Aβ aggregates bind to
lipids, preferentially to cholesterol, and it has been suggested that extracellular
Aβ aggregates could extract cholesterol directly from membranes (Avdulov
et al., 1997). Alternatively, extracellular Aβ could interfere with cholesterol
efflux pathways by complexing with plasma membrane proteins involved in
cholesterol efflux. Acceptors for ABCA1-mediated cholesterol efflux include
apolipoproteins such as ApoA-I that contain amphipathic helices. As Aβ is
an amphipathic molecule that binds lipids in an aggregated state (Avdulov et
al., 1997) it is possible that Aβ could modulate ABCA1-mediated cholesterol
efflux. Finally, it has been suggested that Aβ may inhibit cholesterol esterifica-
tion and lead to altered distribution of unesterified cholesterol in cells (Liu et
al., 1998).

3. Potential Aβ-lowering therapeutics based on cholesterol

Altogether, it appears that the balance between amyloidogenic and non-
amyloidogenic APP processing is highly sensitive to changes in intracellular
cholesterol distribution. In this section, we will briefly summarize cell-based,
animal and clinical studies assessing how cholesterol affects Aβ production as
this approach may hold great promise as future therapeutics for Alzheimer’s
disease.

3.1 Inhibition of HMG CoA reductase (statins)

Statins are a highly successful class of drugs that inhibit HMG CoA
reductase, the rate-limiting enzyme in the cholesterol synthetic pathway. These
drugs have a good safety profile and are widely used to effectively reduce serum
cholesterol. Statins have been shown to attenuate Aβ production in cell-based
and animal models of AD and in humans. In cell-based studies, physiological
concentrations of lovastatin lower cellular cholesterol levels and specifically
inhibit Aβ generation (Buxbaum et al., 2001). Similarly, simvastatin was
shown to reduce the production of Aβ by APP-transfected neurons in vitro
(Fassbender et al., 2001).

Several animal studies, including studies in rabbits, guinea pigs and trans-
genic mice, have shown a strong connection between plasma cholesterol and
Aβ production (Fassbender et al., 2001; Refolo et al., 2000; Sparks et al., 2000;
Sparks et al., 1994). Various statins introduced into these animal models of
AD have produced highly promising results in terms of reducing cerebral Aβ

levels. Simvastatin treatment strongly reduced Aβ levels in both cerebrospinal
fluid (CSF) and brain homogenate of guinea pigs (Fassbender et al., 2001).
In another study, atorvastatin treatment was shown to reduce Aβ deposition
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in PSAPP transgenic mouse model of AD (Petanceska et al., 2002). Another
cholesterol-lowering drug, BM15.766, strongly reduced Aβ generation and
plaque load in Tg2576 transgenic mouse model of AD (Refolo et al., 2001).
Statins do not appear to modulate brain cholesterol levels in ApoE knockout
mice suggesting that statins regulate brain cholesterol through a mechanism
that requires ApoE (Eckert et al., 2001).

Epidemiological studies indicate that the prevalence and incidence of AD
in subjects taking statins is remarkably decreased (Jick et al., 2000; Wolozin et
al., 2000). In these initial retrospective studies, lovastatin and pravastatin but
not simvastatin reduced the prevalence of AD in cardiovascular patients by up
to 73%. Treating subjects with doses of statins used in clinical management of
hypercholesterolemia has been shown to reduce Aβ in human plasma and in
cerebrospinal fluid by almost 40% (Friedhoff et al., 2001).

Prospective studies on statin therapy for AD have produced mixed results.
Simvastatin treatment was reported to reduce cognitive decline in a small
cohort of 26 mild AD subjects (Simons et al., 2002). However, pravastatin
failed to reduce the incidence of AD in the PROSPER study (a large prospec-
tive analysis of ∼6000 subjects with high cholesterol who were at risk for
cardiovascular disease) (Shepherd et al., 2002). The reasons for the failure of
pravastatin to prevent AD in this study are unclear. Although statin treatment
effectively blocks cholesterol synthesis in the human CNS (Fassbender et al.,
2002), it only reduces Aβ levels in the CSF of subjects without or with only
mild dementia (Simons et al., 2002). Although it seems unlikely that statins
would be beneficial for patients with severe AD, statin treatment seems to delay
the cognitive and behavioral decline in mild to moderate AD patients (Sparks
et al., 2005). Several clinical trials are ongoing to test the efficacy of various
statins as a preventative or therapeutic treatment for AD.

Both hydrophobic statins and hydrophilic statins appear to reduce the
levels of 24-hydroxycholesterol (Vega et al., 2003). This is surprising con-
sidering that the blood-brain barrier permeability of statins differs greatly
depending on lipophilicity. Whether the statin-induced reduction in cerebral
Aβ levels depends on the cholesterol-lowering effects of statins or on other
mechanisms remains an open question. Cholesterol-independent, indirect anti-
inflammatory and antioxidant effects might be important for the efficacy of
statins towards AD (Akiyama et al., 2000; Cordle and Landreth, 2005; Kwak
et al., 2000; Menge et al., 2005). For example, statins inhibit the production
of L-mevalonate, a key intermediate in the cholesterol synthetic pathway.
Metabolites of L-mevalonate are involved in post-translational modification of
proteins, regulation of gene expression, cell proliferation and differentiation
(Menge et al., 2005). Interestingly, recent results suggest that statins modulate
APP processing independently of their cholesterol-lowering effect as statin-
induced inhibition of the isoprenoid pathway increases α-secretase cleavage
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of APP in cell-based studies (Pedrini et al., 2005). Statin-induced inhibition
of the isoprenoid pathway was also shown to attenuate Aβ-induced microglial
activation in cells (Cordle and Landreth, 2005). These ambiguous actions of
statins on Aβ production and other aspects of AD in vivo may partially explain
mixed clinical results examining whether statins are beneficial in treating AD.

3.2 Inhibition of ACAT

Although the beneficial effects of statins for AD may be due to their
pleiotropic actions, other cholesterol-modifying strategies have been shown
to attenuate Aβ production. ACAT is an ER-resident enzyme responsible for
conversion of excess free cholesterol to cholesteryl esters (Buhman et al., 2000;
Chang et al., 1997; Chang et al., 2001). Inhibition of ACAT function in cells
either by genetic or pharmacological means has been shown to efficiently
suppress Aβ generation (Puglielli et al., 2001). Remarkably, in a cell line
(AC29) derived from Chinese hamster ovary cells that overproduces cholesterol
but lacks functional ACAT, both β- and γ -cleavages of APP are almost
completely inhibited.

Several small molecule inhibitors of ACAT have been developed for treat-
ment of hyperlipidaemia and atherosclerosis (Giovannoni et al., 2003). To date,
none of these have proved superior to statins in clinical studies in terms of
efficacy. However, the long continued interest towards ACAT in pharmaceutical
industry has provided ACAT inhibitors that are safe for human use and can be
used to study the role of ACAT in Alzheimer’s disease. The ACAT inhibitor CP-
113,818 was recently tested in a mouse model of AD with encouraging results.
Two-month treatment with CP-113,818 remarkably reduced amyloid pathology
and correlated with improved spatial learning in transgenic mice expressing
human APP751 containing the London (V717I) and Swedish (K670M/N671L)
mutations (Hutter-Paier et al., 2004). As the study of ACAT inhibitors for AD
are still in the preclinical stage, no clinical data is available yet.

3.3 Increased cholesterol efflux and oxysterol mimics

In addition to esterification, cells handle excess unesterified cholesterol
through hydroxylation and secretion of resulting oxysterols. Oxysterols stimu-
late transcription of the cholesterol transporter ABCA1, and ABCA1 mediates
the efflux of cholesterol and oxysterols from the cell (Knight, 2004). ABCA1 is
partially regulated by the liver X transcription factors (LXR) and synthetic ag-
onists of the LXR receptor have been shown reduce Aβ secretion (Brown et al.,
2004; Koldamova et al., 2003; Sun et al., 2003). Interestingly, overexpression
of ABCA1 in cells resulted in decreased levels β- and γ -cleavage products of
APP independently of cellular lipid efflux (Sun et al., 2003). Furthermore, the
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natural LXR agonists, oxysterols, also inhibit β-amyloid secretion supporting
a role for LXR in regulating β-amyloid secretion (Brown et al., 2004).

Although modulation of ABCA1 expression/activity has not been tested
in clinical settings, a synthetic LXR receptor agonist, T0901317, has been
shown to lower amyloidogenic processing of APP in a mouse model of AD
(Koldamova et al., 2005). Remarkably, both ABC transporters and CYP46,
the main oxysterol-producing enzyme in the CNS, have been linked to the
pathophysiology of Alzheimer’s disease. Polymorphisms in ABCA1, ABCA2
and CYP46 genes have been associated with the prevalence of Alzheimer’s
disease (Mace et al., 2005; Papassotiropoulos et al., 2003; Wollmer et al.,
2003). CYP46 expression was shown to increase around neuritic plaques likely
reflecting the need to remove cholesterol from dystrophic neurites (Brown et
al., 2004).

ApoE plays a critical role in determining when and where in the brain Aβ

will aggregate. ABCA1 is an important regulator of the lipidation state and
levels of ApoE in the brain. Although the role of ABCA1 in Aβ biology
appears to be complex, it may turn out to be a good therapeutic target for
AD. Clearly, further studies are required to fully evaluate how ABCA1, reverse
cholesterol transport or mimicking oxysterol action in the brain could be used
as a therapeutic approach in Alzheimer’s disease.

3.4 Modulation of NPC1 activity

Niemann-Pick type C disease and Alzheimer’s disease share several
histopathological similarities (Nixon, 2004). Similar patterns of neurofibrillary
tangles, tau phosphorylation and endosomal abnormalities are found in the
brains of both AD and NPC disease patients (reviewed in Vance et al., 2005).
In a mouse model of Niemann-Pick type C disease accumulation of cholesterol
in late endosomes/lysosomes is associated with abnormal distribution of
presenilin-1 and increased generation of β-CTFs of APP as well as Aβ (Burns
et al., 2003). Either the lack of functional NPC1 protein (as in NPC disease)
or treatment of cells with the cholesterol transport inhibitor U18666A leads
to increased γ -secretase activity, abnormal APP processing and increased Aβ

production through accumulation of cholesterol in the endosomal trafficking
system (Burns et al., 2003; Runz et al., 2002). These findings suggest that
modulation of NPC1 activity could be used to lower Aβ production in cells.

4. Conclusions and future prospects

The presence of cholesterol in biological membranes strongly affects their
properties. APP is a transmembrane protein, and the last step in the cascade
that produces Aβ occurs through intramembrane proteolysis. Thus, it is not
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surprising that cholesterol plays a central role in Aβ generation. However,
the relationship between cholesterol and Aβ is more complex. In addition to
Aβ generation, cholesterol also regulates Aβ aggregation and clearance and
might affect the neurotoxic mechanisms of Aβ . Conversely, Aβ has effects on
cholesterol homeostasis. Studies with cell-based and animal models as well as
studies in clinical settings have provided a wealth of new information on the
role of cholesterol in Aβ biology and AD pathophysiology. These advances
are expected to provide hope for the development of a potential cholesterol-
based therapeutic strategy for this disease. Statins are already widely and
effectively used to lower serum cholesterol. The efficacy of statins towards AD
still remains an open question and requires further clinical proof. In addition
to HMG CoA reductase, other targets such as ACAT, ABC-family transporters
and liver X transcription factors have recently emerged as potential new targets
for pharmacological intervention and treatment of AD.
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1. Introduction

A large and growing number of degenerative disease, including Alzheimer’s,
Parkinson’s, Huntington’s diseases and type II diabetes are characterized by the
accumulation of specific misfolded proteins as amyloid fibers. Recent insight
into the structure of amyloid fibrils and biochemical analysis of the fibril
assembly pathways indicates that many self-aggregating polypeptides share
a common structural motif and aggregation pathway regardless of their protein
sequences. Indeed, the formation of amyloids is not restricted to disease-
related proteins, indicating that the amyloid lattice is a fundamental protein
structural motif that has been selected against during evolution. The structural
and mechanistic commonalities provide a powerful conceptual framework for
understanding pathogenic pathways and the contribution of disease-specific
factors to the individual diseases. Pathogenic events that are held in common
by multiple diseases may constitute a core pathway leading to degeneration
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while disease-specific events may be likely to contribute to increasing the
concentration of misfolded proteins that initiate the aggregation pathway. To
the extent that the diseases share a common core pathway of degeneration,
they may be amenable to the same types of therapeutic interventions.

Aβ has been described to form aggregates in two fundamental types of
reactions: A. non-metal dependent association (“apo-Aβ”), B. metal-dependent
association. Non-metallated aggregates of apo-Aβ form amyloid fibrils and
soluble oligomers principally by intermolecular hydrogen bonding and hy-
drophobic interactions. Metallated Aβ (usually binding Cu2+, Zn2+ or Fe3+)

forms ionically-bridged aggregates, covalently crosslinked oligomers (when
bound to Cu2+), and seeds apo-Aβ fibrillization. There is evidence of both
fibrillar Aβ and metal-associated Aβ aggregates in the brain in Alzheimer’s
disease (AD). Therefore, the characterization of both pathways of aggregation
are important for understanding the pathogenesis of AD. Furthermore, metal-
dependent aggregation mechanisms for other self-aggregating proteins impli-
cated in disease have become increasingly recognized. Therefore, the structural
commonalities of self-aggregating proteins in their apo and metal-associated
states may emerge as key to several pathogenic mechanisms.

Here we review the structure of Aβ in its apo- and its metal bound state.

2. Aβ

Figure 1. The primary amino acid sequence of Aβ. The key residues involved in
transition metal binding are indicated in red. The 42 residue form is enriched in plaque
pathology. The rat sequence is the same as the mouse sequence, with two of the
substitutions involving metal coordinates. The sole methionine at residue 35, which
plays important roles in membrane insertion, redox activity and toxicity is highlighted.

The sequence of Aβ was first discovered from the insoluble component of
amyloid plaques and congophilic angiopathy (Glenner and Wong, 1984). Aβ

is a group of 39-43 residue amphipathic polypeptides that are constitutively
expressed in all tissues and biological fluids (Haass et al., 1992; Seubert et al.,
1992; Shoji et al., 1992). The peptide’s generation per se does not cause self-
aggregation, since Alzheimer-like pathology does not develop until advanced
adult life. In the healthy brain, Aβ is resident in the membrane fraction where
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it may be normally embedded in a Cu/Zn-bound oligomer (Curtain et al., 2001;
Curtain et al., 2003). Soluble forms of Aβ are only detected in AD-affected
tissue (McLean et al., 1999) or the brains of APP transgenic mice.

Aβ may be a constitutive Cu/Zn-binding metalloprotein, since the peptide
coordinates these metals in plaques (Lovell et al., 1998; Opazo et al., 2002;
Dong et al., 2003), and since its expression may directly impact on transition
metal homeostasis (Maynard et al., 2002; Bayer et al., 2003; Phinney et al.,
2003). Therefore, it is important to consider the structure of Aβ in its metal-
bound and it apo-state. Both hypermetallation and undermetallation may lead
to the peptide’s aggregation.

3. Aβ aggregation

3.1 Fibril structure

Early studies on the x-ray fiber diffraction of amyloid fibrils indicated
that the peptide is organized in a characteristic “cross β” pattern within the
fiber lattice, where the extended polypeptide backbone is perpendicular and
the hydrogen bonding is parallel to the fiber axis (Eanes and Glenner, 1968;
Kirschner et al., 1986). Recent advances in the structural biology of amyloid
fibrils have led to the identification of a parallel, exact register motif for the
organization of extended polypeptide strand as a common underlying structural
organization of disease-related amyloid fibrils. Some fibrils derived from short
peptide segments of Aβ are also known to be antiparallel (Petkova et al., 2004).
The first evidence for this simple and intriguing structural motif was obtained
from solid state NMR analysis of amyloid Aβ fibrils (Benzinger et al., 1998;
Antzutkin et al., 2000; Balbach et al., 2002). This was independently confirmed
by site-directed spin labeling and electron paramagnetic resonance (SDSL-
EPR) spectroscopy for Aβ . Subsequent work employing SDSL-EPR has shown
that this parallel, exact register structural motif is conserved in amyloid fibrils
from alpha synuclein, islet amyloid polypeptide (IAPP) and tau filaments (Der-
Sarkissian et al., 2003; Jayasinghe and Langen, 2004; Margittai and Langen,
2004). Recently, a high resolution x-ray crystal structure was reported for a
seven residue segment of the yeast prion sup35, that is also a parallel, exact
register sheet structure (Nelson et al., 2005). This structure provides additional
details about the sheet stacking interactions between sheets in the fibril. The
parallel, exact register structural motif gives rise to a highly ordered linear
“zipper” array of stacked amino acid side chains up and down the sheet that
has also been observed on a smaller scale in parallel beta helix proteins (Jurnak
et al., 1994; Jenkins and Pickersgill, 2001). This stacking of individual amino
acid side chains in a linear array gives rise to a molecular “bar code” (Fig. 2)
for each sheet in the fibril that varies with the individual amino acid sequence
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of the amyloid forming protein and may form the basis for observed seeding
specificity of amyloid fibrils in nucleating the assembly of proteins of similar
or identical sequence (Krebs et al., 2004).

Figure 2. Schematic represen-
tation of the “bar code” stack-
ing of amino acid side chains in
a parallel exact register sheet.
Alternating amino acids, shown
in italics, have side chains fac-
ing on the opposite side of the
sheet. The exact registration of
the polypeptide chains gives rise
to vertical stacks of side chain
“steric zippers” running parallel
to the fiber axis. This results
in the formation of a series of
side chain ridges and grooves
that constitute a molecular bar
code that is unique for each
amyloid sequence. The molecu-
lar complementarity of the sheet
surfaces forms the basis of the
sheet stacking interaction during
fibril assembly.

The crystal structure of sup35 heptapeptide
reveals that alternating side chains of extended
beta strands form two distinct sheet interfaces;
one that is non-hydrated or “dry” and another
that is hydrated or “wet”, even though both
faces are composed predominantly of polar
amide stacks. The bar code grooves and ridges
of the dry face is self complementary and the
polar Asn and Gln side chains stacks interdig-
itate forming van der Walls interactions. The
sheet spacing across the dry face is separated
by only 8.5 Å, while the wet face is completely
hydrated and the distance across this interface
longer. It is not yet clear whether this alternat-
ing dry, wet sheet interface is a characteristic
of other amyloid fibers as the wet interface has
the characteristics of a crystal lattice contact
and may not exist as amyloid fibrils (Nelson
et al., 2005). Each polypeptide chain forms 11
hydrogen bonds. The 5 main chain hydrogen
bonds are intermolecular and four additional
hydrogen bonds are contributed by side chain
amide “stacks” that force the polypeptides to
align in parallel and in register (Nelson et
al., 2005). Although only Asn, Gln and Tyr
side chain stacks were observed in the Sup35
heptapeptide crystal structure, it is reasonable
to envision that other amino acid side chains
also form these type of linear stacks in more
complex amyloid sequences.

3.2 Fibril polymorphisms

The extended parallel, in register generic amyloid motif is sufficiently broad
to accommodate a wide range of potential variation in the length of beta
strands; the number of strands and the location of turns or hairpin bends still
satisfy the critical features of this common motif. It is also consistent with the
hollow helical nanotube structure proposed for polyglutamine peptides on the
basis of x-ray fiber diffraction (Perutz et al., 2002). Small differences in the
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location of turns, the length of sheets or the stacking of the sheets may give
rise to self-propagating variants that can explain prion strains. It should also
be noted that some fibrils might not be parallel, in-register structures. Small
peptides can also form cross beta fibrils in an antiparallel fashion (Petkova
et al., 2004). Others appear to involve minimal reorganization of the native
structure, such as the fibrils that accumulate in the “serpinopathies”. These
appear to polymerize by a domain swapping mechanism (Lomas and Carrell,
2002).

Aβ appears to be organized as a hairpin structure containing two parallel,
in register strands separated by a bend or turn. There is general agreement that
amino terminal 10 residues are disordered, residues 11-20 constitute the first
strand, followed by a turn from residues 21-27 and then residues 28-38 make
up the second strand although the exact boundaries of these features is not
entirely clear and there are some discrepancies that need to be resolved among
the different approaches. The last few residues also appear to be disordered or
more mobile than the strand regions. This hairpin could conceivably have two
possible orientations within the fiber where the strands are oriented “cross beta”
or perpendicular to the fiber axis and the hydrogen bonding is parallel to the
fiber axis. One is with the plane of the hairpin perpendicular to the fiber axis.
In this orientation, the all of the strands are parallel, the main chain hydrogen
within the sheet is strictly intermolecular and the amino acid side chains in the
sheet are all stacked the entire length of the sheet. The other possible orientation
is where the plane of the hairpin is parallel to the fiber axis. In this orientation,
the main chain hydrogen bonding alternates between parallel intermolecular
and antiparallel intramolecular. Since in this latter orientation the hairpin is
the fundamental building block of a single sheet, instead of a pair of sheets
separated by a turn in the first model, only pairs of identical amino acid side
would stack, rather than linear stretches that run the entire length of the sheet.
The phenomenon of spin exchange has been observed in tau fibrils (Margittai
and Langen, 2004). This phenomenon depends on extended linear arrays of
spin labeled side chains that would allow free diffusion of electrons in the spin
label analogous to the case in a crystal lattice, indicating that the main chain
hydrogen bonding is strictly parallel and in register throughout as observed in
the crystal structure of the sup35 heptapeptide.

The details of the intersheet side chain packing also remains to be estab-
lished for Aβ fibrils. Some progress is beginning to be made using disulfide
cross-linking of cysteine substituted Aβ polypeptides (Shivaprasad and Wetzel,
2004). These studies indicated that residues 17 and 34 could be efficiently
intramolecularly crosslinked by a disulfide bond within preformed fibrils,
indicating that they are located proximally inside the hairpin turn. Residues
17/35 and 17/36 were not efficiently crosslinked in fibrils and no intermolecular
crosslinking was observed. These results are inconsistent with the hairpin
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model based the electrostatic interaction of the side chains of Glu 22 and Lys 28
(Tycko, 2003). However, there appears to be considerable flexibility regarding
the registration of side chains on the inside of the hairpin with respect to the
ability to form fibrils. Intramolecular disulfides also form in Aβ monomers
in the 17/35 and 17/36 double mutants and these purified, disulfide bonded
monomers are able to assemble into amyloid fibrils that resemble the wild type
fibrils by several criteria (Shivaprasad and Wetzel, 2004). This is particularly
surprising for 17/35, because this species predicts that the registration of
residues on the C-terminal strand would be flipped 180 degrees with respect to
the inside and outside of the hairpin, suggesting that there is also considerable
structural flexibility of the sheet stacking interactions on the inside and outside
faces of this sheet. This observation of structural variability is consistent with
the finding that Aβ can assemble into at least two slightly different forms,
reminiscent of the strain phenomenon in prions (Harper et al., 1997; Goldsbury
et al., 2005; Petkova et al., 2005). While this seems to add another layer
of complexity to the problem of understanding the fibril structure it is also
possible that small differences in the fibril structure may not be pathologically
significant.

3.3 Oligomer structure

In contrast to the fibril structure, relatively little is known about the structure
of amyloid oligomers. Structural characterization of oligomers is complicated
by the difficulty in preparing homogeneous populations of oligomers and the
fact that oligomers are transient and not as stable as fibrils (Kayed et al.,
2003). The observation that they can be stabilized by detergents may help to
alleviate this later problem (LeVine, 2004). Aβ oligomers are extended or beta
structures as analyzed by circular dichroism and infrared spectroscopy (Walsh
et al., 1999; Kayed et al., 2003). Hydrogen-deuterium exchange analysis of
oligomers indicates that 40% of the total backbone hydrogen bonds are resistant
to exchange in the oligomeric conformation, indicating they have a stable core
that is consistent with substantial beta sheet character (Kheterpal et al., 2003).
In contrast, 50% of the backbone hydrogen bonds are resistant to exchange in
the mature amyloid fibril, indicating that there is a small increase in main chain
hydrogen bonding that accompanies the transition to the fibrillar conformation
(Kheterpal et al., 2000).

The size distribution of Aβ oligomers is heterogeneous. There is broad
consensus for the preferential accumulation of a soluble high molecular weight
species of approximately 100–200 kDa under relatively physiological condi-
tions in vitro (Soreghan et al., 1994; Walsh et al., 1997; Goldsbury et al., 2000;
Nichols et al., 2002; Kayed et al., 2003; Lashuel et al., 2003; LeVine, 2004).
The oligomeric forms of Aβ secreted in the culture medium of transfected
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cells appear to be somewhat smaller by gel filtration although their distribution
overlaps with the elution of soluble APP, which is approximately 70 kDa
(Cleary et al., 2005).

3.4 Aggregation pathways

The relationship between oligomers and fibrils remains to be established.
There seems to be some structural relationship because both appear to be
extended or beta structures and they display similar amounts of main chain
hydrogen bonding that is resistant to exchange. On the other hand, amyloid
oligomers and fibrils appear to contain mutually exclusive and non-overlapping
conformations in terms of their reactivities to antibodies that recognize generic
epitopes that are common to amyloids of different sequence (O’Nuallain and
Wetzel, 2002; Kayed et al., 2003). It also remains to be established whether
oligomers represent a fundamental unit of amyloid structure that assembles
en block into fibrils or whether it is an off pathway structure that serves to
buffer the concentration of monomers. Oligomers are a kinetic intermediate,
waxing at early times and waning as fibrils evolve (Harper et al., 1997;
Kayed et al., 2003), but this does not necessarily imply that they are on
pathway intermediates. Moreover, at early times oligomers appear as spherical
aggregates and at later times appear to elongate by coalescence of spherical
subunits with a “string of beads” appearance leading to the view that these
“protofibrils” are precursors on the pathway to mature fibrils (Harper et al.,
1997; Walsh et al., 1997; Blackley et al., 2000). However, other studies suggest
that the spherical oligomers may be off pathway intermediates that serve to
buffer Aβ monomer concentration (Goldsbury et al., 2005) or that both on
pathway and off pathway fates are possible under different conditions (Nichols
et al., 2002).

4. Metal-Aβ aggregation

4.1 Cu, Zn and Fe interaction with Aβ

In vitro studies have shown that Zn(II), Cu(II) and Fe(III) are able to induce
protease resistant aggregation and precipitation of Aβ (Bush et al., 1994a;
Bush et al., 1994b; Huang et al., 1997; Atwood et al., 1998; Atwood et al.,
2000). Up to 3.5 equivalents of Zn2+ or Cu2+ can bind synthetic Aβ (Atwood
et al., 2000), which is likely to be accomplished by the peptide coordinating
multiple metal ions by forming oligomers. The measured saturable affinities
of Aβ1-40 for Zn2+ are ≈5µM and ≈100 nM using 65Zn as a tracer with
immobilized peptide (Bush et al., 1994a; Bush et al., 1994b), while for Cu2+
the lowest apparent affinity is ≈1 nM (for both Aβ1-40 and Aβ1-42, using
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chelators of known affinity as competitors and directly measuring metal bound
to either soluble or precipitated peptide). The highest apparent affinity, using
competition against chelators for Cu2+, is much greater for Aβ1-42 (≈10−18)

than for Aβ1-40 (≈ 10−12) (Atwood et al., 2000), which may be due to
positive cooperativity in forming a hexameric assembly (Curtain et al., 2001)
or may be due to a perturbed equilibrium caused by Aβ1-42 more readily
precipitating from solution. Assessment of transition metal affinity with Aβ1-
40 and Aβ1-42 in solution using tyrosine fluorescence produced results that
are at variance with the earlier estimations (Garzon-Rodriguez et al., 1999).
Specifically, affinities were about 3 orders of magnitude lower than with the
other reported methods using unlabeled peptide. The discordance may be
explained possibly by inability of tyrosine fluorescence spectroscopy to detect
the high affinity interactions. The study by Garzon-Rodriguez et al. (1999) also
described evidence of positive cooperativity between Cu2+ and Zn2+ binding
as well as Fe2+ binding affinity of a similar affinity to that of Cu2+.

The ionic assembly of Aβ aggregates by Cu2+ and Zn2+ is reversible
with chelation in vitro (Huang et al., 1997; Atwood et al., 1998; Atwood et
al., 2000) and in post-mortem AD brain tissue (Cherny et al., 1999), which
may be the basis for a therapeutic approach (Cherny et al., 2001; Ritchie et
al., 2003). The interaction of synthetic peptide with transition metals is so
sensitive that the apparent self-aggregation of Aβ (into amyloid precipitates
and soluble SDS-resistant oligomers) in solution has been shown to be initiated
by high nanomolar levels of metals that common contaminate laboratory
buffers (Huang et al., 2004). This does not mean that Aβ will not self-aggregate
in the absence of metal ions, but that the presence of metal ions even at
trace concentrations will markedly accelerate aggregation and precipitation
possibly by initiating nucleation. Apart from aggregating Aβ , Cu2+ also reacts
with Aβ yielding covalent crosslinking of the peptide (Atwood et al., 1998;
Atwood et al., 2000). Dityrosine crosslinking is much more efficient when Aβ

is aggregated in the fibrillar state, perhaps as a result of the proximal positioning
of adjacent tyrosine residues in the parallel, in register fibril structure (Yoburn
et al., 2003).

While these metals play important roles in normal physiology, they are
found in relatively high concentrations in the neocortical regions of the brain
most susceptible to AD neurodegeneration. During neurotransmission high
concentrations of Zn (300 µM) (Frederickson, 1989) and Cu (30 µM) (Schlief
et al., 2005) are released, which may explain why Aβ precipitation into
amyloid commences in the synapse (Terry et al., 1991). The amyloid plaques
could be described as metallic sinks as high concentrations of Cu (400 µM),
Zn (1 mM) and Fe (1 mM) (3 to 4-fold background brain tissue concentrations)
have been found in amyloid deposits in AD-affected brains (Lovell et al., 1998).
Zn(II) released by synaptic transmission has been demonstrated to play a major
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role in Aβ plaque formation. Genetic ablation of the zinc transporter 3, that
transports zinc into synaptic vesicles, markedly inhibits cortical amyloid plaque
deposition (Lee et al., 2002; Lee et al., 2004) and congophilic angiopathy
(Friedlich et al., 2004) in the brains of the Tg2576 transgenic mouse model
for AD.

Nature also provides an interesting “control peptide” in the rat/mouse
homologue of Aβ , that differs from human Aβ by three substitutions, with
Arg5, Tyr10 and His13 of human Aβ becoming Gly5, Phe10 and Arg13
(Shivers et al., 1988). The behavior of this peptide is important since rats
and mice do not form brain amyloid deposits with age (Vaughan and Peters,
1981), even in mutant presenilin 1 transgenic mice (Duff et al., 1996), while
other mammalian species expressing the human Aβ sequence do deposit
brain amyloid (Johnstone et al., 1991). The substitutions in the rat/mouse Aβ

attenuates metal affinity, preventing the precipitation by Zn2+ or Cu2+ (Bush et
al., 1994b; Atwood et al., 1998), and abolishing the peptide’s electrochemical
reduction of Cu2+ and Fe3+ and its associated toxicity (Huang et al., 1999a;
Huang et al., 1999b).

The histidine residues of Aβ at positions 6, 13 and 14 in its N-terminus
(Figure 1), are a structural element that enables Aβ to coordinate up to 3.5
moles of Cu or Zn with a range of affinities (Atwood et al., 2000). In aqueous
solution Aβ undergoes rapid conformational exchanges making it difficult
to determine the precise nature of the metal binding sites. The question has
been approached using various spectroscopic techniques, including Raman
spectroscopy, circular dichroism and magnetic resonance. Raman spectroscopy
has been used to study the binding modes of Zn2+ and Cu2+ to Aβ in solution
and insoluble aggregates. Two different modes of metal-Aβ binding were
reported, one characterized by metal binding to the imidazole Nτ atom of
histidine, producing insoluble aggregates, the other involving metal binding
to the Nπ , but not the Nτ atom of histidine as well as to main-chain amide
nitrogens, giving soluble complexes. Zn2+ binds to Aβ only via the Nτ

regardless of pH, while the Cu2+ binding mode is pH dependent. At mildly
acidic pH, Cu2+ binds to Aβ in the former mode, whereas the latter mode is
predominant at neutral pH. From this data it was proposed that the transition
from one binding mode to the other explained the strong pH dependence of
Cu2+-induced Aβ aggregation (Atwood et al., 1998).

The interactions of synthetic Aβ with copper, zinc and iron have been
probed using Nuclear Magnetic Resonance (NMR) and Electron paramagnetic
resonance (EPR) spectroscopy. Huang et al. (Huang et al., 1999b) used multi-
frequency EPR (S-, X- and Q-band) to show that copper coordinates tightly to
Aβ1-40 and that an approximately equimolar mixture of peptide and CuCl2
produced a single Cu2+-peptide complex. Computer simulation of the S band
spectrum with an axially symmetrical spin Hamiltonian and the g and A
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matrices (g||,2.295; g�, 2.073; A||163.60, A⊥10.0 X 10−4 cm−1) suggested a
tetragonally distorted geometry, which is commonly found in type 2 copper
proteins. Expansion of the MI = −1/2 resonance revealed nitrogen ligand
hyperfine coupling. Computer simulation of these resonances indicated the
presence of at least three nitrogen atoms. This, and the magnitude of the
g|| and A|| values, together with Peisach and Blumberg plots, are consistent
with a fourth equatorial ligand binding to copper via an oxygen. Therefore,
the coordination sphere for the copper-peptide complex was considered to be
3N1O.These authors also used EPR spectroscopy to measure residual Cu2+
remaining after incubating stoichiometric ratios of CuCl2 with Aβ1-40. There
was a 76% loss of the Cu2+ signal, compatible with peptide-mediated reduction
of Cu2+ to diamagnetic Cu+, which is undetectable by EPR, in agreement with
the corresponding concentration of Cu+ measured by bioassay.

A variety of spectroscopic studies have confirmed that the histidine residues
constitute the principal site of metal coordination, and both in aqueous solu-
tion and membrane-mimetic environments, coordination of the metal ion is
consistent, establishing that the three histidine residues are all involved in the
coordination of the first metal ion (Curtain et al., 2001; Curtain et al., 2003).
At Cu(II)/peptide molar ratios > 0.3, exchange broadening was observed in
the EPR spectra, indicating that the peptide was coordinating a second Cu(II)
atom in a highly cooperative manner (Curtain et al., 2001; Curtain et al., 2003).
This is consistent with previous studies that demonstrated the cooperative
binding of Cu (Garzon-Rodriguez et al., 1999). Similar broadening of Cu
EPR spectra have been observed in mimetics of superoxide dismutase (SOD)
which contain two copper atoms bridged by imidazole (Ohtsu et al., 2000).
Methylation of the Nε2 atoms in the imidazole sidechains of Aβ abolished this
second binding site (Tickler et al., 2005). Therefore, the second binding site
might result in a histidine residue bridge between metal ions (distance between
metals ∼6 Å); the resulting coordination sphere would be reminiscent of that
observed in the active site of SOD1. A Raman spectroscopy study showed
that all three histidine residues are involved in the coordination of Cu and
Zn by Aβ , the exact nature of the coordination sphere being pH dependent
(Miura et al., 2000). While the data from these EPR studies which have been
performed in phosphate buffered saline (PBS) are consistent with the formation
of SOD-like structures, a number of other EPR studies have given a range
of different results (Antzutkin, 2004; Karr et al., 2004; Syme et al., 2004).
While, these studies agree that the histidine residues of Aβ are critical for
Cu coordination, Cu induced broadening in EPR was not observed. Of critical
importance is that different solution conditions (i.e. different buffers) were used
in each of these studies and that Aβ is a pleiomorphic molecule, its structure
is dependent on the local conditions; for instance the Zn induced aggregation
of Aβ is dependent on NaCl being present in the buffer (Huang et al., 1997).
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These different solution conditions are likely to give rise to different structural
propensities for Aβ and may explain the variations in the reported results.
Moreover, Tyr10 was identified as a ligand for Cu but not Zn. A Raman study
(Dong et al., 2003) of the core of senile plaques confirmed that Cu and Zn but
not Fe were coordinated to the histidine residues of the deposited Aβ . Zn2+
was coordinated to the histidine Nτ and the Cu2+ to the Nπ , confirming that
the metal binding mode was the same in both the synthetic peptide and its
aggregates and the naturally occurring plaques. Fe in the plaque vicinity is
contained within ferritin found inside the neuritic processes that penetrate the
plaque (Grundke-Iqbal et al., 1990).

The bridging histidine may be responsible for the reversible metal induced
aggregation of Aβ . The bridging histidine residues may also explain the
multiple metal binding sites observed for each peptide and the high degree
of cooperativity evident for subsequent metal binding. With three histidines
bound to the metal center a large scope exists for metal-mediated cross-linking
of the peptides leading to aggregation, which will be reversible when the metal
is removed by chelation. It is quite possible that metal-induced precipitation
of Aβ is quite different from that induced prolonged incubation of monomeric
peptide in the absence of metal.

Rat Aβ forms a metal complex via two histidine residues and two oxygen
ligands rather than three histidine residues and one oxygen ligand, compared
with human Aβ where the side-chain of His13 of human Aβ is ligated to the
metal ion. This was borne out by the EPR spectrum, which was typical of a
square planar 2N2O Cu2+ coordination.

4.2 Aβ redox activity

Oxidative stress markers characterize the neuropathology both of Alzheimer’s
disease and of amyloid-bearing transgenic mice (Smith et al., 1996; Smith
et al., 1998). The neurotoxicity of Aβ has been linked to hydrogen peroxide
generation in cell cultures by a mechanism that is still being fully described
but is likely to be dependent on Aβ coordinating redox active metal ions
(Barnham et al., 2004). Huang et al. showed that human Aβ directly produces
H2O2 by a mechanism that involves the reduction of metal ions, Fe3+ or Cu2+
(Huang et al., 1999a; Huang et al., 1999b). Spectrophotometry was used to
show that the Aβ peptide reduced Fe3+ and Cu2+ to Fe2+ and Cu+ and that
molecular oxygen was then trapped by Aβ and reduced to H2O2 in a reaction
that is driven by substoichiometric amounts of Fe2+ or Cu+. In the presence
of Cu2+ or Fe3+, Aβ produced a positive thiobarbituric-reactive substance,
compatible with the generation of the hydroxyl radical (OH*). Tabner et al.
used spin-trapping to identify the radical produced by Aβ in the presence of
Fe2+, concluding that it was OH* (Tabner et al., 2002). However they also
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found OH* was produced in the presence of Fe2+ by Aβ25-35, which does not
contain a strong metal binding site.

Incubation with Cu2+ causes SDS-resistant oligomerization of Aβ (Atwood
et al., 1998; Atwood et al., 2000), which is also found in the neurotoxic
soluble Aβ extracted from the AD brain (Roher et al., 1996). Atwood et al.
(Atwood et al., 2004) found that Cu2+ induced SDS-resistant oligomers of Aβ

gave a fluorescence signal characteristic of the cross-linking of the peptide’s
tyrosine 10. This finding was confirmed by directly identifying the dityrosine
by electrospray ionization mass spectrometry and by the use of a specific
dityrosine antibody. The addition of H2O2 strongly promoted Cu2+-induced
dityrosine cross-linking of Aβ1-28, Aβ1-40, and Aβ1-42, and Atwood et al.
(Atwood et al., 2004) suggested that the oxidative coupling was initiated by
interaction of H2O2 with a Cu2+ tyrosinate. The dityrosine modification is
significant since it is highly resistant to proteolysis and would be important
in increasing the structural strength of the plaques.

Density functional theory calculations elucidated the chemical mechanisms
underlying the catalytic production of H2O2 by Aβ/Cu and the production
of dityrosine (Haeffner et al., In press). Tyrosine10 (Y10) was identified as
the critical residue. This finding accords with the growing awareness that the
O2 activation ability of many cupro-enzymes is also coupled to the redox
properties of tyrosine and the relative stability of tyrosyl radicals. The latter
play important catalytic roles in photosystem II, ribonucleotide reductase,
COX-2, DNA photolyase, galactose oxidase, and cytochrome-c oxidase.

The Cu/tyrosinate hypothesis was tested using an Aβ1-42 peptide with
tyrosine 10 substituted with alanine (Y10A) (Barnham et al., 2004). Both
peptides gave rise to similar 65Cu EPR spectra with the strong single g⊥ reso-
nance characteristic of an axially symmetric square planar complex, although
there was a significant increase in the g|| value of Y10A. The increase was
probably due to some distortion of the coordination sphere because the oxygen
ligand, which was possibly from Y10, was now derived from another oxygen
donor (e.g. H2O, phosphate, or carboxylate from the peptide). While wild-type
Aβ42 rapidly reduces Cu2+ to Cu+ in aqueous solution, with near-complete
reduction taking 80 min. the mutation of Y10 to alanine markedly decreased
the ability of Ab to reduce Cu2+. Further, spin-trapping studies also confirmed
the DFT observation that Y10 acts as a gate that facilitates the electron transfer
needed to reduce Cu2+ to Cu+. When the spin trap 2-methyl-2-nitrosopropane
was added to the reaction mixture w.t.Aβ1-42/Cu2+/ascorbate a broad line
triplet characteristic of a trapped carbon-centered radical bound to a peptide
appeared in the EPR spectra. However, if Y10A peptide were substituted for
the wild-type peptide, formation of this triplet was inhibited.
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4.3 The effect of metal binding on the interaction of Aβ

with membranes

Numerous reports have described the effects of Aβ on membranes and
lipid systems and their possible roles in its neurotoxicity. Structural studies
in different membrane-mimetic systems have demonstrated considerable vari-
ation in peptide conformation. There is much experimental evidence, from far-
ultraviolet circular dichroism spectroscopy and FT-IR spectroscopy that the Aβ

peptides can be membrane associated in the β˜ configuration, although there
are reports of membrane-associated α-helices being found in the presence of
gangliosides, cholesterol and Cu2+ or Zn2+.

EPR spectroscopy, using spin labelled lipid chains or protein segments,
has been used extensively to study translational and rotational dynamics
in biological membranes. Lipids at the hydrophobic interface between lipid
and transmembrane protein segments and peptides in their monomeric and
oligomeric states have their rotational motion restricted. This population of
lipids can be resolved in the EPR spectrum as a motionally restricted com-
ponent distinct from the fluid bilayer lipids which can be quantified to give
both the stoichiometry and selectivity of the first shell of lipids interacting
directly with membrane-penetrant peptides. The stoichiometric data can give
an estimate of the number of subunits in a membrane-associated oligomeric
structure. Using this approach it was shown that Aβ1-40 and Aβ1-42 bound to
Cu2+ or Zn2+ bound to bilayers of negatively charged, but not zwitterionic
lipid, giving rise to such a partly immobilised component in the spectrum
(Curtain et al., 2001; Curtain et al., 2003). When the peptide:lipid was in-
creased, the relationship between the mole fraction of peptide and proportion
of slow component was linear. Even at a fraction of 15%, all of the peptide
was associated with the lipid, suggesting that the structure associating with the
lipid membrane was well defined. The lipid:peptide ratio is approximately 4:1
(Curtain et al., 2003). This stoichiometry can be satisfied by 6 helices arranged
in association, surrounded by 24 boundary lipids. In the presence of Zn2+,
Aβ1-40 and Aβ1-42 both attached to the bilayer over the pH range 5.5–7.5, as
did Aβ1-42 in the presence of Cu2+. However, only Aβ40 associated with the
lipid bilayer in the presence of Cu2+ at pH 5.5–6.5; at higher pH, there was a
change in the Cu2+ coordination sphere that inhibited membrane association.
Increasing the cholesterol component of the lipid to 0.2 mole fraction of the
total lipid inhibited insertion of Aβ1-40 and Aβ1-42 (Curtain et al., 2003).
This is important, because elevated cholesterol is a risk factor AD, appears
in amyloid plaques and exaggerates transgenic mouse neuropathology (Refolo
et al., 2000; Mori et al., 2001). Therefore, elevated membrane cholesterol may
cause Cu2+-bound Aβ species to emerge outside of cells, where the toxic redox
activity of Aβ is inititiated by the availability of Met35 (Varadarajan et al.,
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1999; Curtain et al., 2001). Some soluble forms of this released Aβ may drift
into the synapse and cerebral blood vessel walls where very high concentrations
of Zn2+ cause the peptide to precipitate (Lee et al., 2002; Bush, 2003; Friedlich
et al., 2004; Lee et al., 2004).

CD spectroscopy revealed that the Aβ peptides had a high α-helix content
when membrane penetrant, but were predominantly β-strand when not. It was
also possible to gain an estimate of the secondary structure of the peptide from
the degree of immobilisation of the lipid in the shell; the more immobilised
the more likely the peptide is present as a β structure. Simulation of the
spectra and calculation of the on-off rates suggested that the peptide was most
likely penetrating as an α-helix (Curtain et al., 2001; Curtain et al., 2003). In
membrane-mimetic environments, coordination of the metal ion is the same as
in aqueous solution, with the three-histidine residues, at sequence positions 6,
13 and 14, all involved in the coordination, along with an oxygen ligand. As
had been observed at Cu2+/peptide molar ratios > 0.3 in aqueous solution, line
broadening was detectable in the EPR spectra, indicating that the peptide was
coordinating a second Cu2+ atom in a highly cooperative manner at a site less
than 6 Å from the initial binding site. So, there appear to be two switches, metal
ions (Zn2+ and Cu2+) and negatively charged lipids, needed to change the
conformation of the peptide from β-strand non-penetrant to α-helix penetrant.

5. Conclusions

The structure of Aβ aggregates and the pathways of aggregation remains a
challenging problem, although considerable progress has been made in recent
years. Exact register parallelism is emerging as a common structural motif for
amyloid fibrils and may also represent a key organizing principle for amyloid
oligomers. Also, characterization of the interactions of Aβ with transition
metals has opened up a new vista of potential pathogenic interactions and
structural consequences that also may impact upon the disease state. These
new insights into the structures and pathways of aggregation may help to
understand the mechanisms of amyloid pathogenesis in degenerative diseases
and ultimately lead to new therapeutic strategies that prevent the formation of
toxic aggregates or interfere with the mechanism of toxicity.
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1. Introduction

After the original proposal of the “amyloid hypothesis”, genetic data and
transgenic models have provided strong support for the notion that Aβ plays a
central role in the disease process (Selkoe 1991). While it is known that Aβ

is neurotoxic in vivo and in vitro (Cotman and Pike 1994; Yankner 1996),
cognitive impairment appears to precede high levels of Aβ accumulation in
these models (Morgan, Diamond et al. 2000). Further, while Aβ accumulates in
these models, neuronal death is uncommon. In AD, cognitive loss also appears
to precede the deposition of Aβ plaques and pronounced neuronal degeneration
in the brain (Morris, Storandt et al. 1996; Hsia, Masliah et al. 1999; Lue, Kuo
et al. 1999; Naslund, Haroutunian et al. 2000). Thus if Aβ is contributing to
brain dysfunction, it must have an ability to compromise neuronal function by
mechanisms in addition to neuronal death.

An emerging view is that Aβ adopts different aggregated conformations
in vivo (e.g., oligomers, protofibrils and fibrils; see Chapter 6), and that each
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of these species alters neuronal homeostasis in distinct, yet not completely
specified ways. Recent results indicate that, in addition to Aβ fibrils, Aβ

oligomers are also present in the AD brain (Kayed et al. 2003; Lacor et al.
2004), supporting the idea that multiple Aβ conformations contribute to AD
etiopathology by different toxic mechanisms. Furthermore, the characterization
of intracellular Aβ accumulation as a relevant pathological event significantly
increases the complexity of the neurotoxic puzzle. While it is well known
Aβ fibrils and oligomers can cause neuronal death in vitro and in vivo, only
recently have mechanisms studies demonstrated that Aβ can cause neuronal
dysfunction in the absence of cell death. (Cotman and Anderson 1995; Yankner
1996; Mattson and Chan 2003). It is possible that the presence of Aβ may
promote changes on neuronal plasticity and/or synaptic connectivity, leading
to the early cognitive deficits characteristic of the disease process.

In this Chapter, we will present new mechanisms by which Aβ may
compromise neuronal function in the absence of cell death. The first section
summarizes experiments directed to understand the effect of Aβ on NMDA and
BDNF/TrkB signal transduction. NMDA and BDNF/TrkB signal transduction
are critical for neuronal communication and brain plasticity such as learning
and memory. The second section presents a mechanism by which chronic ex-
posure to Aβ mediates the development of neuronal dystrophy. The mechanism
involves aberrant activation of focal adhesion signals. Thus Aβ can act through
normal signaling systems to cause aberrant signaling and neuronal dysfunction
in the absence of cell death.

2. Aβ impairs NMDA and BDNF/TrkB signal transduction

Because of the protracted and progressive nature of the disease, Aβ may be
present in the brain at sublethal concentrations for extended periods. Although
at these levels Aβ does not compromise neuron survival, Aβ may affect
critical signal transduction processes that mediate plastic neuronal changes
involved in learning and memory. Though learning and memory utilizes many
mechanisms, there are two key signaling pathways: 1. NMDA receptor acti-
vation and the regulation of downstream signal transduction pathways and 2.
BDNF signaling, Trk B activation and the regulation of downstream pathways.
Recently, as discussed below, it has been demonstrated that Aβ at nontoxic
levels can impair neuronal plasticity processes via interference with NMDA
and BDNF/TrkB signal transduction.
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3. NMDA receptor activation and learning and memory

NMDA receptor activation is essential for certain forms of learning and
memory and for long term potentiation. For example, NMDA antagonists block
the induction of LTP and defects in NMDA receptor activation compromise
learning and memory (Balazs 2005). NMDA regulates several gene transcrip-
tional products critical for learning and memory such as CREB.

4. BDNF signaling is critical for learning and memory

BDNF is critical for neuronal survival, protection from injury, and activity-
dependent plasticity including learning and memory mechanisms, encoding
LTP, neurogenesis, and synaptic growth/sprouting (Bramham and Messaoudi
2005). Mice deficient in either BDNF or its receptor TrkB exhibit impaired
dendritic and axonal arborization, synaptic activity and neuronal plasticity,
including impairment in long-term potentiation (LTP) and learning and mem-
ory processes (Korte et al. 1995; Patterson et al. 1996; Causing et al. 1997;
Martinez et al. 1998; Minichiello et al. 1999). BDNF can induce its own syn-
thesis and stimulate selective increases in several genes and proteins involved in
synaptic plasticity, e.g., synaptotagamin, synapsin, NR2B, PSD95, and proteins
involved in receptor trafficking. BDNF can regulate expression in the cell body
but also locally at the synapse. Recently, BDNF has been shown to regulate the
local translation of a set of proteins (Steward and Schuman 2001), including
CaMKII and Homer-2, in the dendritic compartment (Schratt et al. 2004). This
mechanism may provide a local regulatory mechanism for mediating synaptic
plasticity. Thus, impaired BDNF signaling will compromise many aspects of
brain function.

5. Can β-amyloid impair signaling at the level of NMDA or
BDNF activation?

If Aβ compromises NMDA receptor and BDNF signaling, neuronal func-
tion would be impaired prior to neuronal degeneration and might be a new
mechanism to account for early cognitive decline prior to accumulation of
extensive pathology and degeneration. If so, then Aβ serves to suppress
key plasticity mechanism and may compromise learning and memory in the
absence of neuronal degeneration.
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6. Is NMDA receptor function impaired in the presence of
sub-lethal levels of AB?

Do Aβ1−42 levels which do not compromise the survival of cortical neurons
interfere with NMDA signaling functions critical for neuronal plasticity such as
CREB activation? The transcription factor CREB, which regulates expression
of cAMP response element (CRE)-containing genes, plays an essential role in
learning and memory processes in a variety of species ranging from Drosophila
to mammals (Bourtchuladze, Frenguelli et al. 1994; Yin et al. 1994; Tully 1997;
Abel and Kandel 1998).

NMDA evoked a marked increase in P-CREB levels, and this effect was
suppressed by sublethal concentrations of Aβ1-42, to approximately one-half.
The depolarization-induced elevation of P-CREB was also suppressed via high
K+ to approximately one-half, 40±2.0% of untreated controls after treatment
with Aβ1−42 without affecting total CREB levels (Tong et al. 2001).

Figure 1. Exon III BDNF mRNA
levels using RT-PCR increased in
the high K+-exposed cells: pre-
treatment with 5 µM Aβ1−42 at-
tenuated the high K+-induced el-
evation.

Aβ forms small diffusible oligomers (also
referred to as ADDLs, for Aβ-derived dif-
fusible ligands), which are highly neurotoxic
in the low micromolar to high nanomolar range
(Oda et al. 1995; Lambert et al. 1998). At
the sublethal concentrations of 100 nM, Aβ

oligomers elicited a marked suppression of the
high K+-induced increase in P-CREB content
to 62±13.6% of the levels in the untreated
controls. The effect was specific to Aβ1−42.
Aβ1−42 as a random sequence [Aβ1−42(R)]
failed to influence the high K+ induced in-
crease of P-CREB levels. Importunately, a
derivative of Aβ1−42, Aβ25−35 which causes
neuron degeneration and is assumed to have
a similar action did not interfere with CREB
phosphorylation at the sublethal concentra-
tions showing the mechanism for suppression
is distinct from degeneration.

Sublethal concentrations of Aβ1−42 decreases CRE transcriptional activity
and the induction of BDNF Exon III to 33% of controls (Fig. 1).

Taken together these data support the hypothesis that can Aβ1−42 will
interfere with critical signal transduction and transcriptional activity of CREB
regulated gene products. Recently the effect of Aβ1−42 on CREB activation has
been confirmed and the mechanism further identified (Snyder, et al. 2005). Aβ

promotes the endocytosis of surface NMDA receptors. The effect of Aβ1−42
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appeared to be mediated via nicotinic α7 receptors which in turn activates
downstream phosphatases that regulate NMDA receptor internalization.

Overall, these data suggest that Aβ1−42 may compromise NMDA receptor
signaling as Aβ accumulates in the aging and AD brain. Thus, nondegenerative
mechanisms may participate in the cascade of events causing brain dysfunction
and cognitive decline. Neuronal function may be further impaired by BDNF
signal suppression.

7. Aβ1−42 decreases the ability of BDNF to regulate the
transcription factors, CREB and Elk-1, and compromises
the ability of BDNF to protect neurons

Figure 2. Stimulation of the receptor tyrosine kinase TrkB ac-
tivates three major transduction pathways: phosphatidylino-
sitol-3-kinase (PI3-K)/Akt, Ras/MAPK, and PLCγ /PKC path-
ways.

BDNF signals
cells via a recep-
tor Tyrosine kinase
(RTK), TrkB. BDNF
binding results in the
dimerization and au-
tophosphorylation of
TrkB receptors that
trigger directly or
through binding of
adapter proteins the
activation of signal
transduction path-
ways, such as the
Ras/MAPK, Akt/PI
3-K and phospho-
lipase C (PLCγ )
pathways, thereby
accounting for the

pleiotropic effects of BDNF. Figure 2 illustrates the central signaling pathways
and molecules involved in regulating Trk receptor function.

Pretreatment with Aβ1−42 in the subtoxic range results in a concentration-
dependent decrease in the effect of BDNF on P-CREB, without affecting the
amount of T-CREB. Pretreatment with Aβ1−42 reduces P-CREB levels to 66
±7%. Aβ1−42 also causes a significant decrease in the amount of P-Elk-1 in
the BDNF-treated cultures. BDNF increases the levels of phosphorylated Elk-
1 (P-Elk-1) and pretreatment with Aβ1−42 also causes a significant decrease in
P-Elk-1. Pretreatment with Aβ1−42 reduces BDNF-induced CRE transcription
activity to 55±12% and SRE activity to 56±12%.
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Figure 3. Aβ1−42 abrogated BDNF protection of cortical neurons from apoptosis in-
duced either by exposure to camptothecin (A) or by deprivation from trophic support (B).

An enhancement of neuronal survival is one of important functions of
BDNF. It is possible that the Aβ mediated impairment of cell signaling could
compromise the capacity of BDNF to protect neurons. Removal of trophic
support results in significant cell loss. The protective effect of BDNF is severely
compromised by sublethal concentrations of Aβ1−42 (Fig. 3).

BDNF can also protect cortical neurons from apoptosis induced by camp-
tothecin an inhibitor of DNA topoisomerase-1 that causes DNA damage
(Morris et al. 1996). Camptothecin treatment causes massive cell degeneration
that is markedly reduced by BDNF treatment. Exposure to 5 µM Aβ1−42

completely abolishes BDNF protection. The survival promoting capacity of
BDNF with reduced trophic support depends on the PI3-K pathway while that
in the presence of camptothecin depends on the MAPK pathway suggesting
Aβ may have a broad range of action.

8. Aβ1−42 suppresses signaling of the PI3-K and MAPK
pathways

What is the mechanism by which Aβ1−42 reduces the ability of neurons to
withstand these insults and reduce transcriptional activity? Brief exposure to
BDNF (10 min) causes a robust increase in the amount of both the phospho-
rylated p42 and p44 isoforms of MAPK. Pretreatment with sublethal concen-
trations of Aβ1−42 for 2 h has no significant effect on the basal level of phos-
phorylated MAPK, but results in a decrease in the BDNF-elicited activation of
both MAPK isoforms (58±12% for p44, 45±18% for p42) as well as P-Raf
and P-MEK1/2. Aβ oligomers at non-toxic levels (ADDLs) are also effective
in suppressing the BDNF-induced activation of the MAPK, 68.45% ±6.03%.
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Similarly, PI3-K signaling pathway are also activated by BDNF (Huang and
Reichardt 2001). Exposure of cortical neurons to BDNF results in a marked
increase in the level of activated Akt which is markedly reduced after Aβ1−42
pretreatment (62±12%).

9. Aβ1−42 does not interfere with the BDNF-induced
phosphorylation of Trk B receptors nor PLCγ

phosphorylation but rather acts at the level of the docking
proteins

Figure 4. Aβ1−42 treatment does not interfere with the activation of TrkB (A) and PLCγ

(B). IRS-1 and Shc. The Shc isoforms (kDa: 66,52 and 46 respectively) are indicated as
a, b and c.

Figure 5. Aβ1−42 causes a reduction in the
level of the activated IRS-1 and suppresses
the Tyr phosphorylation of the different Shc
isoforms, 57±8% for p66, 75±7% for p52
and 63±4% for p46.

Since the BDNF-activation of two
of the major signaling pathways
were suppressed by sublethal lev-
els of Aβ1−42, it is possible that
the peptide interferes with the acti-
vation of the BDNF receptor TrkB.
BDNF induced a pronounced Tyr-
autophosphorylation of the TrkB re-
ceptor and this is not compro-
mised by pretreatment with Aβ1−42
(Fig. 4A). Thus the peptide inter-
feres with BDNF-induced signaling
at steps downstream of the BDNF
receptor and upstream of MAPK and
PI3-K.

The activation of the PI3-K and
Ras-MAPK/ERK that were affected
by Aβ1−42, pathways, requires inter-
action of the activated BDNF recep-
tor with docking proteins that after
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phosphorylation mediate the TrkB signaling to the protein kinase cascades. In
contrast, the activated TrkB receptor directly binds and phosphorylates PLCγ ,
and Aβ1−42 does not affect this process (Fig. 4B). It is possible, therefore,
that Aβ1−42 interferes with signal transduction at the level of the docking
proteins. The state of Tyr phosphorylation of IRS-1 that activates PI3-K and the
phosphorylation of Shc that mediates signaling via Grb2/SOS to Ras (Fig. 5).

This data suggests that low levels of Aβ1−42 impair BDNF-TrkB tran-
scriptional activity and neuron survival probably by a mechanism involving
regulation of the docking proteins. The regulation of docking proteins has also
been shown to participate in insulin resistance.

10. The neurotrophic factor resistance model of brain aging
and neurodegenerative diseases

Thus, Aβ can interfere with NMDA receptor function and BDNF/TrkB sig-
naling, two mechanisms involved in learning and memory and brain plasticity.
These two mechanisms alone or in combination could interfere with brain
function in the absence of degeneration. The fact that Aβ oligomers as well
as fibrillar Aβ can suppress cell signaling suggests that the peptide may be a
factor in the early decline seen even prior to plaque formation and place the
brain at risk for further functional decline. Interestingly, the mechanism may
share features in common to insulin resistance which predisposes an individual
for type II diabetes.

Our data suggests that, similar to insulin resistance, Aβ generates a state
of neurotrophin resistance. These two mechanisms – neurotrophin resistance
and insulin resistance – share a similar regulatory mechanism involving the
docking proteins that convey receptor activation to the PI3-K/Akt and Ras/Erk
pathways (Zick 2003). If this is the case, the model provides a new mechanism
for understanding brain dysfunction and developing new means to improve
function before irreversible neuronal degeneration evolves. In the case of
insulin resistance, a condition evolves that if left unchecked causes pancreatic
β cell degeneration, but if managed the risk for pancreatic dysfunction and
degeneration is reduced. Similar opportunities may exist for AD.

11. Fibrillar Aβ induces neuronal dystrophy and synaptic loss

Early studies on Aβ neurotoxicity reported the induction of neuronal
dystrophy by Aβ (Busciglio, Lorenzo et al. 1992; Pike et al. 1992). Neu-
ronal dystrophy is specifically associated with AD and is not present in
other neurodegenerative conditions that lack amyloid plaques (Benzing et al.
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Figure 6. Morphological assessment of neuronal dystrophy induced by fibrillar Aβ.
Neurons were characterized as non-dystrophic (A), mildly dystrophic (B), and highly
dystrophic (C). Note the smooth appearance of neuronal processes in non-dystrophic
neurons (A I, II, III). Mildly dystrophic neurons exhibit sharp angles in neuronal
processes and lamellipodia-like structures growing from cell bodies (arrows, B I, II,
III). Highly dystrophic neurons present neuritic retraction and severe tortuosity including
sharp angles and loops (arrows, C I, II, III). Cortical cultures were treated with 20 µM
fibrillar Aβ for 4 days, fixed and immunostained with anti-tubulin class III. Fluorescent
images were converted to gray scale and inverted to enhance morphological detail.
Scale bar = 15 µm.

1993). In AD, the number of dystrophic neurites correlates with the degree
of dementia (McKee et al. 1991), and synaptic loss is observed in areas
of aberrant neuronal sprouting (Geddes et al. 1986; Masliah et al. 1991).
Thus, a pathological relationship between Aβ deposition, neuronal dystrophy
and synaptic loss may lead to cognitive impairment in AD. We quantified
the dystrophic effect of fibrillar amyloid β (Aβ) and its relationship with
neurotoxicity and synaptic loss in cultured neurons. Treatment with fibrillar Aβ

led to the development of neuritic dystrophy in the majority of neurons present
in the culture (Fig. 6) (Grace et al. 2002). Morphometric analysis and viability
assays showed that neuronal dystrophy appeared significantly earlier and at
lower Aβ concentrations than neurotoxicity, suggesting that both effects are
generated independently. A dramatic reduction in the density of synaptophysin
immunoreactivity was closely associated with dystrophic changes in viable
neurons suggesting that: (1) Aβ fibrils scattered in the brain parenchyma may
induce dystrophic changes but not neuronal death; and (2) as the aberrant
changes in neuronal morphology proceed, they lead to a concurrent loss of
synaptic connections and, at later stages of the disease process, to neuronal
degeneration (Grace et al. 2002).
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Novel in vivo imaging techniques have provided direct evidence of the
dystrophic effect of fibrillar Aβ in the brain. Two recent studies utilizing
transcranial multi-photon live imaging in AD transgenic models show dramatic
dystrophic and synaptotoxic effects of fibrillar amyloid deposits in living
animals (Tsai et al. 2004; Spires et al. 2005). In the first study, Tsai et
al. describe spine loss, dendritic shaft atrophy, and large axonal varicosities
associated with neurite breakage and large-scale, permanent disruption of
neuronal connections in close apposition with Aβ deposits in APP/PS1 double
transgenic mice. In the second study, Spires et al. observed disrupted neurite
trajectories, marked reductions in spine density, and loss of pre-and post-
synaptic markers in association with Aβ deposits in Tg2576 APP transgenic
mice. These results underscore the relevance of fibrillar Aβ as a neurotoxic
agent, and its critical role in the development of neuritic and synaptic pathology
in AD.

12. Molecular signals that mediate fibrillar Aβ-induced
neuronal dystrophy

Extracellular signals producing alterations in the cytoskeleton are often
transduced through adhesion proteins (Mueller et al. 1989). Focal adhesion
(FA) sites are integrin-based structures that mediate cell-substrate adhesion and
the bidirectional exchange of information between extracellular molecules and
the cytoplasm. Previous studies showed that Aβ binds to integrins (Kowalska
and Badellino 1994; Sabo et al. 1995; Goodwin et al. 1997), and activates the
FA proteins paxillin and focal adhesion kinase (FAK), which are downstream
of integrin receptors, (Zhang et al. 1994; Zhang et al. 1996; Berg et al. 1997;
Williamson et al. 2002). During the assembly of FA structures, paxillin is
tyrosine-phosphorylated, and translocates to the cytoskeleton where it acts as
a scaffold that binds integrin receptors, kinases such as FAK, phosphatases
such as the protein tyrosine phosphatase PEST (PTP-PEST), adapter proteins
and actin-binding proteins (Fig. 8) (Schaller et al. 1995; Turner 2000). This
FA complex mediates spatial and temporal interactions that are initiated upon
integrin receptor activation. The interplay between kinases and phosphatases
leads to the initiation of multiple signal transduction cascades that promote
local changes in the cytoskeleton that result in modifications in cell morphology
(Aplin et al. 1998; Turner 2000). We addressed the role of FA signaling in
Aβ-induced neuronal dystrophy, by analyzing the expression and activity of
FA proteins in cultured neurons and in the AD brain. In culture, fibrillar
Aβ treatment induced integrin receptor clustering, paxillin tyrosine phospho-
rylation and translocation to the cytoskeleton, and promoted the formation
of aberrant FA-like structures, suggesting the activation of focal adhesion
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Figure 7. Paxillin LIM domains are required for Aβ-induced neuronal dystrophy. (A)
Cortical neurons were transfected with GFP or GFP-paxillin expression vectors con-
taining full length paxillin (FL-pax), or a deletion of the LIM domains (N-pax), or the
LIM domains (LIM-pax) respectively. (B) Cortical neurons were transfected at day 5
and treated with fibrillar Aβ. The number of dystrophic neurons was quantified 24 hr
later and expressed as a percent of the number of Aβ-induced dystrophic neurons
expressing GFP (100%). Note the significant inhibition of neuronal dystrophy in neurons
expressing N-pax (28.6+15.1%). FL-pax and LIM-pax were not significantly different
than GFP (FL-pax: 108+12%, LIM-pax 90.4+21.9%). Values are the mean + SEM; n=4
independent experiments; 250 neurons were scored per experiment. *p < 0.05 relative
to GFP-transfected cells by Anova.

signaling cascades (Grace and Busciglio 2003). Deletion experiments indicated
that the LIM domains in the C-terminus of paxillin mediate Aβ-induced
neuronal dystrophy (Fig. 7 and 8). LIM domains are zinc-binding, cysteine
rich motifs consisting of two zinc fingers repeated in tandem which mediate
protein-protein interactions. LIM domains are critical to bring together several
components into the focal adhesion complex.

Deletion and mutational studies showed that the recruitment of PTP-PEST
to the FA complex by binding to paxillin LIM domains is a critical step for
the development of Aβ-induced neuronal dystrophy (Fig. 7B). PTP-PEST is
required for the turnover of FA contacts (Angers-Loustau et al. 1999). In the
absence of PTP-PEST, FA contacts may become stabilized, preventing further



144 Carl W. Cotman and Jorge Busciglio

Figure 8. FA pathways involved in Aβ-induced neuronal dystrophy. Fibrillar Aβ binds to
and induces the clustering of integrin receptors, leading to the activation of paxillin and
FAK and their translocation to the nascent FA complex. Paxillin binds to vinculin, which
promote microfilament stabilization at the FA site. PTP-PEST binds to paxillin leading
to dephosphorylation of several FA proteins, which prevents the stabilization of the FA
contact, allowing the neuron to continuously respond to fibrillar Aβ stimuli. Alternatively,
APP binds to Aβ fibrils, bringing them in contact with integrins and/or activating FA
signaling through FE65, which binds to the C-terminus of APP and associates with
c-abl, which in turn binds and phosphorylates paxillin. A pathway involving fyn, which
is downstream of PTP-PEST promotes GSK3β activity, while the interaction of cbl with
c-abl increases cdk5 activity (Zukerberg, Patrick et al. 2000). Both Cdk5 and GSK3β

hyperphosphorylate tau, leading to microtubular destabilization and neuronal dystrophy.
An alternative pathway involving FAK activity leads to neuronal cell death but not
neuronal dystrophy. Paxillin contains four SH2 binding domains, five leucine-rich LD
domains, 1 proline-rich SH3 binding domain and 4 LIM domains (adapted from Grace &
Busciglio, 2003).

response to extracellular stimuli. FRNK, a dominant negative form of FAK,
did not alter Aβ-induced neuronal dystrophy, suggesting that although FAK is
activated by fibrillar Aβ (Zhang et al. 1994; Zhang et al. 1996; Williamson et
al. 2002), it is not involved in the dystrophic response.
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Fibrillar Aβ has been shown to bind to cell-surface APP (Lorenzo et
al. 2000), which co-localizes with integrins in neurons (Storey et al. 1996;
Yamazaki et al. 1997) and participates in FA signaling (Sabo et al. 2001). APP
levels were upregulated by Aβ treatment and APP was significantly enriched in
aberrant FA-like structures (Heredia et al. 2004). APP may bring Aβ fibrils into
physical contact with integrin receptors. It may also activate paxillin through
the adapter protein FE65 (Sabo et al. 2001), which associates with c-abl, a
non-receptor tyrosine kinase that phosphorylates paxillin (Salgia et al. 1995;
Sabo et al. 2001; Fig. 3). Interestingly, a polymorphism in the FE65 gene that
reduces its binding to APP appears to confer resistance to late-onset AD (Hu
et al. 1998; Lambert et al. 2000; Hu et al. 2002). Ongoing experiments are
directed to establish the role of APP in the transduction of fibrillar Aβ-induced
neuronal dystrophy.

13. Abnormal activation of focal adhesion proteins in the
Alzheimer’s brain

Figure 9. Quantification of integrin-
and hyperphosphorylated tau-positive
plaques shows that 84+6% of silver
stained plaques were positive for in-
tegrin immunoreactivity and 79+14%
were positive for hyperphosphorylated
tau. Ten to twenty microscopic fields
were analyzed in adjacent sections of
temporal cortex of four AD brain cases.
At least 50 plaques were scored per
silver stained section. Scale bars A-F:
50µm; G and H: 250µm.

Previous studies indicate that inte-
grins are abnormally expressed in the
AD brain (Akiyama et al. 1991; Frohman
et al. 1991; Eikelenboom et al. 1994),
suggesting that Aβ-induced neuronal dy-
strophy may be mediated by integrin sig-
naling. Integrin β1, the subunit that di-
rectly binds to and recruits paxillin to the
FA complex (Fig. 8; Schaller et al. 1995),
was enriched in dystrophic neurites and
cell bodies surrounding amyloid cores.
Most importantly, we detected increased
levels of both tyrosine-phosphorylated
activated paxillin and FAK in dystrophic
neurites surrounding plaque cores, con-
sistent with the activation of FA signaling
cascades in neuronal processes in contact
with fibrillar Aβ (Grace and Busciglio
2003). In fact, most senile plaques ex-
hibited strong integrin immunoreactivity,
indicating that FA protein activation may
be a common feature in the AD brain
(Fig. 9).
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In summary, the aberrant activation of FA pathways appears to be critically
involved in fibrillar Aβ-induced neuronal dystrophy. The ability of neurons to
respond dynamically to extracellular cues is reminiscent of plasticity mech-
anisms. Brain regions with the highest plasticity are the most vulnerable in
AD (Small 1998). In this regard, maladaptive neuronal plasticity has been
proposed to play a major role in AD (Cotman et al. 1998; Mesulam 1999).
Alterations in the composition of the extracellular environment in the AD brain,
e.g. accumulation of Aβ fibrils, may stimulate cellular responses consistent
with misregulation of FA signaling. Thus, under pathological conditions, in-
creased neuronal plasticity may result in loss of synaptic contacts and neuronal
dysfunction.

14. Summary

In this chapter, we present a set of mechanisms by which Aβ can compro-
mise neuronal function in the absence of degeneration. Aβ has an ability to
impair NMDA and BDNF/TrkB signal transduction, two mechanisms critical
for neuronal communication and brain plasticity such as learning and memory.
Chronic exposure to Aβ also can cause the development of neuronal dystrophy.
The mechanism involves aberrant activation of focal adhesion signals.

Aβ1−42 impairs BDNF-TrkB transcriptional activity and neuron survival
probably by a mechanism involving regulation of the TrkB docking proteins.
The regulation of docking proteins has also been shown to participate in insulin
resistance and may induce a similar state of neurotrophin resistance in brain.
Aβ can also impair NMDA transcriptional activity of genes such as CREB. The
mechanism appears to involve Aβ activated internalization of NMDA receptor
mediated via α-7 nicotinic receptors.

Aβ can also cause neuronal dystrophy and the loss of synaptic connectivity
via focal adhesion signaling pathways. Alterations in the composition of the
extracellular environment in the AD brain, e.g. accumulation of Aβ fibrils,
may stimulate cellular responses consistent with misregulation of FA signaling.
Thus Aβ accesses normal signaling pathways to cause aberrant signaling which
can compromise neuronal function dysfunction in the absence of cell death.

Taken together, these normal signaling pathways – compromised NMDA,
TrkB and focal adhesion signaling – may contribute to early functional losses
prior to the manifestation of classical AD pathology. In addition, these same
Aβ-mediated mechanisms may also exacerbate brain dysfunction by similar
processes once pathology develops. In a sense, Aβ literally high jacks key
plasticity mechanisms to impair neuronal function.
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1. Introduction

In this short review we will focus on the effect of APP and Aβ on
excitatory synaptic function, as there is considerable evidence that synapses
are a key target site of Alzheimer’s Disease (Terry, Masliah et al. 1991). Two
aspects of synaptic function affected by Aβ can be considered: ‘basal’ synaptic
transmission and synaptic plasticity. Of course, if synaptic plasticity is altered,
and if one believes that the plasticity examined in experimental conditions
occurs normally in the animal, one would expect ‘basal’ transmission also to
be altered. It is surprising how little this concept is considered in studies that
examine the effect of any genetic perturbation on synaptic plasticity.

The effect of Aβ on synaptic transmission and plasticity can be examined
using several experimental protocols, and it is not clear if results from different
protocols should be directly compared. Nevertheless, here we will consider
results from such different protocols. Essentially there are three methods one
can use to determine the effect of Aβ on synaptic function: 1) direct application
of synthesized or purified Aβ on neural tissue; 2) examination of transgenic
animals which over-express mutant forms of APP that generate increased
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amounts of Aβ; or 3) transient over-expression of APP in neurons which drives
increased amounts of Aβ . Each method has advantages and disadvantages.
With the first method, the advantage is that the identity (namely Aβ) and
concentration of active compound is known. However, the oligemerizaton state
of Aβ must be carefully controlled. Furthermore, with injection of Aβ into the
brain it is difficult to control the concentration of Aβ relative to the synapses
being examined. With the second method, using transgenic mice, concentra-
tions of Aβ produced can be fairly well determined and of course the effects on
behavior can be assessed. However, APP is chronically over-expressed and thus
there may be compensatory mechanisms that obscure determining the direct
effects of Aβ on synaptic function. Furthermore, different genetic strains may
produce different amounts of Aβ , and in different genetic backgrounds, which
may complicate interpretations of results. With the third method, transient
overexpression, the effects of various mutant forms of APP or Aβ can be
compared, and the effects are relatively acute. However, levels of Aβ reaching
synapses may not be easy to assess.

2. Effect of Aβ on basal excitatory transmission

Early studies on the anatomy and immunohistochemistry of brains from
AD patients indicated a dramatic loss of synapses and synaptic markers
that correlated well with disease severity (Terry, Masliah et al. 1991). Such
markers were better correlated than brain plaque content to disease severity.
The effect of Aβ on synaptic function was more carefully examined in the
PDAPP(717V→F) transgenic mouse model (Hsia et al., 1999). These animals,
showed considerable decrease in basal levels of excitatory synaptic function
before the appearance of plaques supporting the view that Aβ has effects
on synaptic transmission independent of plaque formation. Similar findings
using these mice were reported by Larson and colleagues (Larson et al.
1999). However, a decrease in basal transmission has not been observed in
all transgenic mouse strains. Studies employing mice derived from the Tg2576
APP(Sw) line have reported normal basal transmission in a slice preparation
(Chapman et al. 1999) as well as in an in vivo preparation (Stern et al. 2004). It
is not clear if the differences in these results are due to different levels or types
of Aβ (e.g. 1-40 vs 1-42) produced by these transgenic animals.

The effect on synapses following direct application of Aβ on neural tissue
has been mixed. In some studies enhancement of NMDA component of
transmission was found (Wu et al. 1995), other studies showed no effect
on basal transmission (Wang et al. 2004), while more recent results have
measured a decrease in surface NMDA receptors (Snyder et al. 2005). Part
of this complexity may arise from the fact that increased activation of synaptic
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NMDA-Rs can lead to their removal (Morishita et al. 2005). It is not clear
if application in slice preparations has the same effect as on dissociated
cultured neurons. It is also not clear if the levels applied to tissue (even if
they correspond to levels measured in extracellular space of AD patients) are
those sensed by synapses during the disease process. It is possible that synaptic
regions close to focal sources of Aβ will be exposed to much higher levels of
Aβ than those levels measured in the extracellular space. Why might there
be locally high sources of Aβ during the disease process? Senile plaques,
which contain large amounts of Aβ , may release their contents to the nearby
extracellular space. Thus, sites close to plaques may be exposed to high levels
of Aβ .

An alternative means to determine the effect of APP and its proteolytic prod-
ucts on synapses is to express transiently APP in neurons by acute gene transfer.
This can be achieved by viral or biolistic delivery techniques. One advantage
of this technique is that different APP-related constructs can be delivered and
compared. Furthermore, other constructs can be co-expressed along with APP,
allowing one to dissect mechanisms by which APP and its proteolytic products
act. We have used acute gene delivery techniques to express APP and related
constructs in individual neurons of organotypic hippocampal slices (Kamenetz
et al. 2003). Transfected neurons can be identified by the co-expressed GFP.
Simultaneous whole-cell patch clamp recordings are obtained form transfected
and nearby non-transfected neurons. By evoking synaptic transmission with a
stimulus electrode, transmission onto these two neurons can be compared, and
thus the effect of expression of a given construct on synaptic transmission can
be determined.

We found that expression of APP for 1 day produced a depression of
excitatory synaptic transmission with no effect on inhibitory transmission,
neuronal input resistance or resting potential. This indicates that the effect on
excitatory transmission was not due to a general toxic effect on the neuron. The
effect could be narrowed down to formation of Aβ since a) expression of APP
with a point mutation that prevents cleavage by beta secretase (APPMV) does
not produce synaptic depression, b) expression of the beta secretase product
of APP (C99) is sufficient to produce synaptic depression and c) expression of
C99 in the presence of γ -secretase inhibitors produces no synaptic depression.
More recent results indicate that the synaptic depression produced by Aβ

is due to synaptic removal of AMPA-Rs (Hsieh & Malinow, unpublished
results). For instance, coexpression of an AMPA-R subunit with a mutation
that reduces its endocytosis blocks the synaptic depressing effect of APP.
Interestingly, expression of this AMPA-R subunit also prevents the depression
of NMDA-R mediated transmission (Hsieh and Malinow, unpublished results),
suggesting that Aβ-driven endocytosis of NMDA-R (Snyder et al. 2005)
requires endocytosis of AMPA-Rs.
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The synaptic depressing effects of Aβ are interesting when coupled to
findings indicating that increased neural activity can drive the processing of
APP to Aβ (Kamenetz et al. 2003). These two findings suggest a negative
feedback system: high levels of neural activity drive formation of Aβ; forma-
tion of Aβ depresses synaptic transmission and thereby reduces high levels of
neural activity. We have hypothesized that the Aβ-mediated negative feedback
system is a normal process which may become dysregulated (e.g. by producing
unregulated amounts of Aβ) and thereby contribute to AD.

3. Effect of Aβ on LTP

Long-term potentiation (LTP) is a persistent enhancement in synaptic trans-
mission that follows a brief period of repeated pre- and postsynaptic activity
(Bliss and Collingridge 1993). LTP is observed in many CNS synapses, is long-
lasting, demonstrates associative properties and thus has served as a powerful
model of synaptic plasticity that may underlie associative forms of learning
and memory. It is therefore clear why many groups have tested the effects of
AD-related molecules and model systems on LTP.

Most studies testing the effects of Aβ on LTP have found that this form of
plasticity is reduced (Cullen et al. 1997; Lambert et al. 1998; Chapman et al.
1999; Moechars et al. 1999; Chen et al. 2002; Walsh et al. 2002; Kamenetz
et al. 2003). It is notable, however, that a group with much expertise in LTP
studies failed to see a deficit of LTP in a transgenic mouse overexpressing APP,
despite clear reduction in synaptic transmission (Hsia et al. 1999).

It cannot be over-emphasized that testing the effects of Aβ on LTP is not as
trivial as it may seem. When synthetic Aβ is put in solution it can aggregate
which will generate different products with potentially different and variable
effects. As a small hydrophobic peptide, it can adhere to perfusion tubing which
will affect the concentration in solution. When Aβ is injected in vivo, it is
very difficult to control its concentration, as sites close to the injection will
have high concentration, while more distant sites will have lower concentration;
the volume over which the injected solution spreads is virtually impossible
to measure. In one remarkable study (Walsh et al. 2002), injection of a few
picograms of Aβ oligomers into brain ventricles was sufficient to block LTP.
Rough calculations suggest that a few thousand molecules per neuron may be
sufficient to block LTP.

Transgenic models have provided insight into the effects of Aβ on plasticity
but these studies also have limitations. The levels of expression of APP and pro-
teolytic products differ in different strains. Furthermore, genetic backgrounds
may modify effects of Aβ . It is also important to note that effects of APP
or proteolytic products can have effects on transmission that will manifest
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themselves as effects on LTP. For instance, if increased expression of APP
produces a decrease in excitatory transmission, then one may see decreased
LTP merely because there is not sufficient depolarization during a tetanic
stimulus. In such a case the effect is not directly on the biochemical pathways
underlying LTP.

Lastly, it is important to emphasize that physiology experiments should be
done, as much as possible, in a blind manner. That is, the experimenter should
be blind as to whether a test or control compound (genotype) is being tested.
This is because there are many hidden biases that can creep into physiology
experiments. For instance, it is not uncommon to remove from analysis a
particular experiment because the recording was not stable. The ‘stability of
a recording’ however, is a somewhat subjective judgment. Thus, if one is blind
during the experiment and during the analysis, these sorts of hidden biases can
be avoided.

4. Conclusion

In summary, there is ample evidence that APP and its proteolytic products
have an impact on synaptic transmission. However, there are still many issues
that have not been fully clarified:

1) Where is APP localized in brain neurons (pre-synaptic or postsynaptic or
both)?

2) Where is APP processed? Which organelles and in what part of the neuron?
Where are the processing enzymes?

3) What neural signals control the processing of APP?
4) Is there a function for APP or proteolytic products in synaptic transmission?
5) Are there toxic effects of acute or chronic presence of APP or proteolytic

products on synaptic transmission?
6) What are the downstream signals at synapses produced by APP or prote-

olytic products?
7) What is the effect of APP or proteolytic products on LTP? Why are there

variable results?
8) Which experimental systems that permit analysis of synapses are most

informative with respect to the human condition?

These are but just a few of the questions that would help in understanding
the role of APP and proteolytic products in synaptic transmission and plasticity.
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1. Introduction

Alzheimer’s disease (AD) is characterized by abnormal accumulation of the
amyloid β-protein (Aβ) in brain regions important for memory and cognition.
Aβ is a normal product of cellular metabolism (Haass et al. 1992) derived
from the amyloid precursor protein (APP) by the successive action of the
β- and γ -secretases (see Chapters 4 and 3, respectively). The production
of Aβ is normally counterbalanced by its elimination via any of several
processes, including (i) proteolytic degradation, (ii) cell-mediated clearance
(which may itself involve proteolytic degradation), (iii) active transport out of
the brain (Chapter 10), and (iv) deposition into insoluble aggregates (Chapter
6). While the relative importance of these different pathways remains to be
established, a growing body of evidence suggests that proteolytic degradation
is a particularly important determinant of cerebral Aβ levels and, by extension,
of Aβ-associated pathology.

Characterization of the molecular and pathological phenotypes of familial
AD-causing gene mutations identified largely in 1990’s played a central role
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in establishing that Aβ is indeed most like to play a central role in AD
pathogenesis and that the increased generation of Aβ , particularly Aβ42, is
the cause of Aβ accumulation in the brains of familial AD patients harboring
mutations in APP or presenilin-1 or -2 (Chapter 1). Nonetheless, there is no
clear evidence that increased Aβ production precedes Aβ deposition in most
cases of sporadic AD, which account for more than 90% of all AD cases.
Moreover, pathological and biochemical analysis of sporadic AD indicates that
a selective increase in Aβ42 production, as observed in familial AD, is not
likely to be a cause of most sporadic AD cases (Lemere et al. 1996; Scheuner et
al. 1996). These facts led to the proposal that decreased catabolism rather than
increased anabolism of Aβ may be a primary cause for sporadic AD (Saido
1998), for which aging is by far the strongest risk factor, as down-regulation
rather than up-regulation of metabolism is a general feature of aging (Lu et al.
2004).

Nonetheless, widespread interest in the proteolytic degradation of Aβ did
not take hold until the turn of the 21st Century. This contrasts starkly with
studies of Aβ production, which enjoyed intense scrutiny over this same period.
While several factors may have contributed to this state of affairs, it can be
argued that Aβ degradation is a more challenging topic to address experimen-
tally because it relies upon studies in the living animal to an extent that studies
on Aβ production do not. Notably, whereas all of the components involved
in Aβ production (APP, β- and γ -secretases) can be recapitulated faithfully
and economically within cell culture, in contrast cell culture experiments are
of limited value for investigating Aβ degradation, particularly in determining
the relative importance of different candidate proteases in regulating the overall
economy of brain Aβ . As described in greater detail below, a key turning point
in the field came with the first study that was explicitly designed to examine Aβ

degradation in the living animal (Iwata et al. 2000). In addition to identifying
neprilysin (NEP) as one of the principal Aβ-degrading proteases, this study
also served to highlight the significance of Aβ degradation to AD pathogenesis
generally, thereby igniting interest in a previously underappreciated aspect of
Aβ metabolism. It now appears quite likely that the aging-dependent reduction
of Aβ degradation may be a primary cause of Aβ accumulation in aged brains
and thus of sporadic AD development.

The rise in interest in Aβ degradation spawned by this and other discoveries
is impressive: whereas only a few papers addressing this topic were published
in the entire 20th Century, subsequent growth in this field in just a few
years has been so great that it is now impossible to cite all the papers in
this field in a chapter of this length. Accordingly, this chapter will focus
principally on biomedical evidence pertaining to the in vivo relevance of Aβ-
degrading proteases and their therapeutic potential, and will rely on Chapter 1
to summarize the large body of evidence examining possible genetic linkage
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between Aβ-degrading proteases and AD. Individual Aβ-degrading proteases
will be considered in turn, followed by a general discussion of future research
directions.

2. Neprilysin

NEP (a.k.a. neutral endopeptidase; enkephalinase; CALLA; EC 3.4.24.11)
is a ∼93-kDa zinc-metalloendopeptidase implicated in the degradation of a
wide array of bioactive peptides (Turner and Tanzawa 1997). Several features
of NEP appear to make it ideally suited to the degradation of secreted peptides
such as Aβ . First, NEP is a type-2, membrane-bound glycoprotein with its
active site oriented located in the intralumenal/extracellular space (Turner et al.
2001) where Aβ peptides are normally secreted. Second, NEP is localized to
subcellular compartments that overlap with well-established sites of Aβ pro-
duction (Takahashi et al. 2002), being present for example at the cell surface,
and in the early Golgi and endoplasmic reticulum (Turner et al. 2001). Third,
within neurons – the principal source of Aβ production – NEP overlaps with
known regions of Aβ secretion, particularly presynaptic terminals (Fukami et
al. 2002; Iwata et al. 2002; Lazarov et al. 2002; Iwata et al. 2004), where it
appears to be remarkably well positioned to play a role in the catabolism of
endogenously produced Aβ . Indeed, this idea was tested directly by expressing
chimeric variants of NEP engineered to be retained selectively in different
subcellular compartments (Hama et al. 2004); it was concluded that the normal
localization of NEP, with its localization in multiple compartments, was the
most efficient at degrading Aβ .

Aβ was first demonstrated to be proteolyzed by NEP using synthetic Aβ and
purified NEP by Howell and colleagues (1995). Despite this early report, the
pathophysiological relevance of NEP to the regulation of Aβ was not widely
appreciated until the first study showing a role for NEP in the living animal
(Iwata et al. 2000). In this study, radiolabeled Aβ1−42 was superfused into rat
hippocampus in the presence or absence of different protease inhibitors, and
cleavage of the labeled Aβ was monitored by high-performance liquid chro-
matography. Among the different protease inhibitors studied, Aβ degradation
was most strongly inhibited by thiorphan, a potent and selective inhibitor of
NEP (Iwata et al. 2000). Subsequent work by this same team showed that
endogenous murine Aβ levels were significantly elevated (∼100%) in mice
with targeted disruption of the NEP gene (Iwata et al. 2001) (see Table 1).
Importantly, heterozygous knockout mice, in which brain neprilysin activity
is half that of wild-type mice, show a ∼ 50% increase in brain Aβ levels,
indicating that even partial reduction of neprilysin expression/activity, which
seems to be a natural process upon aging as described below, will result in
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elevation of steady-state Aβ levels. It is of high interest that an unbiased genetic
screen in D. melanogaster independently identified NEP as a key regulator of
Aβ-mediated toxicity (Finelli et al. 2004).

The identification of NEP as a physiologically relevant Aβ-degrading
protease triggered a large number of studies that support a tight link between
NEP expression and the modulation of AD pathology. Reduced levels of NEP
mRNA and protein have been observed in brain regions that are susceptible
to Aβ deposition (Carpentier et al. 2002; Iwata et al. 2002; Iwata et al.
2004; Mohajeri et al. 2004; Caccamo et al. 2005), as well as in AD patients
relative to controls (Yasojima et al. 2001; Wang et al. 2005). NEP levels have
also consistently been shown to decrease with aging (Yasojima et al. 2001;
Carpentier et al. 2002; Iwata et al. 2002; Caccamo et al. 2005), an effect
that has recently been attributed, at least in part, to age-dependent decreases
in somatostatin expression (Hama and Saido 2005; Saito et al. 2005). It is
notable that the aging-associated reduction of neprilysin expression takes place
particularly in the molecular layers of the dentate gyrus, into which neurons
of the entorhinal cortex project (Iwata et al. 2002), a finding that may serve to
explain why these neurons are particularly vulnerable to amyloid deposition in
AD. In addition to changes in overall expression levels, the NEP enzyme may
itself be vulnerable to oxidative damage, with a few studies reporting increased
levels of NEP (and/or IDE) containing the oxidative adduct hydroxynonenol
both in AD brain and in normal aging (Wang et al. 2003; Caccamo et al. 2005),
thereby providing a compelling mechanistic link between oxidative damage
and AD pathogenesis. More recently, Maruyama and colleagues (Maruyama et
al. 2005) demonstrated that CSF neprilysin activities, derived from neurons,
are significantly reduced in prodromal AD patients. Taken together, these
experimental and clinical observations support the notion that an aging-induced
reduction of neprilysin activity may play a causal role in the development of
idiopathic AD.

Consideration of the role of Aβ degradation may also force a re-examination
of the pathogenic mechanisms underlying certain familial forms of AD. In this
regard, it has been reported that synthetic Aβ peptides harboring any of several
intra-Aβ mutations are degraded more slowly by NEP (Tsubuki et al. 2003).
Thus, whereas most of these mutations had previously been associated with an
increased tendency to aggregate (Murakami et al. 2002), decreased clearance
via proteolytic degradation may also play a role in the pathogenesis of certain
familial forms of AD.

On the therapeutic side, several studies have demonstrated that NEP over-
expression can effect dramatic changes in steady-state Aβ levels and in the
development of Aβ plaques and associated pathology. Viral overexpression of
NEP has been shown to induce local reductions in steady-state Aβ levels and
to retard plaque deposition (Marr et al. 2003; Iwata et al. 2004). In addition,
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transgenic overexpression of NEP restricted to neurons completely prevented
plaque formation and its associated pathology, and reversed the premature
lethality in APP transgenic mice (Leissring et al. 2003; see Figure 1). These
and several related studies (Lazarov et al. 2002; Dolev and Michaelson 2004)
have helped to reveal that Aβ deposition is a more reversible process than had
previously been appreciated. Nonetheless, earlier interventions have generally
proved more effective than later ones in attenuating Aβ plaque formation,
suggesting that amyloid deposits ultimately enter into a protease-resistant
phase (Marr et al. 2003; Iwata et al. 2004). Although mature plaques may
be impossible to remove by proteolysis alone, it is notable that neprilysin can
degrade some early aggregates of Aβ , including naturally secreted synapto-
toxic Aβ oligomers both in vitro and in vivo (Walsh et al. 2002; Kanemitsu
et al. 2003; Iwata and Saido, unpublished data). This contrasts with insulin-
degrading enzyme, which when overexpressed in APP transfected cells, can
reduce the production of Aβ oligomers, but cannot degrade them after they
are formed (Walsh et al. 2002; Leissring, Walsh and Selkoe, unpublished
observations). The latter observations suggest that the pathway leading from
Aβ production to the formation of cytotoxic aggregates includes a protease-
sensitive, presumably monomeric phase that might be targeted therapeutically.

With respect to the utility of NEP as a therapeutic target in AD, it is
notable that NEP activity seems to be unexpectedly selective to Aβ in the
brain, because neprilysin deficiency does not seem to alter the levels of puta-
tive “neprilysin substrate” neuropeptides such as enkephalin, cholecystokinin,
neuropeptide Y, substance P, and somatostatin in the brain (Iwata & Saido,
unpublished data). Peptidomic analyses of neprilysin knockout brains did not
reveal any differences in these substrates relative to wild-type mice (Tsubuki
and Saido, unpublished observations). Moreover, the Km value of neprilysin
for Aβ is lower than those for other substrates (Iwata et al. 2005), and Aβ levels
in AD brain are about 10,000 times higher than the normal levels (Funato et al.
1998), indicating that neprilysin is likely to selectively act on Aβ in AD brain.

Several distinct NEP transcripts exist that are each expressed in a tissue-
specific manner, presumably regulated by the activity of separate promoter
elements within the regulatory region of the NEP gene (D’Adamio et al.
1989). Levels of expression of NEP vary considerably both ontogenetically,
and also among tissues. For example, neurons express the type-1 transcript
whereas kidney expresses the type-2 transcript, the quantity of which is
approximately 1000-fold greater as compared to brain (Barnes et al. 1992).
These observations indicate that NEP expression levels are highly regulatable,
a feature that might be exploited in the development of therapies based on
upregulation of Aβ degradation. The range of factors that has been shown to
modulate NEP levels is remarkably diverse, and includes somatostatin (Saito
et al. 2005), substance P (Bae et al. 2002), Aβ (Mohajeri et al. 2002; Mohajeri
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et al. 2004), the intracellular domain of APP (Pardossi-Piquard et al. 2005),
estrogen (Huang et al. 2004), green tea extract (Melzig and Janka 2003), and
even environmental enrichment (Lazarov et al. 2005). While these results are
encouraging for their therapeutic implications, in light of the labile nature of
NEP expression and its powerful influence on Aβ homeostasis, factors that
down-regulate NEP levels should also be explored as potential risk factors for
AD. For instance, somatostatin and estrogen are well known for their aging-
dependent reduction of expression in humans (Huang et al. 2004; Hama et al.
2005), providing a possible mechanistic explanation for the aging-dependent
reduction of neprilysin activity. Among these, somatostatin receptors are most
interesting targets; there are five receptor subtypes with distinct distributions
(Saito et al., 2003). Low molecular weight agonists specific for receptor
subtypes responsible for neprilysin activation would be medication candidates.

Several human genetic studies link AD development to variability in the
NEP gene, including new single-nucleotide polymorphisms (Shi et al. 2005),
which are summarized elsewhere (Iwata et al. 2005; see also Chapter 1).
While specific disease-causing mutations analogous to those in APP or the
presenilins have not yet been identified for NEP or any other Aβ-degrading
protease, it cannot be emphasized too much that, for sporadic AD, aging is a
far stronger risk factor than any genetic factor(s) including apolipoprotein E
genotype, the only universally confirmed genetic risk determinant for sporadic
AD (Chapter 1).

3. Endothelin-converting enzymes

Endothelin-converting enzymes-1 and -2 (ECE-1, ECE-2; EC 3.4.24.71)
are membrane-bound zinc-metalloproteinases belonging to the same family
as NEP (M13). While other members of the M13 family have been shown
to be capable of degrading Aβ in cell culture or in vitro (Takaki et al. 2000;
Shirotani et al. 2001), ECEs stand alone as the only members besides NEP
demonstrated to play a role in vivo. The involvement of ECEs in the degradation
of Aβ was discovered by Eckman and colleagues (Eckman et al. 2001), who
noted that levels of Aβ secreted into the medium of cultured cells were
significantly elevated by addition of phosphoramidon, a known inhibitor of
ECEs. Overexpression of ECE in cultured cells stably expressing APP led
to a >90% reduction in levels of secreted Aβ , an effect that was reversed by
treatment with phosphoramidon (Eckman et al. 2001). Since ECEs are most
active under acidic pH conditions and degrade Aβ inside cells (Eckman et
al. 2001), ECEs may be involved in Aβ metabolism in intracellular acidic
compartments. Aβ levels were found to be substantially elevated in a gene
dosage-dependent manner in knockout mice lacking ECE-2 and also in mice
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lacking one allele of ECE-1 (Eckman et al. 2003; homozygous null ECE-1 mice
were non viable; Table 1). Inhibitors of the ECEs are in use clinically, making
it critically important to determine the potential relevance of these proteases to
AD pathogenesis.

4. Insulin-degrading enzyme

Insulin-degrading enzyme (IDE; EC3.4.24.56; a.k.a. insulysin, insulinase,
insulin protease) is a ∼ 110-kDa zinc-metalloendopeptidase that degrades a
broad range of substrates, including several involved in glucose homeostasis
and/or diabetes pathogenesis – e.g., insulin, glucagon, and amylin – along
with a range of other bioactive peptides (Duckworth et al. 1998). IDE also
degrades intracellular substrates, including – notably – the intracellular domain
of APP (Edbauer et al. 2002). Interestingly, AICD has recently been implicated
in transcriptional regulation of APP (von Rotz et al. 2004) and neprilysin
(Pardossi-Piquard et al. 2005) expression, raising the possibility that IDE might
indirectly affect Aβ levels via its effects on AICD levels; nonetheless, despite
large (several-fold) increases in AICD in IDE knockout mice, no alteration of
APP or NEP levels was observed in these animals (Farris et al. 2003; Miller et
al. 2003), casting some doubt on the in vivo relevance of the latter findings or
indicating altered metabolism of APP or NEP.

IDE was actually the first protease shown to degrade Aβ in vitro within
crude brain homogenates (Kurochkin and Goto 1994), and was later identified
independently by Selkoe and colleagues as the major Aβ-degrading activity
secreted into the medium of a range of cultured cells (Qiu et al. 1997; Qiu et
al. 1998). Subsequent work demonstrated that primary neurons cultured from
IDE knockout exhibit a >90% reduction in the degradation of extracellular Aβ

(Farris et al. 2003). These observations, together with studies linking genetic
variations in the regions of the IDE gene to late-onset-AD (see Chapter 1),
suggest that IDE is a particularly strong functional and positional candidate for
the regulation of cerebral Aβ levels.

IDE belongs to a superfamily of zinc-metalloendopeptidases (M16) char-
acterized by a zinc-binding motif (HxxEH) that is inverted with respect to the
motif (HExxH) present NEP, ECEs and most other zinc-metalloendopeptidases
(Becker and Roth 1992). Although IDE’s crystal structure is not yet available,
its active site shares a high degree of sequence homology with related proteases
whose structures have been determined, such as yeast mitochondrial processing
peptidase (MPP; Taylor et al. 2001). Interestingly, despite inversion of the
zinc-binding motif at the primary sequence level, the active site of MPP was
shown to be unexpectedly similar 3-dimensionally to that of the canonical zinc-
metalloprotease thermolysin (Makarova and Grishin 1999), suggesting that the
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catalytic mechanisms utilized by members of the two superfamilies may be
similar, representing an interesting case of convergent evolution.

Despite the aforementioned similarities, the M16 superfamily exhibits a
unique set of enzymological properties that can be attributed to distinguishing
structural features. First, the cleavage sites within known substrates of IDE
seem to share little primary sequence homology; instead, secondary or tertiary
structural features of substrates seem to strongly influence both substrate and
cleavage-site specificity (Duckworth et al. 1998). In this regard, it has been
noted that many substrates of IDE share the tendency to form fibrils (e.g., Aβ ,
insulin, amylin), leading to the conjecture that IDE may recognize structural
features in substrates that confer amyloidogenicity (Kurochkin 1998). A second
distinguishing enzymological feature of IDE and its homologues is their ability
to process relatively large peptide substrates such as insulin and insulin-like
growth factors, which exist as highly structured, disulfide-bonded molecules
(Duckworth et al. 1998). These enzymological peculiarities were explained by
the crystal structures of M16 family members (Iwata et al. 1998; Taylor et
al. 2001), which revealed the presence of a large internal cavity involved in
substrate binding. Thus, the range of substrates that can be hydrolyzed by IDE
is limited to those that can bind within this large central cavity, explaining
for example IDE’s preference for larger peptides (Duckworth et al. 1998).
Once inside the cavity, constraints on the positioning of the substrate strongly
influence which peptide bonds gain access to the active site, thus accounting for
the lack of cleavage site-specificity exhibited by IDE, and the strong influence
of secondary and tertiary structure.

IDE also differs from NEP and ECE-1 and -2 in terms of its subcellular
localization. The vast majority of IDE exists within the cytosol (Duckworth et
al. 1998), a finding that has served to foster doubts about the relevance of IDE to
the degradation of extracellular substrates such as Aβ and insulin. However, as
shown by numerous independent groups in work spanning several decades, IDE
is also localized to several cellular compartments with clear relevance to Aβ

degradation, including the cell surface and the extracellular space (e.g., Qiu et
al. 1997; Seta and Roth 1997; Qiu et al. 1998; Vekrellis et al. 2000), as well as to
several other subcellular compartments, including endosomes and peroxisomes
(Duckworth et al. 1998). The peroxisomal localization of IDE is explained by
the presence of a type-1 peroxisomal targeting sequence at the extreme C-
terminus (Duckworth et al. 1998), but the mechanism of translocation to the
extracellular space or endosomes remains elusive. Recently, a mitochondrial
isoform of IDE was identified that is generated by alternative translation
initiation, which results in the addition of a mitochondrial targeting sequence
at the N-terminus (Leissring et al. 2004). While the significance of IDE’s
localization to these intracellular compartments is uncertain, a growing body
of evidence suggests that low levels of Aβ peptides may reach intracellular
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compartments such as the cytosol and mitochondria, where their accumu-
lation may be disproportionately toxic by comparison to their extracellular
counterparts (LaFerla et al. 1995; Zhang et al. 2002). In this regard, a recent
study demonstrated that Aβ generated within the endoplasmic reticulum is
transported passively into the cytosol, where non-proteasomal degradation is
mediated by IDE (Schmitz et al. 2004). While the pathological significance of
these observations remains to be clarified, they raise the interesting possibility
that different Aβ-degrading proteases may work in concert to confer protection
from different pools of Aβ .

Despite its distinctive subcellular localization, mice with targeted deletion
of the IDE gene show significant increases in endogenous brain Aβ levels
(Farris et al. 2003; Miller et al. 2003) that are comparable in magnitude to those
in NEP and ECE-1 and -2 knockout mice (Table 1). Indeed, in the only side-by-
side comparison yet reported (Farris et al. 2003), IDE and NEP knockout mice
were found to have a virtually identical percent increase in cerebral Aβ levels
when Aβ was extracted in parallel and quantified on the same ELISA plate
(Table 1). Notably, as is true for NEP and ECE-2 (Iwata et al. 2001; Eckman
et al. 2003), Aβ levels vary in a gene dosage-dependent manner (Miller et al.
2003), suggesting that IDE is rate-limiting in the determination of endogenous
Aβ levels. Like NEP, IDE protein levels have been shown to decrease with
aging in normal mice (Caccamo et al. 2005) and protein and mRNA levels
are notably higher in brain regions that do not normally accrue Aβ deposits,
such as the cerebellum (Caccamo et al. 2005; Farris et al. 2005). Significant
reductions in hippocampal IDE levels have also been reported in AD patients
harboring one or more ApoE4 alleles (Cook et al. 2003).

True to its name, IDE is a major insulin protease, with crude liver ho-
mogenates from IDE knockout mice showing a ∼ 98% reduction in insulin
degradation (Farris et al. 2003). Several lines of evidence suggest that IDE
dysfunction may contribute to the development of type-2 diabetes mellitus
(DM2). The GK rat, a well-established model of DM2 used for decades
in diabetes research, was found to harbor missense mutations in IDE that
contribute to the diabetic phenotype (Fakhrai-Rad et al. 2000), and these
mutations were shown to result in a partial loss of function in IDE’s ability to
degrade both insulin and Aβ (Fakhrai-Rad et al. 2000; Farris et al. 2004). IDE
knockout mice were also found to exhibit a diabetic phenotype and to have
significant elevations in fasting insulin levels (Farris et al. 2003). Emerging
evidence from epidemiological studies suggests there is a high degree of
co-morbidity between DM2 and AD (Ott et al. 1999), and a growing body
of genetic studies has linked variations near the IDE gene to both DM2
(e.g., Karamohamed et al. 2003) and late-onset AD (reviewed in Chapter 1),
suggesting that IDE hypofunction may represent a common feature in these
two seemingly disparate diseases. In this regard, compelling evidence from
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human studies suggests that Aβ and insulin may compete for limiting quantities
of IDE on a rapid time-scale, as administration of insulin to normal human
subjects maintained on a euglycemic clamp was found to result in a rapid
rise in Aβ levels in the cerebrospinal fluid (Watson et al. 2003). Conversely,
diabetic status may indirectly affect IDE expression levels, as diet-induced
insulin resistance induced in APP transgenic mice was found to augment
amyloid plaque formation, and was associated with decreased levels of IDE
(Ho et al. 2004). It is also possible that IDE may have indirect effects on Aβ

metabolism via alteration of insulin levels, given reports that insulin signaling
regulates APP processing and trafficking (Solano et al. 2000; Gasparini et al.
2001). This possibility may serve to explain why co-administration of insulin
with radiolabeled Aβ in rat hippocampus had no effect on Aβ degradation in
a superfusion paradigm (Iwata et al. 2000); on the other hand, it should be
noted that insulin – α2-chain, disulfide-bonded peptide with potent biological
properties, including effects on Aβ secretion – is clearly a less than ideal
inhibitor of IDE, providing an alternative explanation for its poor efficacy in
this experimental paradigm.

While IDE is unquestionably a strong functional and positional candidate
for the modulation of AD pathogenesis, only a limited amount of work has
focused on its in vivo therapeutic potential. Transgenic overexpression of
IDE in neurons in an APP transgenic mouse model (Mucke et al. 2000)
lowered steady-state levels of Aβ and attenuated plaque formation and its
associated cytopathology (Leissring et al. 2003). While the latter study also
examined the consequences of NEP overexpression in the same animal model,
quantitative comparisons were not possible because very different amounts of
overexpression of the two proteases were obtained in the different transgenic
mouse lines. Specifically, a ∼ 100% increase in IDE levels led to a ∼ 50%
reduction in Aβ levels and plaque burden (not shown); whereas a ∼ 700%
increase in NEP levels led to a ∼ 90% decrease in Aβ levels and a virtual
elimination of Aβ deposition (see Figure 1).

It is notable that a lower percent increase in IDE activity was achieved
despite a greater absolute abundance of the transgenic IDE transcript relative to
the transgenic NEP transcript (as measured by quantitative PCR with identical
primers); this may be explained by the fact that basal levels of IDE are
greater by far than NEP in the brains of wild-type mice, making it more
difficult to increase IDE levels in overexpression paradigms. Despite these
quantitative differences, the effects of both proteases were seemingly very
similar qualitatively (see Figure 1). For example, overexpression of either IDE
or NEP led to significant decreases in both Aβ40 and Aβ42, including both
Tris-soluble and Tris-insoluble, guanidinium-extractible pools (Leissring et al.
2003), suggesting that both proteases may target overlapping pools of Aβ . In
addition, overexpression of either IDE or NEP also reversed the premature
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Figure 1. Effects of overexpression of NEP (by 700%) on amyloid pathology in
APP transgenic mice. Left panel: APP transgenic mouse, alone; right panel: APP
transgenic mouse with NEP overexpression. Panels show representative sections from
14-month-old mice in the indicated transgenic backgrounds.

lethality that occurs in this particularly aggressive APP transgenic model,
suggesting that both proteases target neurotoxic species of Aβ . These results
suggest that a reduction in Aβ levels might be attainable via overexpression
of any of several proteases, thus increasing the number of targets available
for therapeutic evaluation. In contrast to the positive results obtained in mice,
it is notable that upregulation of an IDE homologue had no effect in a D.
melanogaster model of Aβ toxicity, whereas upregulation of a neprilysin
homologue significantly decreased Aβ levels and inhibited Aβ42-induced
neurodegeneration (Finelli et al., 2004). However, in this model, Aβ42, rather
than APP, was overexpressed, in this case directly in the secretory pathway, by
fusing the Aβ42 peptide directly to a signal peptide. Thus, the disparate results
obtained with IDE in this fly model may indicate that IDE targets a different
pool of Aβ than NEP (which is clearly present in the secretory pathway), or
may reflect differences in the subcellular localization or tissue distribution of
IDE homologues in invertebrate organisms.

Transcriptional upregulation of IDE remains a theoretical possibility, but the
prospects for this approach may be more limited by comparison to the prospects
for NEP. Treatment of primary hippocampal neurons with insulin resulted in
a phophoinositol-3 kinase-dependent increase in IDE protein levels (Zhao et
al. 2004). However, this increase was relatively modest (∼25%) compared to
the large effects known activators of NEP expression can exert (several fold).
Several characteristics of IDE resemble those seen for known “housekeeping”
genes, including (i) a relatively even tissue distribution, with no tissues known
to lack IDE; and (ii) the presence of a prominent “CpG island” (i.e., a regions
of chromosomal DNA containing relatively a low frequency of methylated
cytosines) in IDE’s promoter region (Farris et al. 2005). However, these
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observations do not exclude the possibility that activators of IDE expression
may yet be found, perhaps through compound screening. It should be noted
that overall IDE upregulation would result in increased degradation of cytosolic
IDE substrates represented by AICD in addition to extracellular ones such as
Aβ . Therefore, a more attractive approach may be to search for compounds
that promote the translocation of IDE to extracytoplasmic compartments. In
addition, while IDE’s overall mRNA levels appear to be relatively stable,
functionally distinct variants might nonetheless be differentially expressed.
In this regard, recent work has identified a novel splice isoform of IDE with
significantly reduced catalytic efficiency (Farris et al. 2005). Further research
may uncover additional transcriptional variants with functional consequences.

Some work has examined the possibility of pharmacological augmentation
of IDE activity. While the activation of enzymatic activity by a small molecule
is not unprecedented (e.g., Efanov et al. 2005), screening of over 150,000 small
molecules using a novel Aβ degradation assay (Leissring et al. 2003) failed to
identify any direct activators of IDE-mediated Aβ degradation (M.L. and D.
Selkoe, unpublished observations). A more realistic approach might be to iden-
tify an endogenous inhibitor of IDE and screen for compounds that disrupt the
inhibitor-protease interaction. Several candidate endogenous inhibitors have
been reported, including adenosine triphosphate (ATP; Camberos et al. 2001),
long-chain fatty acids (Hamel et al. 2003) and ubiquitin (Saric et al. 2003).
Interestingly, whereas ATP was initially reported to inhibit the degradation of
insulin by IDE, it was later found to dramatically activate the hydrolysis of
short fluorogenic peptide substrates, by as much as 75-fold, while having little
effect on the hydrolysis of larger substrates such as Aβ or glucagon (Song
et al. 2004; M.L. and D. Selkoe, unpublished observations). Other work by
Hersh and colleagues (Song et al. 2003) found that the hydrolysis of Aβ and
other substrates (but not insulin) could be activated by low levels of a second
substrate; in light of evidence that IDE exists as a homodimer (Safavi et al.
1996; Song et al. 2003; Farris et al. 2005), this effect may represent an example
of positive intersubunit cooperativity.

Knowledge about the physiological and pathophysiological roles NEP and
ECEs, and their implication in the catabolism of Aβ has depended critically
on the widespread availability of potent and selective inhibitors (Iwata et al.
2000; Eckman et al. 2001; Newell et al. 2003; Dolev et al. 2004). However,
only very non-specific and low potency inhibitors (e.g., zinc chelators, thiol-
alkylating agents) are currently available for IDE or indeed for any other
members of its extended superfamily. Insulin is often used as a competitive
substrate, but as mentioned above, its potent bioactivity and disulfide-bonded
nature places limits on its utility, particularly in vivo paradigms. Bacitracin, a
cyclic peptide used extensively for its antibiotic properties, is another inhibitor
of IDE (Roth 1981), but its potency in in vitro experiments with recombinant
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IDE is relatively low (M.L. personal observations) and little is known about
its potential to inhibit proteases other than IDE. One of us (M.L.) has recently
developed peptidic hydroxamate inhibitors of IDE that may fill the important
need for potent and selective IDE inhibitors (unpublished observations). These
reagents may also aid in the development of novel pharmacological tools, such
as photoaffinity probes and improved activity assays, that could help to answer
several outstanding questions about the biology and pharmacology of IDE, and
facilitate in the search for small-molecule activators of IDE activity.

5. Plasmin

Plasmin (EC 3.4.21.1, a.k.a. fibrinolysin) is a serine protease that is the
ultimate effector in the fibrinolytic cascade. Plasmin is generated from an inac-
tive zymogen (plasminogen) through proteolysis by urokinase- or tissue-type
plasminogen activators (uPA and tPA, respectively). Interest in the potential
involvement of plasmin in AD pathogenesis was prompted by a report by
Tucker and colleagues (Tucker et al. 2000), showing that plasmin could degrade
both monomeric and fibrillar Aβ , reducing the toxicity of both, and was fueled
by the discovery of genetic linkage between late-onset AD and a region of Chr.
10 containing the gene for uPA (PLAU; Bertram et al. 2000; Ertekin-Taner et
al. 2000; Myers et al. 2000; see Chapter __). Neither uPA nor tPA directly
degrades Aβ; instead, both exert their effects via proteolytic conversion of
plasminogen to plasmin (Van Nostrand and Porter 1999; Tucker et al. 2000;
Tucker et al. 2002). Interestingly, tPA appears to be activated generally by
ligands that contain cross-beta structure, which include assembled forms of
Aβ (van Nostrand et al. 1999; Kranenburg et al. 2002; Kranenburg et al. 2005).

Despite a compelling array of in vitro and cell culture experiments sup-
porting a potential role for plasmin in the catabolism of Aβ , animal modeling
modeling studies have not yielded straightforward results. On the one hand,
the clearance of Aβ injected into the hippocampus of mice lacking tPA or plas-
minogen was significantly attenuated relative to wild-type animals (Melchor et
al. 2003). On the other hand, cerebral Aβ was not found to be elevated in mice
lacking plasminogen (Tucker et al. 2004), and similarly, no elevation in brain
Aβ was observed in uPA knockout mice, despite significant elevations of Aβ in
plasma (Ertekin-Taner et al. 2005; see Table 1). This pattern of results suggests
that the plasmin system may not be involved in the regulation of cerebral Aβ

under normal conditions, but might instead be engaged only under pathological
circumstances.

From a therapeutic perspective, plasmin compares favorably to IDE, NEP
and the ECEs because its activity is tightly regulated by endogenous inhibitors,
such as plasminogen-activator inhibitor 1 (PAI-1) and α-2 plasmin inhibitor.
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Thus, compounds that disrupt these endogenous inhibitors, by activating plas-
min, could tilt the balance of Aβ metabolism in favor of increased clearance.
In this regard, administration of PAI-1 inhibitors to APP transgenic mice was
recently reported to lower both plasma and brain Aβ levels (Pangalos et al.
2005). Plasmin is also an appealing therapeutic target because it degrades
oligomeric forms of Aβ known to exert eletrophysiological and mnemonic
disturbances at very low concentrations (Walsh et al. 2002; Cleary et al. 2005)
more avidly than IDE or NEP (Leissring et al. 2003; D.M. Walsh and M.L.,
unpublished observations). Of course, the therapeutic effects of activating
the fibrinolytic cascade will have to be balanced by the risk that such an
approach might hold for inducing excessive bleeding or hemorrhagic stroke
(van Nostrand et al. 1999).

6. Other Aβ-degrading proteases

While the importance of in vivo studies to the field of Aβ degradation has
been emphasized throughout this chapter, many seminal discoveries in this field
were nonetheless initially made in vitro or in cell culture. An important goal for
future research will be to confirm or confute the in vivo relevance of known Aβ-
degrading proteases, and also to search for others that remain to be identified.
This section briefly summarizes the evidence implicating a few candidate Aβ-
degrading proteases.

Two matrix-metalloproteases (MMPs) have been shown to degrade Aβ

in vitro, namely MMP-2 and MMP-9 (Roher et al. 1994; Backstrom et al.
1996). These candidates are interesting from a therapeutic perspective because,
like plasmin, they normally exist as latent, inactive proenzymes. Notably,
conversion of the MMP proenzymes to their active forms is mediated by a
unique “cysteine switch” mechanism (Van Wart and Birkedal-Hansen 1990).
Activation by this mechanism is normally mediated by proteolysis, but it is
notable that it can also be triggered by small molecules (Van Wart et al.
1990). While compounds currently known to activate MMPs (e.g., mercurials)
are quite toxic and therefore of little therapeutic value, it nonetheless seems
plausible that small molecules might be identified with increased potency and
specificity that could be used to selectively activate this pool of Aβ-degrading
proteases.

Angiotensin-converting enzyme is yet another metalloprotease that has been
shown to degrade Aβ in vitro (Hu et al. 2001). ACE is an interesting candidate
in view of genetic evidence suggesting an association with risk for late-onset
AD (e.g., Kehoe et al. 2004). In view of the widespread clinical use of ACE
inhibitors, it is of considerable interest to establish whether ACE does in fact
play an important role in AD pathogenesis. However, recent studies found no
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detectable increases in the brains of ACE knockout mice (Takaki and Saido,
unpublished observations; Table 1).

The final protease to be considered is cathepsin D, a lysosomal aspartyl
protease. Rather surprisingly, cathepsin D was actually shown to be by far the
major degrader of Aβ in brain homogenates when degradation was assayed
across a range of pH values (McDermott and Gibson, 1996). In addition
to its well known localization within lysosomes, cathepsin D was recently
demonstrated to exist in endosomes, where it may be involved in insulin
catabolism (Authier et al. 2002). While significant alterations in cathepsin D
expression levels have been observed in AD brain (Cataldo et al. 1996), the
relevance of these observations to Aβ catabolism remains to be established.

7. Future directions

As this chapter attests, enormous strides have been made in our understand-
ing of the significance of Aβ catabolism for AD pathogenesis. Nonetheless,
research in this area is in its infancy, and a number of important issues remain
to be addressed. This section attempts to identify a few key areas that are
especially deserving of future investigation.

An obvious and common question is: which Aβ-degrading proteases are
most important to Aβ metabolism? At this stage we have only crude metrics
with which to judge the relative contribution of different proteases. One widely
accepted parameter is the relative increase in cerebral Aβ levels measured in
mice with genetic deletion of different Aβ-degrading proteases, as summarized
in Table 1. While there is some merit to this approach, several important
caveats should be kept in mind. First, Aβ most likely exists in separate pools
within the brain that are influenced differentially by different proteases. Thus,
one may speculate that a given increase in overall cerebral Aβ levels might
reflect a moderate increase in global Aβ levels or, alternatively, might reflect
a comparatively large increase in a restricted pool of Aβ . Absent knowledge
about which pools are targeted by different proteases, it makes little sense
to regard total brain Aβ levels as a quantitatively meaningful measure by
which to compare the relative importance of different Aβ-degrading proteases,
particularly when different methods of extracting Aβ are frequently used
(see Table 1). Accordingly, future experiments seeking to compare levels of
brain Aβ in different protease knockout mice, should pay greater attention
to biochemically distinguishable pools of Aβ , comparing different mouse
brain regions (Iwata et al. 2000; Iwata et al. 2004) side by side on the same
ELISA plate together with appropriate controls such as extracts from APP
knockout mice. A second difficulty with gene-targeted animals is that life-long,
pan-cellular deletion of a protease may have developmental or compensatory



172 Malcolm Leissring and Takaomi C. Saido

Ta
b

le
1.

C
om

pa
ris

on
of

in
cr

ea
se

s
in

en
do

ge
no

us
ce

re
br

al
A

β
le

ve
ls

in
ge

ne
-t

ar
ge

te
d

m
ic

e
la

ck
in

g
ca

nd
id

at
e

A
β

-d
eg

ra
di

ng
pr

ot
ea

se
s.

G
en

e
S

tu
d

y
E

xt
ra

ct
io

n
m

et
h

o
d

n
p

er
g

en
o

ty
p

e
%

in
cr

ea
se

ce
re

b
ra

lA
β

a,
b

(+
S

E
M

)c

A
β

40
A

β
42

N
E

P
Iw

at
a

et
al

.2
00

1
G

uH
C

l
9

10
0.

6
+

12
.0

**
*

11
3.

8
+

24
.9

**
*

Iw
at

a
et

al
.2

00
4

Tr
is

-s
al

in
e

6
10

0.
3

+
15

.3
**

*
82

.3
+

19
.6

**
*

G
uH

C
l

10
7.

1
+

18
.2

**
*

10
0.

9
+

17
.3

**
*

Fa
rr

is
et

al
.2

00
3

D
ie

th
yl

am
in

e
2–

3
63

.8
+

26
.2

*
N

D
E

rt
ek

in
-T

an
er

et
al

.2
00

5
F

or
m

ic
ac

id
3

44
.0

+
8.

4d,
*

32
.8

+
6.

6d
(n

.s
.)

ID
E

Fa
rr

is
et

al
.2

00
3

D
ie

th
yl

am
in

e
6–

7
63

.5
+

4.
7*

**
N

D
6–

7e
13

.1
+

1.
8e

, *
**

7.
7

+
2.

1e
, *

M
ill

er
et

al
.2

00
3

D
ie

th
yl

am
in

e
3–

4
54

.7
+

14
.5

**
*

35
.7

+
7.

1*
**

E
C

E
1

E
ck

m
an

et
al

.2
00

3
D

ie
th

yl
am

in
e

12
–1

3
20

.7
+

2.
7f,

**
*

19
.1

+
4.

3f,
*

E
C

E
2

E
ck

m
an

et
al

.2
00

3
D

ie
th

yl
am

in
e

9–
10

30
.5

+
3.

8*
**

18
.9

+
5.

7*
*

P
LG

Tu
ck

er
et

al
.2

00
4

F
or

m
ic

ac
id

8
5.

3g,
h

(n
.s

.)
–3

.3
g,

h
(n

.s
.)

P
LA

U
E

rt
ek

in
-T

an
er

et
al

.2
00

5
F

or
m

ic
ac

id
11

–1
3

3.
7

+
2.

7d,
i
(n

.s
.)

–0
.4

+
1.

7d,
i
(n

.s
.)

A
C

E
Ta

ka
ki

et
al

.
G

uH
C

l
6

–1
4.

4
+

12
.9

(n
.s

.)
–9

.3
+

6.
9

(n
.s

.)
(u

np
ub

lis
he

d
da

ta
)

a
U

nl
es

s
ot

he
rw

is
e

in
di

ca
te

d,
da

ta
re

fle
ct

m
ea

su
re

m
en

ts
fr

om
ho

m
oz

yg
ou

s
nu

ll
m

ic
e

re
la

tiv
e

to
w

ild
-t

yp
e

m
ic

e.
b
A

ll
m

ea
su

re
m

en
ts

pe
rf

or
m

ed
us

in
g

E
LI

S
A

de
ve

lo
pe

d
by

N
.S

uz
uk

i(
B

N
T

77
/B

A
27

/B
C

05
;S

ch
eu

ne
r

et
al

.1
99

6)
.

c S
E

M
va

lu
es

w
er

e
ca

lc
ul

at
ed

ba
se

d
on

th
e

as
su

m
pt

io
n

th
at

da
ta

w
er

e
no

rm
al

ly
di

st
rib

ut
ed

an
d

th
at

th
e

nu
m

be
rs

of
da

ta
se

ts
w

er
e

id
en

tic
al

be
tw

ee
n

w
ild

-t
yp

e
an

d
K

O
gr

ou
ps

.
d
Q

ua
nt

ita
tiv

e
da

ta
an

d
P

va
lu

es
es

tim
at

ed
fr

om
gr

ap
hi

ca
ld

at
a

in
pu

bl
is

he
d

st
ud

y.
e
D

et
er

m
in

ed
in

a
se

pa
ra

te
se

to
f6

-m
on

th
-o

ld
m

ic
e

(F
ar

ris
et

al
.2

00
3)

f D
at

a
fr

om
E

C
E

1+
/-

m
ic

e
re

la
tiv

e
to

w
ild

-t
yp

e
co

nt
ro

ls
(h

om
oz

yg
ou

s
de

le
tio

n
is

le
th

al
).

g
D

at
a

fr
om

P
lg

-/
-

m
ic

e
re

la
tiv

e
to

P
lg

+
/-

m
ic

e
in

ge
ne

tic
ba

ck
gr

ou
nd

ho
m

oz
yg

ou
s

nu
ll

fo
r

fib
rin

.
h
S

ta
nd

ar
d

er
ro

r
no

tp
ro

vi
de

d.
i 3

-
to

6-
m

on
th

-o
ld

an
d

11
-m

on
th

-o
ld

m
ic

e
w

er
e

us
ed

.
*

=
P

va
lu

e
<

0.
05

;*
*

=
P

va
lu

e
<

0.
01

;*
**

=
P

va
lu

e
<

0.
00

1;
n.

s.
=

no
ts

ig
ni

fic
an

t;
N

D
=

no
td

et
er

m
in

ed
.



10. Aβ Degradation 173

alterations that influence brain Aβ levels indirectly, rather than directly, as is
often assumed. Finally, it should be kept in mind that most proteases (including
β- and γ -secretases) have multiple substrates, and it is well-established that
some peptides can exert powerful influences on brain Aβ levels (e.g., Carro et
al. 2002). Future research with inducible and tissue-specific knockout animals
and with judicious use of selective pharmacological agents, should help to
clarify matters.

The question of which pools of Aβ are most relevant to disease is another
topic of fundamental importance to AD research. It seems likely that much
light could be shed on this issue by directly comparing the consequences of
genetic or pharmacological manipulation of different Aβ-degrading proteases
in appropriate AD mouse models, given the evidence that they target different
pools of Aβ . In this regard, the use of proteases genetically engineered to be
targeted to different subcellular compartments, as employed successfully in
cultured cells (Hama et al. 2004), would seem to be an especially informative
in vivo approach. The difficulty here is knowing which endpoints are most
disease-relevant. For instance, it is conceivable that a given Aβ protease could
have no effect on extracellular plaques, and yet nonetheless yield improvements
in other endpoints, such as dendritic arborization, tau hyperphosphorylation,
or behavioral or electrophysiological outcomes. It seems likely that future
research in this field will inform our understanding of AD pathogenesis
generally, and possibly lead to improved animal models that are more faithful
to relevant features of the disease in man.

A final set of questions relates to the potential therapeutic use of Aβ-
degrading proteases, either as targets for drug development, or potentially,
as therapeutic agents. Here again, a number of important issues relate to the
existence of multiple pools of Aβ , specifically what separates these pools and
how Aβ traffics among them. Notably, peripheral administration of Aβ-binding
agents that cannot cross the blood-brain barrier have been shown to lead to
reductions in brain Aβ in APP transgenic mice (Deane et al. 2003; Matsuoka
et al. 2003; see also Chapter 10). This has led to the hypothesis that pools of Aβ

in the brain and in the periphery may exist in a state of dynamic equilibrium.
While this concept has not been firmly established in humans, if it is confirmed,
then peripheral administration of Aβ-degrading proteases would appear to
offer certain advantages over the use of antibodies, because proteases would
act catalytically rather than stochiometrically to eliminate Aβ , thus requiring
significantly lower quantities to exert a therapeutic benefit. Intriguingly, it may
not even be necessary to administer any therapeutic agent, if a way can be found
to divert brain Aβ into compartments with excess clearance capacity, an effect
that might be mediated, for example, by increasing the transport of Aβ across
the blood-brain barrier (see Chapter 10). Consideration of these therapeutic
possibilities serves as a reminder that different Aβ clearance mechanisms
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do not act in isolation, but are instead likely to be highly interdependent.
Future research into the interplay between proteolytic degradation of Aβ , cell-
mediated clearance, and the transport of Aβ into and out of the brain, may be
the most fruitful road to the development of useful clearance-based therapies
to combat AD.

Let us end this chapter by reflecting on the pragmatic issue of drug
development aimed at proteolytic degradation of Aβ . Within contemporary
pharmaceutical science, approximately 60% and 30% of successful med-
ications targeted at proteins are receptor agonists/antagonists and enzyme
inhibitors, respectively. Because of the very high incidence of AD in the aged
populations, there is a strong socio-economical demand for cost-effective and
preventive measures to combat AD. In this respect, treatment that requires
surgical operations or recombinant proteins would probably be too costly as
a medication for the treatment of the majority of the millions of AD patients
worldwide. One possible solution is to develop low- molecular-weight receptor
ligands that can activate Aβ-degrading activity specifically in the brain (Saito et
al. 2003; Saito et al. 2005). The combination of such a medication with others
targeting secretases or more down-stream events (i.e., inflammation, oxidative
stress, etc.) would exert not only preventive but also therapeutic effects both in
presymptomatic and symptomatic patients. If reduced activity of Aβ-degrading
enzyme(s) in brain is indeed a cause for sporadic AD, detection of such a
change in a region-specific manner by, for instance, non-invasive imaging (Sato
et al. 2004; Higuchi et al. 2005) may provide a new opportunities to develop
presymptomatic diagnoses and to quantify prognosis, thereby facilitating the
timely treatment of this devastating neurodegenerative disease.
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1. Introduction

Dementia is a major public health problem and Alzheimer’s disease (AD) is
the most common cause of dementia in the United States. Data from genetic,
biochemical, and animal modeling studies strongly suggests that the aggrega-
tion and buildup of the 38-43 amino acid amyloid-β (Aβ) peptide is a central
event in AD pathogenesis and also a target for treatment (Golde et al., 2000).
There are relatively rare, early-onset autosomal dominant forms of AD that are
caused by mutations in one of three genes: APP, PS1, and PS2 (see Chapter
1). Mutations in these genes lead to one common phenotype, overproduction
of all Aβ species or specifically of Aβ42 (Selkoe, 2001b). There are also
mutations in the Aβ sequence itself that usually lead to a disorder known as
cerebral amyloid angiopathy (CAA) (Levy et al., 1990) and sometimes AD
(Nilsberth et al., 2001). These mutations appear to affect the ability of Aβ

to aggregate (Nilsberth et al., 2001) or its clearance (Deane et al., 2004b). In
the more common form of AD, late-onset AD, that occurs after the age of 60
and accounts for greater than 99% of cases, there is not compelling evidence
that Aβ or Aβ42 is over-produced. Thus, understanding factors that control
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Aβ metabolism after it is cleaved from the amyloid precursor protein (APP)
may be critical in determining whether or not it will ultimately aggregate,
build up in the brain and cerebral arterioles (CAA), and lead to neural and
vascular toxicity. After Aβ is released by cells into the extracellular space, it
can potentially be degraded by enzymes. This is discussed in Chapter 9 of this
volume. When Aβ is in the extracellular space either inside or outside the brain,
it can also be transported between different compartments (e.g. brain to blood,
blood to brain) and can also be cleared locally by cells. The process of transport
and clearance can be influenced by molecules (chaperones) that bind Aβ such
as apolipoprotein E (apoE). Interestingly, APOE genotype is a strong genetic
risk factor for AD (Strittmatter et al., 1993a) and remains the only proven
genetic risk factor for AD as well as for CAA in hundreds of different studies
(Strittmatter and Roses, 1996) (see Chapter 1). Given the likely importance of
Aβ transport and clearance in regulating Aβ metabolism and whether it will
ultimately aggregate and build up in the brain, this first section of this chapter
will focus on data examining Aβ transport between brain and blood and vice-
versa. The second section will discuss studies suggesting that endogenous Aβ

chaperones such as apoE influence Aβ metabolism after it is released by cells
and influence Aβ aggregation, clearance, and transport.

2. Aβ transport between brain and blood

The blood-brain barrier (BBB) does not normally allow free exchange of
polar solutes such as Aβ between brain and blood or blood and brain owing
to the presence of tight junctions between brain endothelial cells that form a
continuous cellular monolayer. On the other hand, a non-specific bulk flow
of brain interstitial fluid (ISF) seems to be responsible for 10–15% of Aβ

clearance from normal brain (Shibata et al., 2000). Because studies suggest
that the rate of Aβ clearance from out of the brain is faster and larger than
can be accounted for only by bulk ISF and CSF flow, a carrier-mediated or
receptor-mediated transport system(s) for Aβ must exist at the BBB to remove
Aβ from the CNS into circulation shortly after its physiological production
or to shuttle circulating Aβ into the CNS, for review see (Tanzi et al., 2004;
Zlokovic, 2005).

In 1993, Zlokovic and colleagues suggested that carrier and/or receptor-
mediated transport across the BBB regulates brain Aβ (Zlokovic et al., 1993).
A series of papers from different groups have verified the validity of the BBB
transport hypothesis for Aβ (Maness et al., 1994; Zlokovic et al., 1994; Banks
and Kastin, 1996; Ghersi-Egea et al., 1996; Ghilardi et al., 1996; Martel et al.,
1996; Zlokovic et al., 1996; Martel et al., 1997; Poduslo et al., 1997; Shayo
et al., 1997; Mackic et al., 1998; Shibata et al., 2000; Zlokovic et al., 2000;
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DeMattos et al., 2001; Lam et al., 2001; Poduslo and Curran, 2001; Bading
et al., 2002; DeMattos et al., 2002b; DeMattos et al., 2002c; Mackic et al.,
2002; Monro et al., 2002; Deane et al., 2003; Deane et al., 2004b) after this
initial report (Zlokovic et al., 1993). These studies have demonstrated that
transport exchange across the BBB critically influences the concentration of
soluble Aβ in the CNS which is central to formation of neurotoxic oligomeric
Aβ species (Hardy and Selkoe, 2002) and vasculotoxic aggregated forms of
Aβ (Paris et al., 2004). Under physiological conditions, the concentration of
free Aβ in the brain ISF is estimated to be about 100-fold higher than in
plasma (DeMattos et al., 2002a; Cirrito et al., 2003), but the total amount of
free Aβ in the extracellular body fluid and plasma is 10-fold greater than in
brain ISF and CSF (Zlokovic, 2004). Increased basal Aβ levels in plasma have
been reported in APP transgenic mice (Kawarabayashi et al., 2001) or after
active Aβ immunization in non-human primates (Lemere et al., 2004) and/or
treatment of different Alzheimer’s transgenic lines with Aβ-peripheral binding
agents (DeMattos et al., 2002b; Deane et al., 2003; Matsuoka et al., 2003).

Transport of soluble Aβ across the BBB appears to be regulated by the
receptor for advanced glycation end products (RAGE) (Deane et al., 2003) and
the low-density lipoprotein receptor related protein-1 (LRP1) (Shibata et al.,
2000; Deane et al., 2004b). In addition, other receptors such as megalin (LRP2)
(Zlokovic et al., 1996) and P-glycoprotein (Cirrito et al., 2005) may contribute
to transport of Aβ across the BBB. Aβ-binding proteins that including α2-
macroglobulin, apoE and apoJ also appear to influence transport of Aβ at the
BBB (Zlokovic, 2005). Besides the vascular clearance and BBB transport of
Aβ , proteolytic degradation of the peptide (Iwata et al., 2001; Selkoe, 2001a),
its oligomerization, aggregation, and of course the production (Hardy and
Selkoe, 2002; Tanzi et al., 2004; Zlokovic, 2004) and clearance of different
forms of Aβ (fibrillar vs. soluble) by other cells of the neurovascular capillary
unit, including astrocytes (Wyss-Coray et al., 2003; Koistinaho et al., 2004;
Zlokovic, 2005), may have a major role in determining the levels and the
form of Aβ brain accumulation and associated neuronal and vascular toxicity
(Fig. 1).

2.1 Plasma Aβ transport

The autosomal dominant mutations that cause early-onset AD all increase
Aβ42 in plasma and brain (Citron et al., 1992; Cai et al., 1993; Suzuki et al.,
1994; Borchelt et al., 1996; Scheuner et al., 1996). A late onset AD locus
on chromosome 10 acts to increase plasma Aβ (Ertekin-Taner et al., 2000).
Only a few studies have analyzed the levels of plasma Aβ in AD patients vs.
age-matched controls suggesting no changes (Mehta et al., 2000). However,
two studies suggest an increased risk for AD in cognitively normal elderly
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Figure 1. Brain Aβ homeostasis is controlled by numerous pathways: (1) peripheral
and central production; (2) rapid receptor-mediated transport of soluble forms across
the BBB from blood to brain via RAGE, and (3) from brain to blood via LRP; (4)
binding to transport proteins, e.g., apoE, apoJ, α2-macroglobulin (α2M), which may
influence Aβ sequestration in plasma, brain ISF and CSF, as well as the form of its
accumulation in brain, i.e., soluble vs. fibrillar, and/or transport across the BBB and
blood-CSF barrier; (5) proteolytic degradation by enkephalinase, insulinase, plasmin,
tissue plasminogen activator, or matrix metalloproteinases, astrocyte-mediated degra-
dation and microglia-mediated degradation; (6) slow removal via the ISF-CSF bulk flow;
(7) oligomerization and aggregation; (8) transport in and out via megalin (LRP2) (Taken
with permission from Zlokovic, 2005).

individuals with high levels of plasma Aβ (Mayeux et al., 1999; Mayeux et al.,
2003). APP transgenic mice expressing the APPsw mutation leading to a form
a familial AD (Tg-2576 mice) have high plasma levels of Aβ40 and 42, i.e., 4
nM and 0.4 nM, respectively, between 3 and 9 months of age (Kawarabayashi
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et al., 2001). In contrast, PDAPP mice and PD-hAPP mice have significantly
lower baseline values of plasma Aβ (∼200 pg/ml), but these levels can be
significantly increased by 40-fold after a single i.v. injection of an anti-Aβ

antibody (DeMattos et al., 2001) or soluble form of RAGE, sRAGE (Deane et
al., 2003). Studies suggest that free Aβ in the plasma can be transported across
the BBB into the CNS and that blocking this transport via a peripheral Aβ

sequestering agent that does not cross the BBB such as an anti-Aβ antibody
or sRAGE have an impact on the amount of soluble Aβ present in the CNS.
Studies in these models suggest that that this peripheral trapping of Aβ shifts
the plasma-CNS equilibrium of Aβ . According to the proposed transport model
in Fig. 1, agents that do not penetrate the BBB but bind Aβ in plasma may
promote efflux of rapidly mobilized pool of brain Aβ by creating a peripheral
“sink” for Aβ .

2.2 Vascularly based Aβ-lowering strategies

Peripheral Aβ-binding agents such as anti-Aβ antibody (DeMattos et al.,
2001; Sigurdsson et al., 2001; DeMattos et al., 2002b) and non-immune
approaches with gelsolin and GM1 (Matsuoka et al., 2003), sRAGE (Deane
et al., 2003) or soluble forms of LRP-1, sLRP-1 fragments (Deane et al.,
2004b) may promote clearance of brain-derived Aβ thereby reducing Aβ levels
and amyloid load in the CNS in different APP over-expressing mice. Serum
amyloid P (SAP) component can be removed from human amyloid deposits in
the tissues by drugs that are competitive inhibitors of SAP and may provide
its rapid clearance (Pepys et al., 2002). It has been also suggested that insulin-
like growth factor I may induce clearance of brain Aβ probably by enhancing
transport of Aβ carrier proteins such as albumin and transthyretin into the CNS
(Carro et al., 2002). Our ongoing studies indicate that soluble LRP-1 clusters
II and IV, which do not penetrate from blood to brain but are high affinity
Aβ binding agents (Deane et al., 2004b), may potently reduce the levels of
endogenous Aβ in wild type mice (Zlokovic et al., unpublished observations).

2.3 RAGE, an influx transport receptor for Aβ

RAGE, a multiligand receptor in the immunoglobulin superfamily, binds a
broad repertoire of ligands including products of non-enzymatic glycooxida-
tion (AGE), Aβ , the S100/calgranulin family of pro-inflammatory cytokine-
like mediators, and the high mobility group 1 DNA binding protein amphoterin
(Hori et al., 1995; Yan et al., 1996; Hofmann et al., 1999; Kislinger et al.,
1999; Stern et al., 2002). RAGE biology is largely dictated by the expression
or accumulation of its ligands. Thus, in mature animals there is relatively
little expression of RAGE in most tissues, whereas deposition of ligands
triggers receptor expression (Stern et al., 2002). When pathogenic Aβ species
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accumulate in AD (Yan et al., 1996; Lue et al., 2001) or transgenic models of
β-amyloidosis, i.e. Tg-2576 mice (Deane et al., 2003; LaRue et al., 2004) or
Thy-1 APP triple mutant APP Swedish/ Dutch/Iowa mice (Davis et al., 2004),
RAGE expression increases in affected cerebral vessels, neurons or microglia.
In contrast to suppression of receptors observed with the LDL receptors in
a lipoprotein-rich environment (Herz and Strickland, 2001) or LRP-1 in an
Aβ rich environment (Shibata et al., 2000; Deane et al., 2004b), RAGE is
up-regulated by its ligands. This mechanism provides the potential for exac-
erbating cellular dysfunction due to RAGE-ligand interaction, as increasing
expression of the receptor allows for more profound RAGE-mediated induction
of cellular dysfunction.

RAGE binds soluble Aβ in the nanomolar range, and mediates patho-
physiologic cellular responses consequent to ligation by Aβ (Mackic et al.,
1998; Stern et al., 2002; Deane et al., 2004a; LaRue et al., 2004). In view
of the upregulation of RAGE in AD brain vasculature (Yan et al., 1996) and
RAGE-dependent binding and transport of Aβ in a human model of the BBB
(Mackic et al., 1998), Zlokovic and colleagues have recently demonstrated that
RAGE mediates transport of physiologically relevant and pathophysiologically
relevant concentrations of plasma Aβ across the BBB, and that transport of
pathophysiologically relevant concentrations of plasma Aβ results in expres-
sion of proinflammatory cytokines in neurovascular cells and elaboration of
endothelin-1, causing suppression of cerebral blood flow in response to whisker
stimulation in mice (Deane et al., 2003). In addition, it has been also shown
that treatment with sRAGE significantly reduces accumulation of Aβ in brain
of PD-hAPP mice (Deane et al., 2003). As an alternative approach, library
screening for small molecules which prevent Aβ binding to RAGE may offer
potential new therapies to reduce Aβ accumulation in the brain and associated
cellular stress.

2.4 Brain to blood transport of Aβ

Studies in PDAPP mice have demonstrated that a single peripheral injection
of the m266 monoclonal anti-Aβ antibody increases plasma Aβ from baseline
levels of 200 pg/ml to 5–30 ng/ml within 24 hrs (DeMattos et al., 2001;
DeMattos et al., 2002b). Given the similarity in plasma and CSF levels of
Aβ in humans (DeMattos et al., 2002a) and PDAPP mice (DeMattos et al.,
2002c), it has been suggested that Aβ efflux measurements from brain to
plasma after challenge with an anti-Aβ antibody may be useful for quantifying
brain amyloid burden in patients at risk for or those who have been diagnosed
with AD (DeMattos et al., 2002b). Development of plaques in primate models
of β-amyloidosis and transgenic models shift a transport equilibrium for Aβ

between the CNS and plasma due to binding of soluble Aβ from brain and
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plasma onto amyloid deposits in the CNS and around blood vessels (Bading
et al., 2002; DeMattos et al., 2002b; Mackic et al., 2002). A study in squirrel
monkeys, a primate model of CAA, has confirmed rapid elimination of Aβ

from brain into plasma across the BBB (Bading et al., 2002). Studies in
primates indicated an age-dependent decline in Aβ clearance via the BBB route
that correlates with increases in Aβ 40/42 cerebrovascular immunoreactivity
and amyloid deposition (Bading et al., 2002; Mackic et al., 2002) and down
regulation of LRP-1, a major Aβ clearance receptor at the BBB.

2.5 LRP-1, a clearance receptor for Aβ

LRP-1, a multifunctional scavenger and signaling receptor, is a member of
the LDL receptor family (Herz and Strickland, 2001; Green and Bu, 2002).
LRP-1 was first recognized as a large endocytic receptor central to transport and
metabolism of cholesterol and large apoE-containing lipoproteins. The heavy
chain of LRP-1 (515 kDa) contains four ligand-binding domains (clusters I-
IV) that bind a diverse array of structurally unrelated ligands, e.g., apoE, α2-
macroglobulin, tissue plasminogen activator, plasminogen activator inhibitor-1,
APP, factor VIII, lactoferrin (Herz and Strickland, 2001), and Aβ wild type and
mutant peptides as recently shown by Zlokovic and colleagues (Deane et al.,
2004b). The light chain of LRP-1 (85 kDa) contains a transmembrane domain
and cytoplasmic tail that can be phosphorylated on serine and tyrosine residues
(Li et al., 2001; van der Geer, 2002). Phosphorylation of LRP-1 in response
to nerve growth factor accelerates endocytic activity of the receptor (Bu et
al., 1998). The effects of platelet-derived growth factor-phosphorylation of the
LRP-1 cytoplasmic tail (Loukinova et al., 2002) on endocytosis are less well
understood (Green and Bu, 2002).

We have recently shown that LRP-1 functions as a clearance receptor for Aβ

at the BBB (Shibata et al., 2000; Deane et al., 2004b). The LRP-1-mediated Aβ

transcytosis is initiated at the ablumenal (brain) side of the endothelium and is
therefore directly responsible for eliminating Aβ from brain ISF into blood
(Fig. 1). We have reported that LRP-1-mediated transcytosis of Aβ across the
BBB is substantially reduced by the high β-sheet content in Aβ and deletion of
the receptor-associated protein gene. Despite low Aβ production in the brain,
transgenic mice expressing low LRP-1-clearance mutant Aβ develop robust
Aβ cerebral accumulation much earlier than Tg-2576 Aβ-overproducing mice
(Davis et al., 2004; Deane et al., 2004b). While Aβ does not affect LRP-
1 internalization and synthesis, it promotes proteasome-dependent LRP-1
degradation in brain endothelium at concentrations > 1 µM consistent with
reduced brain capillary LRP levels in Aβ-accumulating transgenic mice, AD
patients, and patients with cerebrovascular β-amyloidosis Dutch type. Thus, a
low affinity LRP-1/Aβ interaction and/or Aβ-induced LRP-1 loss at the BBB
appears to be important in brain accumulation of neurotoxic Aβ .
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A recent study points to a link of the MEOX2 (mesenchyme homebox 2)
gene to neurovascular dysfunction in AD which may provide new mechanistic
and therapeutic insights into this illness (Wu et al., 2005). It has been shown
that expression of MEOX2, a regulator of vascular differentiation, is low in
AD, and that restoring the expression of the protein it encodes, GAX, in
brain endothelium (a site of the BBB) in individuals with AD stimulates
angiogenesis, transcriptionally suppresses AFX1 forkhead transcription factor-
mediated apoptosis, and increases the levels of LRP-1 at the BBB. In mice,
deletion of Meox2, resulted in reductions in brain capillary density and resting
cerebral blood flow, loss of the angiogenic response to hypoxia in the brain and
an impaired Aβ efflux from brain caused by reduced LRP-1 levels (Wu et al.,
2005). Thus, strategies to increase GAX levels with small molecules may result
in improvement of neurovascular dysfunction in AD associated with enhanced
LRP-1-mediated Aβ clearance from brain. Alternatively, we have also reported
that statins, proteasome inhibitors and blockade of RAGE result in increased
levels of LRP-1 at the BBB in vitro (Deane et al., 2004b).

3. Regulation of Aβ transport, clearance, and aggregation
by apoE

3.1 ApoE and Aβ

ApoE, a 299 amino acid lipid transport protein, has 3 common isoforms
in humans, apoE2 (cys112, cys158), apoE3 (cys112, arg158), and apoE4 (arg112,
arg158), that are products of alleles at a single gene locus on chromosome 19
(Mahley, 1988; Plump and Breslow, 1995). ApoE is expressed in several organs
with highest levels in the liver and next highest expression in the brain where
it is produced primarily by astrocytes (Boyles et al., 1985; Pitas et al., 1987b;
Pitas et al., 1987a) and also by microglia (Stone et al., 1997). ApoE within
the brain is derived exclusively from within the blood-brain-barrier (BBB)
(Linton et al., 1991) where it is secreted in unique high density lipoprotein
(HDL)-like lipoprotein particles and is present in the cerebrospinal fluid (CSF)
at concentrations of ∼5 µg/ml (Pitas et al., 1987b; Pitas et al., 1987a; LaDu
et al., 1998; Fagan et al., 1999). A potential connection between apoE and
AD was first suggested when apoE-immunoreactivity (IR) was shown to be
co-localized with extracellular amyloid deposits in subjects with AD and other
types of amyloidoses (Namba et al., 1991; Wisniewski and Frangione, 1992).
It was suggested that apoE may be a pathological chaperone for amyloidogenic
proteins. It was of great interest when it was first reported by Strittmatter,
Roses and colleagues that the ε4 allele of apoE was a genetic risk factor for
AD (Strittmatter et al., 1993a). These investigators were searching for proteins
in human CSF that bound to synthetic, immobilized Aβ peptide. One of the
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proteins that avidly bound to Aβ was apoE. Subsequently, they looked for
whether there were any differences in the frequency of the different known
isoforms of human apoE in AD vs. control subjects. They found that the allele
frequency of ε4 was ∼0.15 in a control population but ∼0.50 in a population of
subjects with late-onset AD. Subsequently, numerous reports have confirmed
that the ε4 allele is an AD risk factor (particularly in the age range of 60–80)
and that the ε2 allele appears to be protective against AD (Corder et al., 1993;
Mayeux et al., 1993; Corder et al., 1994; Poirer, 1994; Strittmatter and Roses,
1996). APOE isoforms also modify age of onset of AD in subjects with Down
syndrome and in a large group of subjects with an FAD PS-1 mutation (Hardy et
al., 1994; Lai et al., 1999; Pastor et al., 2003). Pathological studies support the
idea that apoE/Aβ interactions are somehow involved in AD in that at autopsy,
individuals with AD have an APOE4 dose-dependent increase in the density of
Aβ deposits and CAA (Rebeck et al., 1993; Schmechel et al., 1993; Hyman et
al., 1995). When investigators isolated fibrillar Aβ from AD brain, they found
that it was stably associated with apoE (Naslund et al., 1995; Wisniewski et al.,
1995). In addition to fibrillar Aβ , apoE was also found to be associated with
soluble Aβ in CSF, plasma, and in both normal and AD brain homogenates
in vivo (Koudinov et al., 1994; Koudinov et al., 1996; Permanne et al., 1997;
Russo et al., 1998; Matsubara et al., 1999; Fagan et al., 2000). Further evidence
that apoE/Aβ interactions are relevant to AD pathogenesis comes from studies
of subjects with CAA. The ε4 allele is a risk factor for the development of
CAA (Schmechel et al., 1993; Greenberg et al., 1995; Greenberg et al., 1996;
Premkuman et al., 1996). While there are several mechanisms as to how apoE
could influence the pathogenesis of AD (e.g. effects on Aβ , neural plasticity,
and/or behavior (Nathan et al., 1994; Holtzman et al., 1995; Arendt et al., 1997;
Buttini et al., 1999; Buttini et al., 2000; Raber et al., 2000), the association
of apoE with 2 diseases involving Aβ deposition (AD and CAA) strengthens
the evidence that apoE/Aβ interactions are important in disease pathogenesis.
Some, but not all, studies have also found that polymorphisms in the APOE
promoter are associated with altered risk for AD (Bullido et al., 1998; Lambert
et al., 1998; Rebeck et al., 1999). This suggests that apoE expression level may
be an important AD risk modulator though further studies assessing apoE levels
in the CNS as a function of promoter polymorphism are needed to determine if
the promoter differences actually result in altered apoE levels in humans.

3.2 Potential role of apoE in Aβ clearance and metabolism

Several groups have performed in vitro experiments to investigate the ability
of apoE to bind Aβ and influence its aggregation, conformation, and clearance.
Studies have shown that lipid-free and lipid-associated apoE can increase (Ma
et al., 1994; Sanan et al., 1994; Castano et al., 1995; Golabek et al., 1996;
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Soto and Castano, 1996) or decrease (Evans et al., 1994; Wood et al., 1996)
Aβ fibrillogenesis. The reason for different results between studies is not clear
but may be due to the different preparations of apoE and Aβ utilized. It has
been shown that both lipid-free and lipid-associated apoE can bind Aβ when
the individual proteins are mixed together (Strittmatter et al., 1993b; LaDu
et al., 1994; LaDu et al., 1995; Aleshkov et al., 1997; Yang et al., 1997;
Morikawa et al., 2005). Marked differences in isoform-binding are seen with
lipid-containing preparations (Tokuda et al., 2000; Morikawa et al., 2005). In
vitro studies examining apoE/Aβ interactions have been informative; however,
the in vivo environment in the brain interstitial fluid (ISF) and CSF where apoE
and Aβ interact is likely very different. ApoE is in HDL-like lipoproteins
in these locales along with many other Aβ-binding molecules (e.g. α2M,
clusterin, HSPG). Further, the metabolism and removal of Aβ and apoE/Aβ

complexes from the ISF and CSF is poorly understood and could occur via
1) Aβ degrading enzymes (Iwata et al., 2001; Farris et al., 2003); 2) apoE
receptors on glia/neurons (Hammad et al., 1997; Urmoneit et al., 1997; Beffert
et al., 1999; Yang et al., 1999); 3) receptor-mediated transport across the
blood-brain-barrier (Shibata et al., 2000); and 4) bulk flow along CSF and ISF
drainage pathways (Weller et al., 1998). While some of these processes cannot
be modeled in vitro, it will likely require in vivo studies to understand how apoE
is influencing Aβ metabolism. Figure 2 presents a model by which apoE can
influence the clearance, metabolism, and aggregation of Aβ via interactions
with specific molecules and cells in the CNS.

If apoE-containing lipoproteins in the CNS ”sequester” soluble Aβ , they
could alter the metabolic pathway by which Aβ is transported, cleared, and
degraded. This could occur locally via apoE receptors present on cells within
the brain. Several known receptors for apoE could participate in this process
including the low density lipoprotein receptor (LDLR), the LDLR-related
protein (LRP), the very low density lipoprotein receptor, LR8/apoER2, and
LR11/SorLA-1, which are all expressed in the brain (Swanson et al., 1988;
Rebeck et al., 1993; Christie et al., 1996; Jacobsen et al., 1996; Kim et al.,
1996; Yamazaki et al., 1996). In vitro evidence suggests that LDLR and LRP
may be involved (Beffert et al., 1999; Yang et al., 1999). There is also in vivo
evidence that an LDLR family member(s) is somehow involved (Van Uden et
al., 2002). Our recent data indicates that LDLR is probably the primary apoE-
receptor in vivo that regulates apoE levels (Fryer et al., 2005b). For example,
we found that astrocyte-secreted apoE is bound, taken up, and degraded by cells
expressing LDLR but not by cells expressing LRP, apoER2, or VLDLR. We
also found that LDLR-/- mice had a 50% elevation of endogenous murine apoE
in the CNS. Interestingly, after crossing human apoE knock-in mice, expressing
apoE2, apoE3, and apoE4, onto an LDLR-/- background, the absence of LDLR
resulted in a 2–4 fold increase in CSF levels of apoE3 and apoE4. There was no
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Figure 2. Model for the interactions between apoE and Aβ in the brain extracellular
space. ApoE is secreted into the brain in interstitial fluid (ISF) from glial cell such as
astrocytes and microglia. Aβ is secreted into the brain ISF mostly by neurons. There,
apoE-containing high density lipoproteins (HDL) can interact with Aβ and can influence
its clearance into cells via endocytic receptors such as LDL receptor family members
such as LDLR. It can also facilitate retention of Aβ in the extracellular matrix of the brain
and arterioles due to binding of apoE/Aβ complexes to heparin sulfate proteoglycans
(HSPG). This may play a role in CAA formation. ApoE and Aβ have been shown to
co-localize in the detergent-insoluble glycolipid rich membrane domains (DIGs) where
their interaction may be promoted. In the ISF, apoE/Aβ interactions likely determine
whether and when Aβ will aggregate. ApoE may also play a role in Aβ transport out of
the brain via ISF/bulk flow as well as via the BBB through receptors such as LDLR or its
family members. Taken with permission from (Fagan et al., 2002).

increase in apoE2 in the CSF of apoE2; LDLR-/- mice consistent with apoE2
being a poor ligand for LDLR. While these studies show that LDLR regulates
the level of apoE in the CNS, the primary cells in the CNS responsible for
this LDLR-mediated affect remain to be defined. LDLR has been shown to be
expressed by astrocytes and neurons (Pitas et al., 1987b; Pitas et al., 1987a;
Swanson et al., 1988; Rebeck et al., 1998).

In addition to apoE/Aβ interactions potentially influencing local Aβ clear-
ance, it may be affecting transport of Aβ from the brain extracellular space
back into the systemic circulation. As mentioned earlier in this chapter, studies
have demonstrated that exogenously administered Aβ is rapidly transported
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from the CNS to plasma with an elimination half-life from brain of < 30
minutes (Ghersi-Egea et al., 1996; Shibata et al., 2000; Ji et al., 2001). Further,
evidence suggests that apoE may contribute to this process through a receptor-
mediated transport mechanism, in part via LRP (Shibata et al., 2000). Whether
LDLR plays a role in the efflux of apoE-Aβ transport out of the CNS remains
to be defined.

3.3 Role of apoE/Aβ interactions in AD and CAA: Insights from
APP transgenic mice

The most compelling data which demonstrate that apoE/Aβ interactions
directly impact AD and CAA pathology come from studies utilizing APP
transgenic mice. It was first shown that when PDAPP mice were bred onto an
apoE knockout (-/-) background, Aβ deposition still occurred, yet there were
2 major differences as compared to mice expressing murine apoE (Bales et
al., 1997). First, there was not a delay in onset of Aβ deposition; however,
there was a decrease in both Aβ deposition and Aβ levels once Aβ deposition
began in PDAPP+/+, Apoe-/- as compared to PDAPP+/+, Apoe+/+ mice. Second,
PDAPP+/+, Apoe -/- mice had diffuse but no fibrillar Aβ deposits (thioflavine-S
positive-amyloid) until very old ages (Bales et al., 1999; Fagan et al., 2002).
The only other Aβ binding molecule which when knocked out affects Aβ in
a similar manner is clusterin (also called apolipoprotein J) (DeMattos et al.,
2002d). Both of these strong effects of mouse apoE on Aβ fibril formation
were gene dose-dependent. Follow-up studies in PDAPP, APPsw, and APP/PS1
mice have extended these findings and shown that the lack of murine apoE
does not permanently block fibrillar Aβ formation but results in a delay and
much less Aβ accumulation, neuritic plaque formation, and CAA (Bales et al.,
1999; Holtzman et al., 1999; Holtzman et al., 2000b; Holtzman et al., 2000a;
Fagan et al., 2002; Fryer et al., 2003; Costa et al., 2004). In fact, the absence
of apoE has even more profound effects on CAA than on parenchymal Aβ .
The absence of apoE in PDAPP and APPsw mice blocked CAA and associated
brain hemorrhage through 2 years of age (Fryer et al., 2003). At time points
prior to Aβ deposition (e.g. 3 months of age), the presence vs. the absence of
murine apoE did not influence levels of Aβ as measured by ELISA in total
brain tissue homogenates in initial reports. However, we have found that both
murine and human apoE can modify extracellular levels of Aβ at times prior
to Aβ deposition and that at least part of this affect is via Aβ clearance or
transport (DeMattos et al., 2004; Fryer et al., 2005a). For example, we found
that at 3 months of age, PDAPP, Apoe-/- mice have increased soluble brain
and CSF Aβ levels with no evidence of increased Aβ production (DeMattos et
al., 2004). Further, utilizing a newly developed technique to assess ISF Aβ by
microdialysis (Cirrito et al., 2003), we found that the half-life of brain ISF Aβ
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clearance was significantly decreased (by 50%) in the absence of apoE. These
findings suggest that apoE binds to a pool of ISF Aβ in vivo that results in an
alteration in its transport or clearance. In addition to these data, we have found
that in 3 month old APPsw mice expressing apoE4 (prior to plaque deposition),
there is an increase in the Aβ 40/42 ratio in soluble brain homogenates and
a decrease in this ratio in the CSF relative to mice expressing murine apoE
or apoE3 (Fryer et al., 2005a). This is further evidence that apoE is binding
soluble Aβ and somehow influencing its transport within the CNS. In addition
to effects on clearance of soluble Aβ , there is also recent evidence that apoE
can influence the clearance of aggregated Aβ after its formation (Koistinaho
et al., 2004). Work from the lab of Steven Paul showed that following ex
vivo incubation of cultured astrocytes together with brain sections from APP
transgenic mice that contained Aβ deposits, that the astroctyes could take up
and degrade deposited Aβ . In contrast Apoe-/- astrocytes could not take up and
degrade deposited Aβ . Experiments also showed that the ability of wild-type
astrocytes to take and degrade Aβ was blocked by antibodies to apoE and also
by the receptor-associated protein (RAP), a protein that blocks interactions with
LDLR family members. Thus, under certain condition, astrocytes, in some way
via apoE, may regulate the amount of deposited Aβ even after it converts from
soluble to aggregated forms.

Overall, these and other results suggest that the elevated (but still relatively
low and soluble) levels of human Aβ present from an early age in APP
transgenic mice, over time, drives the conversion of soluble forms of Aβ to
aggregated forms that have either a high β-sheet content (e.g. thioflavine-S
positive amyloid plaques) or to forms that have a low β-sheet content (diffuse
plaques). The presence of murine apoE somehow influences the probability
that a % of the Aβ that converts to aggregated forms will convert into a
β-sheet (i.e. it facilitates conformational change to β-sheet forms such as
oligomers and fibrils with concomitant toxicity) through a variety of potential
mechanisms. Mouse apoE is approximately 70% identical to human apoE at
the amino acid level, and there are inherent functional differences between
mouse and human apoE isoforms on plasma lipoprotein metabolism in vivo
(Sullivan et al., 1997). Thus, it was possible that human apoE would have
different effects on Aβ metabolism as compared to murine apoE. To explore
the effect of human apoE isoforms on Aβ deposition in vivo, we produced
and compared PDAPP, Apoe+/+ and PDAPP, Apoe-/- mice to PDAPP mice
expressing similar levels of human APOE2, E3, or E4 under the control of an
astrocyte-specific promoter (Sun et al., 1998). In addition, we have bred APPsw
mice to both Apoe-/- mice and to apoE knock-in mice in which APOE2, E3, or
E4 expression is controlled by the endogenous murine apoE promoter (Fryer et
al., 2005b; Fryer et al., 2005a). Overall, similar results have emerged from these
experiments with these mice. First, PDAPP and APPsw mice in the presence or
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absence of mouse apoE all began to develop Aβ deposits by 9 months of age
which increased dramatically by 15 months of age in both groups of animals
(apoE+/+>>apoE-/- in absolute level; apoE-/- with no fibrillar Aβ) (Holtzman
et al., 1999; Holtzman et al., 2000b; Holtzman et al., 2000a). Second, and in
contrast to the effects of mouse apoE or no apoE, human apoE2, apoE3 and
apoE4, expressed at levels comparable to endogenous murine apoE, markedly
delayed the onset of Aβ deposition until 15–24 months of age (Holtzman et
al., 2000b; Fagan et al., 2002; Fryer et al., 2005a). Third, between 15–24
months of age, an isoform-specific effect of human apoE emerged such that
earlier and greater Aβ deposition occurred with the order of effects being
E4>E3>E2 (Holtzman et al., 2000b; Fagan et al., 2002; Fryer et al., 2005a).
In addition, studies with APPsw mice expressing human apoE isoforms shows
a strong effect of apoE4 favoring the formation of CAA over parenchymal
plaques (Fryer et al., 2005a). In sum, in addition to the isoform-specific effects
on Aβ deposition, the expression of human APOE isoforms in the brain of
APP transgenic mice results in a delay in onset and less Aβ deposition than
in APP transgenic mice expressing murine Apoe or no Apoe. Since evidence
suggests that apoE does not influence Aβ production from APP (Biere et al.,
1995; DeMattos et al., 2004) and both in vitro and in vivo evidence suggest
that apoE can influence CNS Aβ transport and clearance, further work to sort
out the detailed mechanisms underlying the ability of apoE to influence these
processes will likely lead to important insights into AD pathogenesis.

4. Summary

In addition to Aβ production, the factors that control Aβ degradation,
clearance, transport, and fibrillogenesis play an important role in the process
by which Aβ converts from soluble forms to both soluble and insoluble forms
that aggregate in the brain and contribute to AD and CAA pathogenesis. Studies
summarized herein suggest that transport of Aβ between brain and blood and
blood and brain plays an important role in regulating Aβ metabolism and that
specific molecules such as LRP, RAGE, and apoE regulate this process. In
addition, apoE, acting as a chaperone for both soluble and fibrillar Aβ can
modulate Aβ clearance, transport, and fibrillogenesis and in doing so, plays an
important role in AD and CAA pathogenesis. Further studies to sort out the cell
biology of these clearance mechanisms as well as which other molecules are
involved in these processes will provide important additional insights into AD
and CAA pathogenesis.
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1. Introduction

Frontal temporal dementias (FTDs) are a heterogeneous group of sporadic
and familial neurodegenerative disorders that affect the frontal and anterior
temporal lobes of the cerebral cortex, often with additional subcortical changes
(for review see (Lee et al., 2001). FTDs usually develop between the ages
of 40 and 75 years and are characterized clinically by the gradual loss of
executive function, pronounced changes in personal and social behavior and
language dysfunction (Neary et al., 1998). In addition extra-pyramidal signs,
including tremors, rigidity, and slowness of movement can also be observed.
Pathologically, this assorted collection of neurological diseases are diagnosed
by severe neuron loss resulting in atrophy of the frontal and temporal lobes,
gliosis in both white and gray matter, spongiosis, and the presence of abnormal
intracellular inclusions. Currently, it is estimated that approximately 50% of all
FTDs contain prominent tau pathology in neurons, glial or both and together
with other neurodegenerative disorders that also possess abnormal deposits of
hyperphosphorylated tau, these diseases are collectively termed tauopathies
(Lee et al., 2001). Other types of FTD patients that do not develop tau
lesions may develop ubiquitin positive inclusions that are tau and α-synclein
negative and their identity remain to be elucidated. Within FTDs that develop
tau lesions, several clinical subtypes have been identified and they include
corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), Pick’s

* Correspondence to: V. M-Y. Lee, Email: vmylee@mail.med.upenn.edu
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disease (PiD), autosomal dominantly inherited frontal temporal dementia and
parkinsonism linked to chromosome 17 (FTDP-17) and others (Lee et al.,
2001). However, the presence of filamentous tau inclusions in such diseases
may differ in morphology, isoform composition, and brain location. Tau
pathology isolated from affected regions of CBD brains contain both straight
and paired helical filaments (PHF) of hyperphosphorylated 4R-tau isoforms
(Komori, 1999; Ksiezak-Reding et al., 1998), whereas, tau pathology in PiD is
a mixture of wide, straight filaments and wide, long-period twisted filaments
composed exclusively of 3R-tau isoforms (Dickson, 1998; Munoz-Garcia and
Ludwin, 1984; Murayama et al., 1990).

2. Tau biology and function

Tau is a low molecular weight microtubule associated protein (MAP) that
is expressed across diverse species. In humans, tau is predominantly found in
neurons of both the peripheral and central nervous system, where it is mainly
expressed in axons, although very low levels of tau expression have also been
reported in glial cells (Binder et al., 1985; Cleveland et al., 1977; Couchie et
al., 1992; LoPresti et al., 1995; Shin et al., 1991). Since its initial discovery
tau has been implicated in a wide variety of important biological functions,
such as intracellular vesicular transport, organization of the actin cytoskeleton
and anchoring of phosphatases and kinases (for review see (Buee et al., 2000;
Lee et al., 2001). However, tau is best characterized for its ability to bind to,
stabilize and promote the polymerization of microtubules (MTs) (Cleveland et
al., 1977; Weingarten et al., 1975).

Human tau is encoded by a single gene located on chromosome 17q21-
22 that consists of 16 exons with the central nervous system (CNS) isoforms
generated by alternative mRNA splicing (Andreadis et al., 1992; Neve et al.,
1986). In the adult human brain, alternative splicing of exons (E) 2 (E2), 3
(E3) and 10 (E10) result, in the production of 6 isoforms, ranging in length
from 352 to 441 amino acids (Goedert et al., 1989a; Goedert et al., 1989b).
These isoforms differ in the absence (0N), or presence of 1 (1N), or 2 (2N) N-
terminal inserts of unknown function and either 3 (3R) or 4 (4R) imperfect 18
amino acid microtubule-binding repeats located at the C-terminal (Andreadis
et al., 1992; Goedert et al., 1989a; Goedert et al., 1989b) (Figure 1). Several
studies provide evidence that these 3R and 4R carboxy-terminal repeats, along
with specifically identified adjacent sequences are responsible for the binding
of tau to MT (Butner and Kirschner, 1991; Gustke et al., 1994; Lee et al., 1989).
Interestingly, the inter-repeat region between the first and second MT binding
domain has 2-fold the binding affinity of any of the individual MT binding
repeats (Goode and Feinstein, 1994). This region, unique to 4R-tau, is believed
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to be responsible for the increased MT affinity of 4R-tau as compared to 3R-tau
(Goedert and Jakes, 1990).

Furthermore, tau is a phosphoprotein with 79 potential serine or threonine
(Ser/Thr) phosphorylation acceptor sites identified within the longest isoform
of tau, almost all of which are located within or adjacent to the MT binding re-
peats. Tau phosphorylation is a normal physiological process which decreases
tau’s binding affinity for MTs, thereby acting as an important regulator of
MT polymerization (Biernat et al., 1993; Bramblett et al., 1993; Drechsel
et al., 1992; Yoshida and Ihara, 1993). These phosphorylation sites can be
sub-divided into 2 groups: (i) residues that are phosphorylated by proline-
directed kinases; and (ii) residues that are phosphorylated by non-proline-
directed kinases (for review see (Billingsley and Kincaid, 1997; Buee et al.,
2000). While initially tau was thought to be phosphorylated at abnormal sites
in AD relative to the normal brain, this idea was later dispelled. To date,
approximately 30 of these residues have been shown to be phosphorylated
under physiological conditions, although little is currently known about the
exact biological functions and specific mechanisms by which these different
phosphorylation sites are regulated.

3. Familial frontal temporal dementias

Although considerably less common then their sporadic counterparts, sev-
eral familial forms of FTDs, including the pathogenic mutations responsible,
have been identified. At a consensus conference in 1997, the term frontal
temporal dementia and parkinsonism linked to chromosome 17 (FTDP-17)
was first implemented to describe a group of then 13 families all of which
presented with heterogeneous, autosomal-dominantly inherited forms of FTDs
with parkinsonism genetically linked to chromosome 17 (i.e.17q21-22) (Foster
et al., 1997). Despite the diverse and varied list of clinical symptoms asso-
ciated with this group of diseases; on post-mortem examination, the brains
of all FTDP-17 patients contain abundant hyperphosphorylated tau-positive
inclusions located in neurons, glia and in both neurons and glia, (Crowther and
Goedert, 2000; Spillantini et al., 1998a). Moreover, the absence of additional
neuropathological lesions, such as amyloid plaques or Lewy bodies, in almost
all patients with these diseases strongly suggests that abnormalities in tau
homeostasis are sufficient to induce the onset and progression of neurodegen-
erative disease.

As the tau gene had been previously been localized to chromosome 17q21-
22 (Goedert et al., 1988; Neve et al., 1986) it was an obvious candidate
for the disease locus, however, unequivocal support of this theory was not
provided until 1998, when several groups simultaneously identified a number
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Figure 1. This alogorithm for the neuropathologic differential diagnosis of patients with
different variants of FTD provides a nosology of these disorders that is grounded in
their molecular genetics and neuropathology. While most FTDs are caused by tau
pathologies,hence are classified as tauopathies, the neuropathology of other FTDs
is very heterogeneous and the clinical manifestations of FTDs cannot predict the
underlying neuropathology. While this algorithm represents an oversimplification of the
definitions of these diverse FTDF variants it reflects an iterative effort to harmonize
and rationalize current nomenclature for FTDs. Abbreviations: AD, Alzheimer’s dis-
ease; ALS/PDC, Amyotrophic Lateral Sclerosis/Parkinson dementia complex of Guam;
CBD, corticobasal degeneration; DLDH, dementia lacking distinctive histopathology;
FTD-MND, FTD with motor neuron disease or motor neuron disease like pathology (i.e.
ubiquitin positive but tau and α-synuclein negative inclusions); FTDP-17: frontotemporal
dementia with parkinsonism linked to chromosome 17; FTLD, frontotemporal lobar
degeneration, and alternative term for DLDH; LBVAD, LB variant of AD; NIFID, neuronal
intermediate filament disease; PiD, Pick’s disease; PSP, progressive supranuclear
palsy; TPSD, tangle predominant dementia; 3R-tau, tau isoforms with 3 MT binding
repeats; 4R-tau, tau isoforms with 4 MT binding repeats. * Identifies disorders that are
double or triple brain amyloidoses because inclusions formed by multiple amyloidogenic
proteins (e.g. SPs formed by fibrillar Aβ, NFTs formed by PHFtau, LBs formed by
α-synuclein filaments) occur in varying degree in these diseases.

of FTDP-17 mutations which genetically mapped to the region of chromosome
17 containing the tau gene (Hutton et al., 1998; Poorkaj et al., 1998; Spillantini
et al., 1998b; Clark et al., 1988). To date, more than 30 specific pathogenic
mutations of tau have been identified in over 100 families (see Figure 2A and
2B).
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Figure 2. The genomic structure of the human tau gene and mutations in the tau
gene associated with FTDP-17. (A) Human tau is encoded by a single gene located
on chromosome 17q21-22 that consists of 16 exons. (B) Alternative splicing of exons 2,
3 and 10 (white boxes) results, in the production of 6 tau isoforms. Amino acid numbers
are shown to the right. Twenty missense mutations, 3 silent mutation 2 deletion mutation
in the coding region of tau are shown. Mutations are labeled according to nucleotide
number and single letter amino acid code. (C) Predicted stem-loop structure located
at the splice-donor site of the intron following the alternatively spliced exon 10. Nine
mutations which increase the splicing of exon 10 are shown. Mutations are numbered
with the first nucleotide of the splice-donor site designated +1. Exon sequences are
shown in capital and intron sequences in lower-case letters.



204 Matthew J. Winton, John Q. Trojanowski and Virginia M-Y. Lee

These consist of 20 missense mutations [R5H (Hayashi et al., 2002), R5L
(Poorkaj et al., 2002), K257T (Pickering-Brown et al., 2000; Rizzini et al.,
2000), I260V (Grover et al., 2003), L266V (Hogg et al., 2003; Kobayashi et
al., 2003b), G272V (Hutton et al., 1998; Rosso et al., 2003; Spillantini et al.,
1998b), N279K (Delisle et al., 1999; Hasegawa et al., 1999; Wszolek et al.,
2000; Yasuda et al., 2000), N296H (Iseki et al., 2001; Yoshida et al., 2002),
P301L (Dumanchin et al., 1998; Heutink et al., 1997; Poorkaj et al., 2001;
Rosso et al., 2003), P301S (Bugiani et al., 1999; Sperfeld et al., 1999), S305N
(Hasegawa et al., 1999; Iijima et al., 1999), L315R (Rosso et al., 2003), S320F
(Rosso et al., 2003), Q336R (Pickering-Brown et al., 2000), V337M (Hasegawa
et al., 1998), E342V, S352L, K369I (Neumann et al., 2001), G389R (Murrell
et al., 1999), and R406W (Hutton et al., 1998; Rosso et al., 2003)] 3 silent
mutations [L284L (D’Souza et al., 1999), N296N (Spillantini et al., 2000a) and
S305S (Stanford et al., 2000)] and 2 deletion mutations [�K280 and �N296
(D’Souza et al., 1999; Oliva and Pastor, 2004; Rizzu et al., 1999; Rosso et
al., 2003; Yoshida et al., 2002)] (see Figure 2b). Mutations are numbered
according to the longest CNS isoform of tau with 441 amino acids; 4R2N.
The majority of these mutations are introduced in E9-13, except for 2 recently
identified mutations which are present in E1 (R5H and R5L)(Hayashi et al.,
2002; Poorkaj et al., 2002). In addition, 9 intronic mutations, clustered adjacent
to the splice donor site of the intron directly following the alternatively spliced
exon 10 have been identified and are located at positions +3 (Spillantini et al.,
1998b), +11, +12, +13, +14 (Hutton et al., 1998), +16 (Goedert et al., 1999b),
+19 +29, and +33 (Rizzu et al., 1999) (see Figure 2b). Mutations are numbered
with the first nucleotide of the splice-donor site designated +1.

4. The effects of mutations on tau function

Recent molecular and biochemical data suggests that FTDP-17 mutations
in tau promote tau dysfunction and, in turn, lead to the development of
intracellular aggregates via two main pathogenic mechanisms: (i) altering
the mRNA splicing of exon 10; and (ii) decreasing tau-MT interactions. In
addition, it has been suggested that a subset of these mutations may also
increases tau filament formation.

4.1 Mutations affecting the splicing of exon 10

To date, the majority of known intronic mutations (Clark et al., 1998;
Goedert et al., 1999b; Hulette et al., 1999; Hutton et al., 1998; Miyamoto et
al., 2001; Morris et al., 1999; Spillantini et al., 1998b; Tolnay et al., 2000;
Yoshida and Ihara, 1993), as well as, several coding region mutations located
with in E10, such as N279K (Clark et al., 1998; Hasegawa et al., 1999), L284L
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(D’Souza et al., 1999), N296N (Spillantini et al., 2000b), S305N (D’Souza
et al., 1999; Hasegawa et al., 1999; Iijima et al., 1999), and S305S (Stanford
et al., 2000), induce pathogenesis by altering the mRNA splicing of E10. As
previously described, the alternative splicing of E10 produces 3 tau isoforms
with 3 MT-binding repeats (3R-tau) and 3 isoforms with 4 MT-binding repeats
(4R-tau). In the adult human brain the ratio of 3R tau to 4R tau is approximately
1:1, however, the biological significance of this ration is currently unknown.
Tau mutations, which act at the RNA level, affect the alternative mRNA
splicing of E10 and in doing so change the ratio of 4R- and 3R-tau isoforms.
Therefore, with the exception of �280K which has been shown to decrease
E10 splicing (D’Souza et al., 1999), all mutations located within E10 itself
or the intron following E10 lead to aggregation of predominantly 4R-tau.
The regulation of E10 splicing in the tau gene appears to be exceedingly
complex and is discussed in more detail in additional chapters. Briefly, it is
believed to involve multiple cis-acting regulatory elements that either enhance
or inhibit the utilization of the E10 5’ splice site. For instance, the N279K
mutation is suggested to magnify an exon splicing enhancer (ESE) (D’Souza
and Schellenberg, 2000), whereas the silent mutation L284L may negate an
exon splicing silencing element (ESS) believed to suppress exon 10 inclusion
(D’Souza et al., 1999; Si et al., 1998). Sequences located at the boundary
between exon 10 and the intron which follows, are suggested to inhibit the
splicing due to the presence of a stem loops structure that limits access of the
splicing machinery to the 5’-splice site (see Figure 2C) (Hutton et al., 1998;
Spillantini et al., 1998b) . This potential pathogenic mechanism is supported
by biochemical studies which demonstrate that sarkosyl-insoluble tau isolated
from FTDP-17 brains with these mutations contain only 4R-tau isoforms (Clark
et al., 1998; Goedert et al., 1999b; Hong et al., 1998; Hulette et al., 1999; Reed
et al., 1998; Spillantini et al., 1997; Spillantini et al., 1998b; Yasuda et al., 2000)
and further confirmed by exon-trapping studies which shown an increase in E10
splicing (Delisle et al., 1999; Goedert et al., 1999b; Hutton et al., 1998; Varani
et al., 1999; Yasuda et al., 2000). The exact mechanisms by which changes in
tau isoform expression leads to neuronal and glial cell dysfunction are currently
unknown; however, it is believed that a specific ratio of 3R- to 4R-tau may be
necessary for normal tau and MT function (Hong et al., 1998). In addition, the
overproduction of 4R-tau results in an increase in free, cytoplasmic tau, which
result in its hyperphosphorylation and filament formation.

The morphology of filaments produced from tau mutations that affect RNA
splicing of E10 are described as wide, twisted ribbon-like filaments. These
fibrillary lesions, which mirror those found in the brains of patients with
sporadic 4R-tau disorders, such as CBD, are present in both neurons and
glia and have been identified in individuals with +3, +11, +12, +13, and +16
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intronic mutations (Goedert et al., 1999b; Miyamoto et al., 2001; Pickering-
Brown et al., 2000; Spillantini et al., 1997; Yoshida and Ihara, 1993). Moreover,
coding region mutations whose primary effects are at the RNA level (N279K,
L284L, N296N, S305N, and S305S) also display abundant gray and white
matter pathology, however, several studies report clinical variability amongst
the different mutations, as well as, morphological differences in tau filaments.
For instance, two neuropathological studies of the S305N mutation describe
the presence of abundant NFT in one patient (Iijima et al., 1999) and PiD-
like pathology in the second (Kobayashi et al., 2003a). In contrast, the N279K
mutation, which has been identified 6 families, produces predominantly twisted
tau filaments reminiscent of PSP (Delisle et al., 1999).

4.2 Mutations affecting tau-MT interactions

In contrast to mutations that affect RNA splicing, several tau mutations
have been identified which disrupt tau-MT interactions. Specifically, K257T,
G272V, �280, P301l, P301S, V337M, G389R and R406W all have been shown
to reduce the ability of tau to directly bind MTs as determined by in vitro
assays (Barghorn et al., 2000; Bugiani et al., 1999; D’Souza et al., 1999;
Hasegawa et al., 1998; Hong et al., 1998; Murrell et al., 1999; Pickering-Brown
et al., 2000; Rizzini et al., 2000; Rizzu et al., 1999). The results from these
studies suggest that these mutations affect both the affinity of tau (Kd) for
microtubules and its binding capacity (βmax). Furthermore, the overexpression
of these mutations in several different cell types induces, to varying degrees, a
reduction of MT binding, the disorganization of MT morphology and deficits in
the over all assembly and stability of MTs (Arawaka et al., 1999; Dayanandan
et al., 1999; Frappier et al., 1999; Matsumura et al., 1999; Sahara et al.,
2000; Vogelsberg-Ragaglia et al., 2000). However, in two separate studies, the
transfection of these coding region mutations were shown to induce only minor
effects (DeTure et al., 2000; Sahara et al., 2000). The inconsistency between
these and other studies may be due to differences in levels of tau expression
and the methods by which tau levels and MT binding were quantified. It is
believed that this deficit in tau-MT binding increases the levels of cytosolic
tau, which may facilitate aggregation of tau into filamentous inclusions. That
being said, even if these mutations induce only modest decreases in tau-MT
binding, the potential cumulative effect of the lifespan of an individual may
be sufficient to induce abnormal tau pathology. Interesting, besides having
addition pathogenic effects, two missense mutations, S305N and Q336R have
actually been shown to increase tau’s ability to promote MT assembly, however
the biological significance of this heightened affinity is unknown (Hasegawa et
al., 1999; Pickering-Brown et al., 2000).

Two novel missense mutations located in exon 1, R5H (Hayashi et al.,
2002) and R5L, (Hayashi et al., 2002; Poorkaj et al., 2002), which display
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neuronal and glial pathology, were recently identified. Although located at the
N-terminus of tau, these mutations have also been reported to decrease MT
assembly (Hayashi et al., 2002; Poorkaj et al., 2002). Recently, a conformation
specific antibody, Alz-50, was shown to only recognizes tau when it adopts
a specific conformation in which part of the extreme N-terminal comes into
contact with the microtubule binding domain (Carmel et al., 1996). This change
in conformation is believed to occur early in the NFT formation process
and therefore it possible that the R5H and R5L mutations may enhance this
interaction.

A subset of FTDP-17 mutations, including K257T, G272V, �280, P301L,
P301S, V337M and R406W, have been documented to directly increase the
tendency of tau to aggregate. This effect is particularly marked for the P301L
and P301S mutations. Several studies have demonstrated that members of
this subset of tau gene mutations directly increase heparin- or arachidonic-
induced filament formation, as compared to wild-type tau (Arrasate et al., 1999;
Barghorn et al., 2000; Gamblin et al., 2000; Goedert et al., 1999a; Rizzini et al.,
2000). Moreover, the over expression of these mutants in intact cells produced
insoluble amorphous and fibrillar tau aggregates (Vogelsberg-Ragaglia et al.,
2000).

5. Conclusion

The identification of multiple autosomal-dominant tau gene mutations that
give rise to a family of neurodegenerative disorders provides concrete evidence
that abnormalities in tau are sufficient to induce the onset and progression of
neurodegenerative disease. Although the majority of tauopathies are sporadic
in nature, a greater understanding of the etiology and disease mechanisms
involved in FTDP-17 syndromes will increase our current understanding of
both the physiological and pathological functions of tau. Analogous to the
identification of familial mutations involved in the pathogenesis of Alzheimer’s
disease, the discovery of such a large family of tau gene mutations which
presents a wide range of phenotypes has lead to the development of more
complex in vitro assays, better cell culture models and the development of
multiple transgenic animal models. These biological models can be used to
identify potential therapeutic targets and develop new mechanism based drugs
aimed at stopping and/or prevented frontal temporal dementias and other
tauopathies.



208 Matthew J. Winton, John Q. Trojanowski and Virginia M-Y. Lee

Acknowledgments

We thank our many colleagues at Penn and beyond for their contributions
to the work summarized here which has been supported by grants from the
NIH (AG10124, AG14382, AG17586), the Oxford Foundation, and the Marian
S. Ware Alzheimer Program. VMYL is the John H. Ware 3rd Professor for
Alzheimer’s Disease Research and JQT is the William Maul Measy-Truman
G. Schnabel Jr. M.D. Professor of Geriatric Medicine and Gerontology.

References

Andreadis A, Brown WM, Kosik KS (1992) Structure novel exons of the human tau gene.
Biochemistry 31:10626–10633.

Arawaka S, Usami M, Sahara N, Schellenberg GD, Lee G, Mori H (1999) The tau mutation
(val337met) disrupts cytoskeletal networks of microtubules. Neuroreport 10:993–997.

Arrasate M, Perez M, Armas-Portela R, Avila J (1999) Polymerization of tau peptides into
fibrillar structures. The effect of FTDP-17 mutations. FEBS Lett 446:199–202.

Barghorn S, Zheng-Fischhofer Q, Ackmann M, Biernat J, von Bergen M, Mandelkow EM,
Mandelkow E (2000) Structure, microtubule interactions,paired helical filament aggregation
by tau mutants of frontotemporal dementias. Biochemistry 39:11714–11721.

Biernat J, Gustke N, Drewes G, Mandelkow E. M,Mandelkow E (1993) Phosphorylation of
Ser262 strongly reduces binding of tau to microtubules: distinction between PHF-like
immunoreactivity and microtubule binding. Neuron 11:153–163.

Billingsley ML, Kincaid RL (1997) Regulated phosphorylation and dephosphorylation of
tau protein: effects on microtubule interaction, intracellular traffickingneurodegeneration.
Biochem J 323 (Pt 3):577–591.

Binder, L. I, Frankfurter A, Rebhun LI (1985) The distribution of tau in the mammalian central
nervous system. J Cell Biol 101:1371–1378.

Bramblett GT, Goedert M, Jakes R, Merrick SE, Trojanowski JQ, Lee VM-Y (1993) Abnormal
tau phosphorylation at Ser396 in Alzheimer’s disease recapitulates developmentcontributes
to reduced microtubule binding. Neuron 10:1089–1099.

Buee L, Bussiere T, Buee-Scherrer V, Delacourte A, Hof PR (2000) Tau protein isoforms,
phosphorylationrole in neurodegenerative disorders. Brain Res Brain Res Rev 33:95–130.

Bugiani O, Murrell JR, Giaccone G, Hasegawa M, Ghigo G, Tabaton M, Morbin M, Primavera
A, Carella F, Solaro C, et al. (1999) Frontotemporal dementiacorticobasal degeneration in a
family with a P301S mutation in tau. J Neuropathol Exp Neurol 58:667–677.

Butner KA, Kirschner MW (1991) Tau protein binds to microtubules through a flexible array of
distributed weak sites. J Cell Biol 115:717–730.

Carmel G, Mager EM, Binder LI, Kuret J (1996) The structural basis of monoclonal antibody
Alz50’s selectivity for Alzheimer’s disease pathology. J Biol Chem 271:32789–32795.

Clark L N, Poorkaj P, Wszolek Z, Geschwind DH, Nasreddine ZS, Miller B, Li D, Payami
H, Awert F, Markopoulou K, et al. (1998) Pathogenic implications of mutations in the
tau gene in pallido-ponto-nigral degenerationrelated neurodegenerative disorders linked to
chromosome 17. Proc Natl Acad Sci USA 95:13103–13107.

Cleveland DW, Hwo SY, Kirschner MW (1977) Purification of tau, a microtubule-associated
protein that induces assembly of microtubules from purified tubulin. J Mol Biol 116:207–
225.



12. Tau Gene Mutations in FTDP-17 Syndromes 209

Couchie D, Mavilia C, Georgieff IS, Liem RK, Shelanski ML, Nunez J (1992) Primary structure
of high molecular weight tau present in the peripheral nervous system. Proc Natl Acad Sci
USA 89:4378–4381.

Crowther RA, Goedert M (2000) Abnormal tau-containing filaments in neurodegenerative
diseases. J Struct Biol 130:271–279.

D’Souza I, Poorkaj P, Hong M, Nochlin D, Lee VM-Y, Bird TD, Schellenberg GD (1999)
Missensesilent tau gene mutations cause frontotemporal dementia with parkinsonism-
chromosome 17 type, by affecting multiple alternative RNA splicing regulatory elements.
Proc Natl Acad Sci USA 96:5598–5603.

D’Souza I, Schellenberg GD (2000) Determinants of 4-repeat tau expression. Coordination
between enhancinginhibitory splicing sequences for exon 10 inclusion. J Biol Chem
275:17700–17709.

Dayanandan R, Van Slegtenhorst M, Mack TG, Ko L, Yen SH, Leroy K, Brion JP, Anderton BH,
Hutton M, Lovestone S (1999) Mutations in tau reduce its microtubule binding properties in
intact cellsaffect its phosphorylation. FEBS Lett 446:228–232.

Delisle MB, Murrell JR, Richardson R, Trofatter JA, Rascol O, Soulages X, Mohr M, Calvas
P, Ghetti B (1999) A mutation at codon 279 (N279K) in exon 10 of the Tau gene causes a
tauopathy with dementiasupranuclear palsy. Acta Neuropathol (Berl) 98:62–77.

DeTure M, Ko LW, Yen S, Nacharaju P, Easson C, Lewis J, van Slegtenhorst M, Hutton M,
Yen SH (2000) Missense tau mutations identified in FTDP-17 have a small effect on tau-
microtubule interactions. Brain Res 853:5–14.

Dickson DW (1998) Pick’s disease: a modern approach. Brain Pathol 8:339–354.
Drechsel DN, Hyman AA, Cobb MH, Kirschner MW (1992) Modulation of the dynamic

instability of tubulin assembly by the microtubule-associated protein tau. Mol Biol Cell
3:1141–1154.

Dumanchin C, Camuzat A, Campion D, Verpillat P, Hannequin D, Dubois B, Saugier-Veber P,
Martin C, Penet C, Charbonnier F, et al. (1998) Segregation of a missense mutation in the
microtubule-associated protein tau gene with familial frontotemporal dementiaparkinsonism.
Hum Mol Genet 7:1825–1829.

Foster NL, Wilhelmsen K, Sima AA, Jones MZ, D’Amato CJ, Gilman S (1997) Frontotemporal
dementiaparkinsonism linked to chromosome 17: a consensus conference. Conference
Participants. Ann Neurol 41:706–715.

Frappier T, Liang NS, Brown K, Leung CL, Lynch T, Liem RK, Shelanski ML (1999) Abnormal
microtubule packing in processes of SF9 cells expressing the FTDP-17 V337M tau mutation.
FEBS Lett 455:262–266.

Gamblin TC, King ME, Kuret J, Berry RW, Binder LI (2000) Oxidative regulation of fatty acid-
induced tau polymerization. Biochemistry 39:14203–14210.

Goedert M, Jakes R (1990) Expression of separate isoforms of human tau protein: correlation
with the tau pattern in braineffects on tubulin polymerization. Embo J 9:4225–4230.

Goedert M, Jakes R, Crowther RA (1999a) Effects of frontotemporal dementia FTDP-17
mutations on heparin-induced assembly of tau filaments. FEBS Lett 450:306–311.

Goedert M, Spillantini MG, Crowther RA, Chen SG, Parchi P, Tabaton M, Lanska DJ,
Markesbery WR, Wilhelmsen KC, Dickson DW, et al. (1999b) Tau gene mutation in familial
progressive subcortical gliosis. Nat Med 5:454–457.

Goedert M, Spillantini MG, Jakes R, Rutherford D, Crowther RA (1989a) Multiple isoforms of
human microtubule-associated protein tau: sequenceslocalization in neurofibrillary tangles
of Alzheimer’s disease. Neuron 3:519–526.

Goedert M, Spillantini MG, Potier, MC, Ulrich J, Crowther RA (1989b) Cloningsequencing of
the cDNA encoding an isoform of microtubule-associated protein tau containing four tandem
repeats: differential expression of tau protein mRNAs in human brain. Embo J 8:393–399.



210 Matthew J. Winton, John Q. Trojanowski and Virginia M-Y. Lee

Goedert M, Wischik CM, Crowther RA, Walker JE, Klug A (1988) Cloningsequencing of
the cDNA encoding a core protein of the paired helical filament of Alzheimer disease:
identification as the microtubule-associated protein tau. Proc Natl Acad Sci USA 85, 4051–
4055.

Goode BL, Feinstein SC (1994) Identification of a novel microtubule bindingassembly domain
in the developmentally regulated inter-repeat region of tau. J Cell Biol 124:769–782.

Grover A, England E, Baker M, Sahara N, Adamson J, Granger B, Houlden H, Passant U, Yen
SH, DeTure M, Hutton M (2003) A novel tau mutation in exon 9 (1260V) causes a four-
repeat tauopathy. Exp Neurol 184:131–140.

Gustke N, Trinczek B, Biernat J, Mandelkow EM, Mandelkow E (1994) Domains of tau
proteininteractions with microtubules. Biochemistry 33:9511–9522.

Hasegawa M, Smith MJ, Goedert M (1998) Tau proteins with FTDP-17 mutations have a reduced
ability to promote microtubule assembly. FEBS Lett 437:207–210.

Hasegawa M, Smith MJ, Iijima M, Tabira T, Goedert M (1999) FTDP-17 mutations
N279KS305N in tau produce increased splicing of exon 10. FEBS Lett 443:93–96.

Hayashi S, Toyoshima Y, Hasegawa M, Umeda Y, Wakabayashi K, Tokiguchi S, Iwatsubo T,
Takahashi H (2002) Late-onset frontotemporal dementia with a novel exon 1 (Arg5His) tau
gene mutation. Ann Neurol 51:525–530.

Heutink P, Stevens M, Rizzu P, Bakker E, Kros JM, Tibben A, Niermeijer MF, van Duijn
CM, Oostra BA, van Swieten JC (1997) Hereditary frontotemporal dementia is linked to
chromosome 17q21-q22: a geneticclinicopathological study of three Dutch families. Ann
Neurol 41:150–159.

Hogg M, Grujic ZM, Baker M, Demirci S, Guillozet AL, Sweet AP, Herzog LL, Weintraub
S, Mesulam MM, LaPointe NE, et al. (2003) The L266V tau mutation is associated with
frontotemporal dementiaPick-like 3R4R tauopathy. Acta Neuropathol (Berl) 106:323–336.

Hong M, Zhukareva V, Vogelsberg-Ragaglia V, Wszolek Z, Reed L, Miller BI, Geschwind DH,
Bird TD, McKeel D, Goate A, et al. (1998) Mutation-specific functional impairments in
distinct tau isoforms of hereditary FTDP-17. Science 282:1914–1917.

Hulette CM, Pericak-Vance MA, Roses AD, Schmechel DE, Yamaoka LH, Gaskell PC,
Welsh-Bohmer KA, Crowther RA, Spillantini MG (1999) Neuropathological features of
frontotemporal dementiaparkinsonism linked to chromosome 17q21-22 (FTDP-17): Duke
Family 1684. J Neuropathol Exp Neurol 58:859–866.

Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden H, Pickering-Brown S,
Chakraverty S, Isaacs A, Grover A, et al. (1998) Association of missense5’-splice-site
mutations in tau with the inherited dementia FTDP-17. Nature 393:702–705.

Iijima M, Tabira T, Poorkaj P, Schellenberg GD, Trojanowski JQ, Lee VM-Y, Schmidt ML,
Takahashi K, Nabika T, Matsumoto T, et al. (1999) A distinct familial presenile dementia
with a novel missense mutation in the tau gene. Neuroreport 10:497–501.

Iseki E, Matsumura T, Marui W, Hino H, Odawara T, Sugiyama N, Suzuki K, Sawada H, Arai
T, Kosaka K (2001) Familial frontotemporal dementiaparkinsonism with a novel N296H
mutation in exon 10 of the tau genea widespread tau accumulation in the glial cells. Acta
Neuropathol (Berl) 102:285–292.

Kobayashi K, Kidani T, Ujike H, Hayashi M, Ishihara T, Miyazu K, Kuroda S, Koshino Y
(2003a) Another phenotype of frontotemporal dementiaparkinsonism linked to chromosome-
17 (FTDP-17) with a missense mutation of S305N closely resembling Pick’s disease. J
Neurol 250:990–992.

Kobayashi T, Ota S, Tanaka K, Ito Y, Hasegawa M, Umeda Y, Motoi Y, Takanashi M, Yasuhara
M, Anno M, et al. (2003b) A novel L266V mutation of the tau gene causes frontotemporal
dementia with a unique tau pathology. Ann Neurol 53:133–137.



12. Tau Gene Mutations in FTDP-17 Syndromes 211

Komori T (1999) Tau-positive glial inclusions in progressive supranuclear palsy, corticobasal
degenerationPick’s disease. Brain Pathol 9:663–679.

Ksiezak-Reding H, Yang G, Simon M, Wall JS (1998) Assembled tau filaments differ from
native paired helical filaments as determined by scanning transmission electron microscopy
(STEM). Brain Res 814:86–98.

Lee G, Neve RL, Kosik KS (1989) The microtubule binding domain of tau protein. Neuron
2:1615–1624.

Lee VM-Y, Goedert M, Trojanowski JQ (2001) Neurodegenerative tauopathies. Annu Rev
Neurosci 24:1121–1159.

LoPresti P, Szuchet S, Papasozomenos SC, Zinkowski RP, Binder LI (1995) Functional implica-
tions for the microtubule-associated protein tau: localization in oligodendrocytes. Proc Natl
Acad Sci USA 92:10369–10373.

Matsumura N, Yamazaki T, Ihara Y (1999) Stable expression in Chinese hamster ovary cells of
mutated tau genes causing frontotemporal dementiaparkinsonism linked to chromosome 17
(FTDP-17). Am J Pathol 154:1649–1656.

Miyamoto K, Kowalska A, Hasegawa M, Tabira T, Takahashi K, Araki W, Akiguchi I, Ikemoto
A (2001) Familial frontotemporal dementiaparkinsonism with a novel mutation at an intron
10+11-splice site in the tau gene. Ann Neurol 50:117–120.

Morris HR, Perez-Tur J, Janssen JC, Brown J, Lees AJ, Wood NW, Hardy J, Hutton M,
Rossor MN (1999) Mutation in the tau exon 10 splice site region in familial frontotemporal
dementia. Ann Neurol 45:270–271.

Munoz-Garcia D, Ludwin SK (1984) Classicgeneralized variants of Pick’s disease: a clini-
copathological, ultrastructural, and immunocytochemical comparative study. Ann Neurol
16:467–480.

Murayama S, Mori H, Ihara Y, Tomonaga M (1990) Immunocytochemicalultrastructural studies
of Pick’s disease. Ann Neurol 27:394–405.

Murrell JR, Spillantini MG, Zolo P, Guazzelli M, Smith MJ, Hasegawa M, Redi F, Crowther
RA, Pietrini P, Ghetti B, Goedert M (1999) Tau gene mutation G389R causes a tauopathy
with abundant pick body-like inclusionsaxonal deposits. J Neuropathol Exp Neurol 58:1207–
1226.

Neary D, Snowden JS, Gustafson L, Passant U, Stuss D, Black S, Freedman M, Kertesz A, Robert
PH, Albert M, et al. (1998) Frontotemporal lobar degeneration: a consensus on clinical
diagnostic criteria. Neurology 51:1546–1554.

Neumann M, Schulz-Schaeffer W, Crowther RA, Smith MJ, Spillantini MG, Goedert M,
Kretzschmar HA (2001) Pick’s disease associated with the novel Tau gene mutation K369I.
Ann Neurol 50:503–513.

Neve RL, Harris P, Kosik KS, Kurnit, DM, Donlon TA. (1986) Identification of cDNA clones
for the human microtubule-associated protein tauchromosomal localization of the genes for
taumicrotubule-associated protein 2. Brain Res 387:271–280.

Oliva R, Pastor P (2004) Tau gene delN296 mutation, Parkinson’s disease,atypical supranuclear
palsy. Ann Neurol 55:448–449.

Pickering-Brown S, Baker M, Yen SH, Liu WK, Hasegawa M, Cairns N, Lantos PL, Rossor M,
Iwatsubo T, Davies Y, et al. (2000) Pick’s disease is associated with mutations in the tau
gene. Ann Neurol 48:859–867.

Poorkaj P, Bird TD, Wijsman E, Nemens E, Garruto RM, Anderson L, Andreadis A, Wiederholt
WC, Raskind M, Schellenberg GD (1998) Tau is a candidate gene for chromosome 17
frontotemporal dementia. Ann Neurol 43:815–825.

Poorkaj P, Grossman M, Steinbart E, Payami H, Sadovnick A, Nochlin D, Tabira T, Trojanowski
JQ, Borson S, Galasko D, et al. (2001) Frequency of tau gene mutations in familial and
sporadic cases of non-Alzheimer dementia. Arch Neurol 58:383–387.



212 Matthew J. Winton, John Q. Trojanowski and Virginia M-Y. Lee

Poorkaj P, Muma NA, Zhukareva V, Cochran EJ, Shannon KM, Hurtig H, Koller WC, Bird TD,
Trojanowski JQ, Lee VM-Y, Schellenberg G D (2002) An R5L tau mutation in a subject with
a progressive supranuclear palsy phenotype. Ann Neurol 52:511–516.

Reed LA, Schmidt ML, Wszolek ZK, Balin BJ, Soontornniyomkij V, Lee VM-Y, Trojanowski
JQ, Schelper RL (1998) The neuropathology of a chromosome 17-linked autosomal
dominant parkinsonismdementia (“pallido-ponto-nigral degeneration”). J Neuropathol Exp
Neurol 57:588–601.

Rizzini C, Goedert M, Hodges JR, Smith MJ, Jakes R, Hills R, Xuereb JH, Crowther RA,
Spillantini MG (2000) Tau gene mutation K257T causes a tauopathy similar to Pick’s
disease. J Neuropathol Exp Neurol 59:990–1001.

Rizzu P, Van Swieten JC, Joosse M, Hasegawa M, Stevens M, Tibben A, Niermeijer MF,
Hillebrand M, Ravid R, Oostra BA, et al. (1999) High prevalence of mutations in the
microtubule-associated protein tau in a population study of frontotemporal dementia in the
Netherlands. Am J Hum Genet 64:414–421.

Rosso SM, Donker Kaat L, Baks T, Joosse M, de Koning I, Pijnenburg Y, de Jong D, Dooijes D,
Kamphorst W, Ravid R, et al. (2003) Frontotemporal dementia in The Netherlands: patient
characteristicsprevalence estimates from a population-based study. Brain 126:2016–2022.

Sahara N, Tomiyama T, Mori H (2000) Missense point mutations of tau to segregate with FTDP-
17 exhibit site-specific effects on microtubule structure in COS cells: a novel action of
R406W mutation. J Neurosci Res 60:380–387.

Shin RW, Iwaki T, Kitamoto T, Tateishi J (1991) Hydrated autoclave pretreatment enhances
tau immunoreactivity in formalin-fixed normalAlzheimer’s disease brain tissues. Lab Invest
64:693–702.

Si ZH, Rauch D, Stoltzfus CM (1998) The exon splicing silencer in human immunodeficiency
virus type 1 Tat exon 3 is bipartite and acts early in spliceosome assembly. Mol Cell Biol
18:5404–5413.

Sperfeld AD, Collatz MB, Baier H, Palmbach M, Storch A, Schwarz J, Tatsch K, Reske
S, Joosse M, Heutink P, Ludolph AC (1999) FTDP-17: an early-onset phenotype with
parkinsonismepileptic seizures caused by a novel mutation. Ann Neurol 46:708–715.

Spillantini MG, Bird TD, Ghetti B (1998a) Frontotemporal dementiaParkinsonism linked to
chromosome 17: a new group of tauopathies. Brain Pathol 8:387–402.

Spillantini MG, Goedert M, Crowther RA, Murrell JR, Farlow MR, Ghetti B (1997) Familial
multiple system tauopathy with presenile dementia: a disease with abundant neuronalglial
tau filaments. Proc Natl Acad Sci USA 94:4113–4118.

Spillantini MG, Murrell JR, Goedert M, Farlow MR, Klug A, Ghetti B (1998b) Mutation in the
tau gene in familial multiple system tauopathy with presenile dementia. Proc Natl Acad Sci
USA 95:7737–7741.

Spillantini MG, Van Swieten JC, Goedert M (2000a) Tau gene mutations in frontotemporal
dementiaparkinsonism linked to chromosome 17 (FTDP-17). Neurogenetics 2:193–205.

Spillantini MG, Yoshida H, Rizzini C, Lantos PL, Khan N, Rossor MN, Goedert M, Brown
J (2000b) A novel tau mutation (N296N) in familial dementia with swollen achromatic
neurons and corticobasal inclusion bodies. Ann Neurol 48:939–943.

Stanford PM, Halliday GM, Brooks WS, Kwok JB, Storey CE, Creasey H, Morris JG, Fulham
MJ, Schofield PR (2000) Progressive supranuclear palsy pathology caused by a novel silent
mutation in exon 10 of the tau gene: expansion of the disease phenotype caused by tau gene
mutations. Brain 123 (Pt 5), 880–893.

Tolnay M, Grazia Spillantini M, Rizzini C, Eccles D, Lowe J, Ellison D (2000) A new case
of frontotemporal dementia and parkinsonism resulting from an intron 10 +3-splice site
mutation in the tau gene: clinicalpathological features. Neuropathol Appl Neurobiol 26:368–
378.



12. Tau Gene Mutations in FTDP-17 Syndromes 213

Varani L, Hasegawa M, Spillantini MG, Smith MJ, Murrell JR, Ghetti B, Klug A, Goedert M,
Varani G (1999) Structure of tau exon 10 splicing regulatory element RNAdestabilization
by mutations of frontotemporal dementiaparkinsonism linked to chromosome 17. Proc Natl
Acad Sci USA 96:8229–8234.

Vogelsberg-Ragaglia V, Bruce J, Richter-Landsberg C, Zhang B, Hong M, Trojanowski JQ,
Lee VM-Y (2000) Distinct FTDP-17 missense mutations in tau produce tau aggregatesother
pathological phenotypes in transfected CHO cells. Mol Biol Cell 11:4093–4104.

Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW (1975) A protein factor essential for
microtubule assembly. Proc Natl Acad Sci USA 72:1858–1862.

Wszolek ZK, Tsuboi Y, Uitti RJ, Reed L (2000) Two brothers with frontotemporal dementia-
parkinsonism with an N279K mutation of the tau gene. Neurology 55:1939.

Yasuda M, Takamatsu J, D’Souza I, Crowther RA, Kawamata T, Hasegawa M, Hasegawa H,
Spillantini MG, Tanimukai S, Poorkaj P, et al. (2000) A novel mutation at position +12 in
the intron following exon 10 of the tau gene in familial frontotemporal dementia (FTD-
Kumamoto). Ann Neurol 47:422–429.

Yoshida H, Crowther RA, Goedert M (2002) Functional effects of tau gene mutations
deltaN296N296H. J Neurochem 80:548–551.

Yoshida H, Ihara Y (1993) Tau in paired helical filaments is functionally distinct from fetal tau:
assembly incompetence of paired helical filament-tau. J Neurochem 61:1183–1186.





Chapter 13

Animal Models of Tauopathy

Karen Duff1, Pavan Krishnamurthy1, Emmanuel Planel1

and Michael Hutton2

1 Department of Psychiatry

Department of Physiology & Neuroscience

New York University School of Medicine

Email: duff@nki.rfmh.org

2Mayo Clinic College of Medicine

4500 San Pablo, Jacksonville FL 32224

Email: hutton.michael@mayo.edu

1. Introduction

The tauopathies are a group of neurodegenerative diseases that are char-
acterized by the accumulation of intraneuronal filamentous aggregates of the
microtubule associated protein, tau. The tauopathies includes over twenty
different conditions including Alzheimer’s disease (AD), Progressive Supranu-
clear Palsy (PSP) and the familial tauopathy, Frontotemporal dementia and
Parkinsonism linked to chromosome 17 (FTDP). Tau is a member of the family
of Microtubule Associated Proteins (MAPs) and along with other MAPs, tau
is normally involved in modulating microtubule assembly and maintaining
microtubule stability within neurons (Matus, 1988). However, during the
pathogenic cascade that leads to tauopathy, tau detaches from the microtubules,
becomes hyperphosphorylated, and aggregates in filaments that eventually
accumulate into the large somatodendritic neurofibrillary lesions that represent
the histological hallmarks of this group of diseases. Despite much progress over
the past ten years, the mechanism(s) by which this accumulation of abnormal
tau species leads to neurodegeneration, and even the precise sequence of events
that eventually results in the formation these neurofibrillary lesions is unclear.
What we do know from human genetic studies is that tau dysfunction can be
sufficient to cause neurodegeneration since mutations in the tau (MAPT) gene
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cause FTDP-17 and a common haplotype in MAPT is a robust genetic risk
factor for the “sporadic” tauopathies, PSP and Cortical basal degeneration. As
a result, considerable interest is currently focused on dissecting the pathogenic
mechanism that leads to tau dysfunction, neurodegeneration and the clinical
progression in the human tauopathies. To this end, the recent development of
robust transgenic animal models that reproduce many of the neuropathological,
biochemical and even clinical features of different human tauopathies represent
an important advance that has already yielded sometimes surprising insights
into this major group of human neurodegenerative diseases. Several recent
reviews (Brandt et al., 2005; Lee et al., 2005b; Gotz et al., 2004) have described
the salient features of the models, and the main purpose of this review is to
identify how animal models have provided insight into the pathogenesis of
tauopathy.

Transgenic models of tauopathy have been created in C. elegans (Kraemer
et al., 2003) and Drosophila (Jackson et al., 2002b; Wittmann et al., 2001) as
well as mice and rats. In addition to the tau transgenic models, models with
varying degrees of tauopathy have been generated through overexpression of
the cdk5 activator p25 (Cruz et al., 2003) or a cleaved form of ApoE (Brecht et
al., 2004). Non transgenic models include animals subjected to hypothermia,
either experimentally (Planel et al., 2004), or due to hibernation (Arendt et al.,
2003).

2. Wild-type mice with neuronal pathology

The first attempt to generate a transgenic mouse model with tauopathy
used a wild type tau transgene under the control of the human thy-1 promoter
(Gotz et al., 1995). Expression of the transgene was low, and pathology was
limited to somatodendritic localization and enhanced levels of phospho-tau in
some neurons, without insoluble tau or NFT formation. A more pronounced
phenotype was achieved using stronger promoters to drive wild type tau
transgene expression (Ishihara et al., 1999; Probst et al., 2000; Spittaels et
al., 1999). In these mice, motor neurons developed large numbers of enlarged
axons with neurofilament- and tau-immunoreactive spheroids. This pathology
is more reminiscent of amyotrophic lateral sclerosis (ALS) than tauopathy,
and it likely results from high levels of tau expression in the motor neurons.
Tau protein extracted from the brain and spinal cord of these transgenic mice
becomes increasingly insoluble as the mice age, but NFTs were not observed
except in mice at a very old age (Ishihara et al., 2001).

The generation of a transgenic mouse model overexpressing a cDNA of
tau is complicated by the fact that there are six isoforms of human tau, and
the investigator must choose only one to be overexpressed in the mouse. This
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limitation was overcome through the use of a genomic construct that contains
all of the regulatory sequence necessary to allow alternative splicing, and the
tau promoter allowing the correct temporal and spatial expression of all six
isoforms of wild-type tau (Duff et al., 2000). The resulting mouse line had
exceptionally high levels of human tau, but when the endogenous mouse tau
was present, tau was distributed within the axons of cells and no abnormal
tauopathy was observed. In contrast, when mouse tau was removed through
cross breeding to a mouse with a dysfunctional tau gene, the resulting animal
(known as the hTau line) developed progressive tauopathy that started with
the human tau showing a normal (axonal) distribution. By three months of
age, tau had been redistributed to the cell bodies in hippocampus and cortex,
and neurons bearing pretangles with early phospho-epitopes were identified.
Late phospho-epitopes and sarcosyl insoluble tau developed by 9 months. Tau
filaments in the insoluble tau preparations that were visualized by electron
microscopy, had a periodicity of 44.7 nm that is very similar to that of human
AD paired helical filaments. By 15 months of age, thioflavin-S positive NFTs
were observed and extensive cell loss was apparent in the cortex (Andorfer
et al., 2005; Andorfer et al., 2003). Although there are differences between
the hTau mouse and humans in terms of the ratio of 4R:3R tau isoforms, the
tauopathy that develops is remarkably similar to that seen in human AD.

3. Mutant mice with neuronal pathology

Following the identification of mutations in the MAPT (tau) gene that cause
FTDP-17 in 1998, the next generation of mice used mutant tau transgenes
under a variety of promoters to achieve high level expression in neurons
(Allen et al., 2002; Gotz et al., 2001a; Lewis et al., 2000; Tanemura et al.,
2001; Tatebayashi et al., 2002) and glial cells (Gotz et al., 2001b; Gotz et al.,
2001b; Higuchi et al., 2002). The first to be published (line JNPL3) expressed
the shortest 4R tau isoform with the FTD-causing mutation P301L (Lewis et
al., 2000). The mice developed hyperphosphorylated, sarcosyl-insoluble tau
that formed twisted ribbons with a periodicity of 15–22 nm. Filamentous tau
accumulated in cell bodies as mature NFTs that were positive for Gallyas silver
stain and thioflavin S-fluorescent, mainly in spinal cord and brainstem. The
mice underwent progressive degeneration of motor neurons leading to ataxia,
dystonia and finally death by about 12 months of age. Recently, a mouse
has been created that expresses mutant tau under the control of an inducible
promoter (Santacruz et al., 2005). By switching the transgene off at certain
points during pathology progression, the authors have been able to separate
histochemically defined pathology development from neurodegeneration and
cognitive decline.
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4. Mutant mice with glial pathology

Tauopathy in glial cells was achieved by expressing a tau construct with
the G272V mutation under the control of a PrP-driven expression system
that resulted in high expression in a subset of neurons and oligodendrocytes.
Tau was hyperphosphorylated, and present as filaments. Thioflavin S-positive
fibrillar inclusions were identified in oligodendrocytes and motor neurons in
spinal cord (Gotz et al., 2001b). A second mouse over-expressed wild-type
human tau in neurons and glial cells using the mouse Ta1 α-tubulin promoter.
This led to glial pathology resembling the astrocytic plaques in CBD and the
coiled bodies in CBD and PSP (Higuchi et al., 2002),

5. Mechanisms of tauopathy: Insight from animal models

Several competing mechanisms have been proposed to attempt to explain
how in AD and other tauopathies, insoluble tau and tangles form from nor-
mal, soluble tau. Most center on dysregulation of tau phosphorylation, either
through increased activity of a protein kinase, or decreased activity of protein
phosphatases, although other mechanisms have been implicated including
glycosylation (Wang et al., 1996) and transglutamination (Norlund et al., 1999).
Post-mortem studies of humans have shown that accumulation in cell bodies of
tau phosphorylated at specific sites is an early event in neuronal degeneration
as is conformational change recognized by the Alz50 or MC1 monoclonal
antibodies (Trojanowski and Lee, 1994; Mandelkow et al., 1995; Iqbal and
Grundke-Iqbal, 1991). It has been proposed that conformational change may
allow tau to become a better substrate for kinases and/or worse substrate for
phosphatases, but the relationship and timing of events is still not understood.
(Hyman et al., 1988; Jicha et al., 1999a; Weaver et al., 2000c; Wolozin and
Davies, 1987; Wolozin et al., 1986). Both events appear to occur before the
formation of filamentous tau inclusions (Jicha et al., 1997; Vincent et al., 1998;
Weaver et al., 2000b). Studies in brain tissue from early AD cases suggest
that two phosphorylation events occur very early in the process of tangle
formation: at serine 202, recognized by the AT8 (S202/T205), (Goedert et
al., 1995) or CP13 monoclonal antibodies, and at threonine 231 recognized
by the AT180 (Goedert et al., 1994) or TG3 monoclonal antibodies. Antibody
PHF-1 recognizes tau phosphorylated at serine 396 and 404 (Otvos, Jr. et al.,
1994), and it labels more mature, hyperphosphorylated forms of tau as seen
in late stage tangles (Uboga and Price, 2000; Weaver et al., 2000a; Goedert
et al., 1995; Goedert, 1993). Once filamentous tau aggregates have formed in
neurons, as many as 21 different sites appear to be phosphorylated before the
death of the neuron (Morishima and Ihara, 1994; Hasegawa et al., 1992). Many
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of these sites are phosphorylated to some extent in the normal brain (e.g. serines
202, 235 and 396/404, and threonine 231) (Matsuo et al., 1994a; Garver et al.,
1994), while some are not (e.g. serines 214, 409 and perhaps 422) suggesting a
stronger role in pathogenesis (Jicha et al., 1999b). In most tau transgenic mice,
the principle determinant of the level of tau phosphorylation appears to be the
amount of tau expressed as the amount of phosphorylation rises in parallel
with the level of tau, and tau is not considered to be ‘hyperphosphorylated’.
As in humans, neurons with accumulated tau phosphorylated at epitopes such
as serine 202 appear at an early stage, while late appearing epitopes such as
S396/404, and conformation specific epitopes such as that recognized by MC1
only become abundant in cell bodies at later stages. Several phospho-epitopes
are considered to be ”abnormal” or ”pathological”, in the sense that they are
usually disease-specific. Serine 422, and AT100 (T212 and S214), (Zheng-
Fischhofer et al., 1998) are considered such pathological epitopes (Bussiere
et al., 1999; Hasegawa et al., 1996; Matsuo et al., 1994b) and it is of note, that
serine 422 has been suggested to be enhanced in tau transgenic mice exposed
to high levels of Aβ (Gotz et al., 2001b).

Tau is the substrate for several kinases in vivo and in vitro and a large
number of kinases have been reported to be associated with neurofibrillary
tangles in the AD brain (Buee and Delacourte, 2001). In cultured neurons
or in normal animal brain, the two major kinases involved in abnormal tau
phosphorylation appear to be glycogen synthase kinase-3 (GSK3) and cyclin
dependent kinase-5 (cdk5) (see Planel et al., 2002 and Maccioni et al., 2001 for
comprehensive reviews). To examine the effect of elevated GSK-3β activity
in the brain, two groups have created transgenic mice (Spittaels et al., 2000;
Lucas et al., 2001). The latter study generated an inducible transgenic in which
pretangles formed, but significant tauopathy did not develop. An interesting
observation was made when a GSK-3β mouse was crossed to a mouse
overexpressing human tau (Spittaels et al., 2000). Expression of the human
tau transgene produced axonal abnormalities, including accumulation of tau
and neurofilaments in the axon hillock region. However, these abnormalities
were not found in the double transgenic mice. The authors suggested that
accumulation of excess tau in the cell body of the single transgenic tau mice
was due to inhibition of axonal transport, but that excess tau in the double
transgenics was prevented from interfering with axonal transport following
phosphorylation by GSK3. It has also been suggested that phosphorylation of
“excess” tau protects against disruption of microtubule dynamics (Schneider
et al., 1999; Stamer et al., 2002a) and the idea that abnormal phosphorylation
may be a protective mechanism in general has also been proposed by Lee et
al (Lee et al., 2005a). However, other studies have suggested the opposite.
The double transgenic fly created by Jackson and colleagues (Jackson et al.,
2002a) expressed human tau and shaggy, the fly homolog of GSK3. The double
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transgenic showed enhanced degeneration and NFT formation compared to
the single transgenic tau fly. A very recent study has shown essentially the
same results in a doubly transgenic mouse that co-expresses GSK-3β and
a triple mutant tau transgene (line VLW) (Engel et al., 2005). Furthermore,
pharmacological inhibition of GSK3 with two different drugs resulted in
reduced insoluble tau, and axonal degeneration in spinal cord of JNPL3 mice
(Noble et al., 2005). This suggested that hyperphosphorylated, insoluble tau
is associated with neurodegeneration in the mouse, and that the formation, or
stability of insoluble tau is affected by its phosphorylation state. Interestingly,
in this model, NFT density did not appear to be decreased by GSK inhibitor
treatment. These data support evidence from the invertebrate models (Jackson
et al., 2002a; Wittmann et al., 2001), and the inducible mouse model (Santacruz
et al., 2005) that there is a disconnect between the formation of mature NFTs
and neurodegeneration.

The impact of GSK on tauopathy has also been implicated following the
observation that presenilin-1 (PS1) can activate PI3K/Akt signaling leading to
inactivation of GSK3, and that pathogenic mutations in PS1 inhibit the PS1-
dependent PI3K/Akt activation. This then promotes GSK-3 activity and tau
overphosphorylation at AD-related epitopes (Baki et al., 2004). Unfortunately,
the implications of this for tauopathy development were not borne out in a
double-transgenic mouse expressing mutant PS1 and human wild-type tau as
tangle pathology was not seen even in very old mice (Boutajangout et al.,
2002).

Overall, data from different model systems suggest that phosphorylation
at some epitopes would prevent tau aggregation, while other epitopes would
promote it. Recent data from tau pseudophosphorylation supports this concept
(Necula and Kuret, 2004).

Neurodegeneration has been strongly associated with cdk5 activity through
elevation of its activator, p25 (Patrick et al., 1999; Patrick et al., 2001). Several
systems have been observed to be abnormal in AD such as calpains which
cleave p35 to p25, that could promote increased activity of kinases such as cdk5
and GSK3 (Grynspan et al., 1997b; Grynspan et al., 1997a). There is one report
of cdk5 transgenic mice, in which a mouse carrying three transgenes, human
4R tau, cdk5 and the p35 regulator of cdk5, was described (Van den Haute et al.,
2001). This mouse had elevated cdk5 activity, some abnormalities in the distri-
bution of neurofilaments, but little abnormal tau phosphorylation or pathology.
There are two reports of mice transgenic for the p25 activator of cdk5. In both
reports, there was some evidence for increased tau phosphorylation, but other
than spheroids and axopathy, no additional tau pathology was seen although
behavioral abnormalities were reported (Ahlijanian et al., 2000; Bian et al.,
2002). A recent paper (Cruz et al., 2003) used an inducible p25 transgene
to obtain high levels of expression postnatally. Interestingly, tangle pathology
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and neurodegeneration resulted, suggesting a significant role for p25/cdk5 in
the induction of tau pathogenesis. Furthermore, co-expression of p25 in mice
overexpressing mutant tau (JNPL3 line) showed enhanced insoluble tau levels
and accelerated NFT formation (Noble et al., 2003) suggesting that enhanced
cdk5 activity can also enhance ongoing pathology progression.

Overexpression of tau in transgenic animals leads to accumulation in the
cell soma. Redistribution of tau from axonal to somatodendritic compartments
is observed early in the pathogenic progression in human brains. In general,
mice with higher levels of tau have a more severe phenotype, and animals with
pathological mutations have accelerated pathology development compared to
wild-type animals with equivalent levels of tau. In most transgenic mice,
overexpression is a result of heterologous promoter activity. Unfortunately,
targeted mouse models in which the mouse tau gene is mutated but expressed at
normal endogenous levels have yet to be created so it is unknown whether the
mutations will cause tauopathy in mice when present at physiological levels.
It is likely that in the diseased brain, the normal mechanisms responsible for
the clearance of tau break down, but it is not clear whether this is a cause, or
effect of tauopathy. Little is known about the degradation of tau in vivo, but it
has been shown that inhibition of proteasome activity by injection of the drug
epoxomicin negates the clearance of tau, supporting the idea that tau is, in part,
cleared by the proteasome (Oddo et al., 2004). In addition, new data implicates
the co-chaperone heat-shock cognate (Hsc)70-interacting protein (CHIP), a
ubiquitin protein ligase that can collaborate with molecular chaperones to
selectively ubiquitinate denatured proteins thus facilitating protein folding
and preventing protein aggregation. CHIP has been shown to regulate tau
ubiquitination (Petrucelli et al., 2004) and it is upregulated by early NFT
formation in humans and JNPL3 mice (Sahara et al., 2005). It remains to be
determined, however, whether manipulation of CHIP or other chaperones has
any effect on the levels of tau aggregation in vivo as data has been contradictory
(Petrucelli et al., 2004; Sahara et al., 2005).

Some of the mutant tau mice have undergone behavioral assessment.
The data suggest that tau aggregate formation, or the associated neuronal
dysfunction and neurodegeneration, can significantly impair performance even
in the absence of classic NFT formation (Arendash et al., 2004; Pennanen
et al., 2004; Tanemura et al., 2002; Tatebayashi et al., 2002). A recent study
has carefully examined when degeneration and cognitive decline occur relative
to the appearance of abnormal tau forms including classically defined NFTs
(Santacruz et al., 2005). Inducible mice were created in which a mutant
(P301L) tau transgene could be switched off through the administration of
doxycycline. In one line, the expression level was extremely high leading
to robust NFT formation by approximately 6 months of age with massive
cortico-limbic neuronal loss. Memory loss was present in all mice by 4
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months of age as assessed by the Morris Water Maze test. By assessing
neuropathological changes and cognitive performance before and after the
transgene was switched off, the authors were able to investigate the reversibility
of tau pathogenesis and the relationship between NFT formation, neuronal
loss and memory function. Two things were apparent from this study: first,
once tau has taken on a particular conformation and/or phosphorylation state,
its aggregation is self-perpetuating, drawing in soluble tau species within the
cell; and second, some form of tau (termed tau*) that precedes NFT formation
correlates with cognitive decline and neurodegeneration, not the formation
of mature NFT. This fits well with observations from the Drosophila models
in which neurodegeneration occurred without NFT formation (Jackson et al.,
2002b; Wittmann et al., 2001) and the hTau mice (Andorfer et al., 2005)
in which neurons with severe morphological abnormalities do not always
have the highest density of tau filaments. Indeed, several individual neurons
displaying a dying nuclear morphology did not contain filaments, while many
of those that had accumulated tau aggregates and filaments appeared to be
intact in terms of nuclear morphology. Further studies are needed to assess
the disconnect between filament formation, neurodegeneration and cognitive
decline and whether neurotoxic tau intermediates such as tau fragments or
oligomeric forms are involved, or whether degeneration is due to loss of
normal tau function. Neurotoxic tau intermediates may be analogous to soluble
oligomeric Aβ that has been proposed to be a potent neurotoxic intermediate
in the Alzheimer brain (Glabe, 2005). In general, more and more evidence
suggests that NFTs and amyloid plaques are not the major damaging agents
in the AD brain, although it is likely that mature lesions eventually contribute
to cellular dysfunction (Tsai et al., 2005).

What exactly causes degeneration and cell death in the neurons of mice with
tauopathy is not yet clear. Most of the data from tau transgenic lines suggests
that apoptosis is not a primary mechanism for neuronal cell death, and this is in
line with what is known from human tauopathies (Migheli et al., 1994; Atzori et
al., 2001; Ferrer et al., 2001). Two mutant tau models with pathology primarily
in the spinal cord failed to show apoptosis in tangle-bearing neurons using
standard methods such as DNA fragmentation or immunostaining for cleaved
α-fodrin or activated caspase-3 (Allen et al., 2002; Zehr et al., 2004). In hTau
mice, features of both apoptosis and necrosis have been seen in cortical neurons
where cell loss is quite significant (Andorfer et al., 2005). However, cell death
in the hTau mouse model is not associated with induction of any caspases and
incomplete, abnormal re-entry into the cell cycle has been proposed as a cell
death mechanism (Andorfer et al., 2005). Whether the apparent discrepancies
between the models indicate regional or severity differences remains to be seen.

Tau can be cleaved by proteases such as the executioner caspase, caspase
3, as well as other caspases, most likely at position 421 (Fasulo et al., 2000;
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Gamblin et al., 2003). Studies from Carl Cotman’s and Lester Binder’s groups
indicate that stimuli such as Aβ or oxidative stress can activate caspase 3 which
can readily cleave tau at Asp 421, causing a conformation change detectable
by the MC1 antibody. The resulting tau fragments (known as �tau) can then
act as an aggregation seed (Cotman et al., 2005). Recent studies have shown
that a transgenic rat that overexpresses a �tau construct has neurofibrillary
degeneration that correlates with behavioral and cognitive deficits suggesting
that these fragments can have a significant, detrimental effect in vivo (Hrnkova
et al., 2005).

5.1 Interaction of Aβ and tau in mouse models

Alzheimer’s disease is characterized not only by the development of tauopa-
thy, but by the accumulation of amyloid into plaques. The main component
of plaque amyloid is a heterogenous collection of peptides known as Aβ ,
which are derived from the proteolytic cleavage of the amyloid precursor
protein, APP. AD causing mutations in APP and other genes including the
presenilins increase the levels of Aβ42, and as a result, elevated Aβ42 peptide
has been implicated as a major neurotoxin involved in the etiology of AD. The
relevance of elevated Aβ in one of its forms (soluble monomers, oligomers or
fibrils) and pathogenic tau to neurodegeneration has been debated extensively.
A conclusive link between the two has only recently been shown in vivo, using
mouse models of tauopathy exposed to elevated Aβ (Lewis et al., 2001; Gotz
et al., 2001a; Oddo et al., 2004).

One of the possible links between Aβ elevation and tau pathogenesis may
be through activation of neuronal signal transduction pathways, and much data
has been generated to demonstrate this. Cell based studies have suggested a link
between Aβ , cdk5 and tau (Town et al., 2002; Rank et al., 2002; Alvarez et al.,
2001 and Otth et al., 2002) and cdk5-induced tau hyperphosphorylation has
been shown in APP transgenic mouse models. Increased tau phosphorylation
by cdk5 is sufficient to directly destabilize MTs and contribute to Aβ toxicity
(Evans et al., 2000). In support of this, Faibushevich and colleagues (Li et
al., 2003) have shown that taxol, a microtubule-stablizing agent, is able to
prevent Aβ induced tau hyperphosphorylation in cortical neurons, and that
administration of a taxol analog to mice inhibits Aβ induced cdk5 activation.
Taxol did not inhibit cdk5 directly, but blocked Aβ-induced calpain activation,
decreasing the cleavage of p35 to the cdk5 activator p25 and thus decreasing
tau phosphorylation.

The accumulation of active GSK3β (phosphorylated at tyr 216) has been ob-
served in dystrophic neurites in the brains of APP transgenic mice (Tomidokoro
et al., 2001) and it colocalizes with neurons containing hyperphosphorylated
tau in the brains of patients with AD (Pei et al., 1999) and in JNPL3 mice
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(Ishizawa et al., 2003). In rabbits treated intracisternally with aggregated Aβ1-
42, activation of caspase 3, tau phosphorylation and nuclear translocation of
NFKβ and GSK-3β were observed (Ghribi et al., 2003). Lithium, a GSK3
inhibitor, reduced the levels of Aβ in an APP mouse line (Phiel et al., 2003)
and reduced insoluble tau levels (Perez et al., 2003) and axonal degeneration
(Noble et al., 2005) in transgenic mice with tauopathy.

Both focal adhesion kinase (FAK) and fyn (a Src-family kinase) are possible
kinase activators, the latter through tyrosine phosphorylation of the MAP ki-
nases, GSK3 and cdk5. Both are associated with degenerating neurons (Shirazi
and Wood, 1993) and dystrophic neurites around plaques (Grace and Busciglio,
2003) in AD brain, and APP transgenic mice (Tomidokoro et al., 2001). A
number of groups suggest that elevation of Aβ leads to an increase in tyrosine
phosphorylation (Williamson et al., 2002a) via fyn and FAK (Tomidokoro
et al., 2001) and upregulation of tau kinases such as GSK3 (Tomidokoro et
al., 2001; Takashima et al., 1996). Willimason and colleagues (Williamson
et al., 2002a) have blocked Aβ-induced tyrosine phosphorylation of tau by
the addition of a Src family kinase inhibitor (PP2). These results also suggest
that early signaling events involving fyn may be involved in neurodegenerative
changes in response to Aβ (Williamson et al., 2002b), an idea supported by
Lambert et al. (Lambert et al., 1998) who have shown that brain slices from
fyn-knockout mice are immune to oligomeric Aβ toxicity.

In AD brain, activation of the three MAP kinases (JNK, p38 and ERK)
has been demonstrated in neurons and dystrophic neurites (Hensley et al.,
1999; Shoji et al., 2000; Perry et al., 1999; Zhu et al., 2001). Various studies
have shown associations between APP, tau and the MAP kinase pathway:
JNK binding-inhibitory protein binds to APP (Matsuda et al., 2001), JNK
can phosphorylate APP (Standen et al., 2001) and presenilin activity has been
shown to inhibit JNK (Kim et al., 2001). Savage et al. (Savage et al., 2002)
have shown an upregulation of JNK and p38 activity in PS/APP transgenic
mouse models of AD. In contrast to the in vitro models, this study detected a
down-regulation of the ERK pathway in response to high levels of amyloid in
AD animal models, results supported by the findings of Dineley et al. (Dineley
et al., 2001). This is probably age/amyloid load related as young mice had
increased ERK, and in AD brain, activated ERK is present during the initial
stages of neurofibrillary degeneration in neurons in regions that are devoid of
amyloid deposition (Pei et al., 2002).

5.2 Effect of elevated Aβ on tauopathy

One of the primary questions in understanding Alzheimer’s disease has been
the relative contribution of amyloid plaques versus neurofibrillary tangles to
degeneration and cognitive decline. The first transgenic models of AD used
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mutant APP transgenes to elevate the levels of APP, and thus Aβ peptides in the
brain (Games et al., 1995; Hsiao et al., 1996). These mice make large amounts
of Aβ1-40 and 42, and they form amyloid plaques at less than 12 months
of age. Tauopathy was limited to enhanced staining with tau phosphorylation
specific antibodies in the dystrophic neurites that cluster around plaques and
neuropil threads or tangles have not been observed in any of the amyloid
forming mouse models. Significantly, not only are neuropil threads and tangles
absent in APP and APP/PS1 mice but there is also no evidence of overt
neurodegeneration associated with amyloid plaque formation alone. Recently,
a triple transgenic mouse overexpressing APP, PS1 and wild-type tau has been
described (Boutajangout et al., 2004). Even with elevated levels of human
tau, the mouse failed to develop more severe pathology in an environment of
elevated Aβ . Thus it would appear that in mice, Aβ elevation and/or plaque
formation is not sufficient to initiate tauopathy, or it does so too slowly to be
seen in mice with wild-type tau.

Several published reports have shown that elevated Aβ does however have
a pronounced effect on tauopathy progression in transgenic tau mice that have
pre-existing tauopathy. Gotz and colleagues stereotaxically injected synthetic
preparations of fibrillar Aβ42 into the somatosensory cortex and the CA1
region of P301L and wild-type human tau transgenic mice. Eighteen days
following the injections, they observed a five-fold increase of NFT in the
amygdala of P301L transgenic, but not wild-type tau transgenic or control
mice (Gotz and Nitsch, 2001). To discount the non-specific effects of injection
trauma on NFT formation, the investigators also injected the reverse peptide;
NFT load was not affected suggesting that Aβ itself is a neurotoxic agent.
NFT formation in the Aβ42-injected P301L mice was tightly correlated with
phosphorylation of tau at epitope AT100 (T212/S214), and S422 but not AT8
(S202/T205) suggesting that these epitopes are particularly important in Aβ

enhanced tangle formation. Progeny from a cross between the mutant APP
transgenic line Tg2576 (Hsiao et al., 1996) and the FTDP-mutant tau line
JNPL3 (Lewis et al., 2000) developed more pronounced tauopathy compared
to singly transgenic JNPL3 littermates, and the pathology was more prominent
in areas such as the olfactory bulb, the entorhinal cortex and the amygdala
which lacked extensive pathology in the JNPL3 littermates (Lewis et al., 2001).
In a similar experiment, Tg2576 was crossed with a different tau transgenic
(line VLW) that expresses three FTDP causing mutations. At 9 months of
age, the doubly transgenic mice, but not the tau-only VLW line, developed
intracytoplasmic straight tau filaments composed of abnormally hyperphospho-
rylated tau in cortex and hippocampus, which became consistently present and
numerous in older animals (Lim et al., 2001; Perez et al., 2005); In agreement
with data from Gotz et al. (2001a), phosphorylation at two epitopes, serines
422 and 262 site was significantly enhanced in the double transgenic mice. At
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an age before NFTs had formed, sarkosyl insoluble tau aggregates from double
transgenic mice contained tau filaments that were noticeably wider (about 10
nm in diameter) than in the singly transgenic VLW brains (about 2 nm in
diameter), (Perez et al., 2005) suggesting an effect of Aβ on the process of
tau aggregation. This supports data from tissue culture studies showing the
importance of the serine 422 site in tau fibrillogenesis in response to Aβ

(Ferrari et al., 2003).
The triple transgenic model of Oddo and colleagues overexpresses mutant

human APP, PS1 and tau at comparable levels, and shows an early deficit
in long-term synaptic plasticity that correlates with pathology progression.
In these animals, intraneuronal Aβ accumulates, then forms amyloid plaques
and NFTs in an age-dependent fashion (Oddo et al., 2003). Extracellular
Aβ deposition precedes tau pathology by several months suggesting that
elevated Aβ can enhance tauopathy development, but not vice-versa. Mice
with just the mutant PS1 and tau transgenes generated in the same study do
not develop NFT in the absence of APP overexpression and Aβ accumulation.
Interestingly, injection of anti-Aβ antibodies into the brains of triple transgenic
mice led to the rapid clearance of accumulated Aβ , and with it, the cell body
accumulated tau. However, tau clearance only occurs in mice in which the tau
is at an early stage in pathology progression (pretangles), before it becomes
hyperphosphorylated, suggesting that only early tauopathy will be reversible.
This is again consistent with the observations of Santacruz et al. (2005) that
in the inducible tau mouse, NFTs and hyperphosphorylated insoluble tau were
more stable than less pathogenic forms, and the observations of Noble and
colleagues, that early stage, but not late stage tauopathy could be modulated by
kinase inhibitor therapy (Noble et al., 2005).

Elevated Aβ only seems to enhance tauopathy in the mutant tau lines
that have pre-existing tauopathy, not in lines with wild-type human tau, or
endogenous tau. Thus Aβ seems to accelerate the development of tauopathy
rather than cause it, at least in mice. For AD, this is an important point which
differs from the traditional view that Aβ accumulation is the primary cause of
neurodegeneration, with tauopathy being viewed largely as an epiphenomenon
(Hardy and Selkoe, 2002). Indeed, the concept that Aβ would need some
degree of tau malfunction to have its full toxic effects is supported by neuronal
culture experiments which demonstrate that without tau, Aβ toxicity is greatly
reduced (Rapoport et al., 2002). Clinical data also support this hypothesis
because stage 1-2 NFTs usually begin to develop years before the first senile
plaques (Braak and Braak, 1997). A recent study demonstrating that H1c tau
haplotype carriers are more prone to AD also adds credibility to this hypothesis
(Myers et al., 2005).
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5.3 Effect of tauopathy on amyloidosis

Given the central role of tau in cellular transport and the maintenance
of cellular integrity, it is feasible that tauopathy may initiate or enhance the
amyloidogenic pathway. In support of this idea, Vitali (Vitali et al., 2004)
have recently reported significant increases in the amount of soluble Aβ

in the brains from patients with FTDP-17 in comparison to FTD lacking
distinctive histopathology or normal controls. In terms of the mechanism
involved, elevated levels of tau has been shown to interfere with the transport
of several molecules including APP, out of the cell body (Stamer et al., 2002b)
which could lead to aberrant trafficking of APP and increased processing
into Aβ . Furthermore, mutant tau overexpression in the VLW line resulted in
lysosomal abnormalities that included increased numbers of lysosomes with
aberrant morphology (Lim et al., 2001) that mimic those found in human AD
brains (Cataldo et al., 1996; Cataldo et al., 1994) and it is possible that a failure
in the endosome-lysosomal machinery could enhance the imbalance between
Aβ production and Aβ clearance. This suggestion is supported by data from
doubly transgenic APP(Tg2576)-VLW mice. Neuropathological assessment of
the double transgenic showed a significant increase in the amount of amyloid
deposition in cortical and limbic areas compared to single transgenic APP
mice, and in addition, significant neuronal loss in selective vulnerable areas
like the entorhinal cortex and CA1 subfield of the hippocampus, increasing
in an age-dependent fashion up to 36% at 16 months (Ribe et al., 2005).
However, no enhancement of amyloid pathology was reported in a cross
between APP(Tg2576) and a different tau line (JNPL3) (Lewis et al., 2001).
The enhanced tauopathy in the VLW model compared to JNPL3 may account
for the apparent discrepancy between the two sets of results.

6. Conclusion

Overall, animal models exist that replicate most, if not all of the pathological
features of tauopathies. New models such as the inducible tau mouse will be
especially useful to order events in pathogenesis, and mice that develop both
amyloid plaques and tangles will be valuable tools for testing drugs.
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1. Properties and functions of tau protein

One of the characteristic features of AD is the loss of synapses at an early
stage in the entorhinal region and hippocampus which corresponds to a loss
of memory (Flood & Coleman, 1990; Terry et al., 1991). The triggers for
these events are not understood, but factors such as inflammatory cytokines,
oxidative stress, loss of growth factors, or the toxic effects of the Aβ peptide
may be involved (Raff et al., 2002; Selkoe, 2002). The loss of synapses
precedes the more conspicuous abnormal changes in the form of protein
aggregates which are seen as senile plaques, neurofibrillary tangles, and others.

1.1 Traffic system of the cell

One clue for the early vulnerability of synapses comes from the highly
asymmetric shape of neurons. Synapses and nerve terminals are located far
from the cell body where most of the necessary components are synthesized,
and therefore neurons require an efficient transport system. The distribution
of material could conceivably take place by means of diffusion which might
suffice for small local volumes and small molecules (e.g. neurotransmitters in
a synaptic cleft), but this would lack efficiency and directionality over extended
distances. To meet these criteria, cells have devised traffic systems in the form
of cytoskeletal fibers which guide the transport of motor proteins and their
cargoes (Hollenbeck & Saxton, 2005). Two distinct fiber systems for transport
have evolved, the actin microfilaments and the microtubules. They interact with
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numerous types of motor proteins which fall into three classes, the myosins
(for the microfilament tracks) and the kinesins and dyneins (for microtubule
tracks) (Hirokawa & Takemura, 2005). The two traffic systems often coexist
in the same cell compartments. In mammalian cells, microtubules are mostly
responsible for the long-haul traffic over large distances while microfilaments
distribute material more locally. In both cases, the directionality of movement
is determined by the intrinsic polarity of the tracks, combined with an in-
built directionality of the motors (forward or reverse). Thus the “plus” end
of microtubules usually points towards the periphery, and therefore “plus-
end directed motors” such as most kinesins can support anterograde transport
towards the nerve terminals, whereas minus-end directed motors such as dynein
achieve retrograde movements back to the cell body. In both cases the fuel for
the motors is ATP which is hydrolyzed to ADP and inorganic phosphate during
the power strokes. Just as in a real railroad system, the traffic system of neurons
requires not only tracks and motors, but also ties that keep the tracks stable.
This role is fulfilled by ancillary proteins which in the case of microtubules
are termed MAPs (for microtubule-associated proteins; review Cassimeris &
Spittle, 2001). MAPs vary between cell types and cell compartments; in the
case of neurons the most important ones are MAP2 (mostly dendritic), tau and
MAP1b (mostly axonal). The association of MAPs with the microtubule tracks
is regulated by phosphorylation which involves a variety of protein kinases
and phosphatases (Stoothoff & Johnson, 2005). Furthermore, and unlike a
railroad system, the microtubule cytoskeleton must be able to selfassemble and
reorganize itself, and therefore the regulated disassembly is as important as
assembly. The ability of microtubules to grow and shrink is in part an in-built
property of the tubulin molecule and regulated by GTP turnover. However, in
cells it is additionally controlled by microtubule stabilizers such as tau whose
dissociation can induce microtubule breakdown, and by destabilizers such as
katanin or kinesin-13 (MCAK) to ensure microtubule dynamics (Biernat et al.,
2002; Baas & Qiang, 2005). This interplay is particularly important for neurite
outgrowth and growth cone advance.

1.2 Tau in Alzheimer’s disease

In the context of Alzheimer’s disease, the cytoskeletal protein that has
received most attention is the microtubule-associated protein tau. This is
due to its conspicuous anomalous aggregation in the form of Alzheimer
neurofibrillary tangles and neuropil threads which are made up of filaments
of polymerized tau protein (paired helical filaments, PHFs, and a minority
of straight filaments, Crowther & Goedert, 2000). In addition, this anomalous
tau is highly phosphorylated, it is redistributed into the “wrong” compartment
(from axonal to somatodendritic), and it is in part truncated by caspases and
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other proteases. This tau is detached from microtubules and has lost its ability
to stabilize microtubules or promote microtubule growth. It is assumed that
this change in properties leads to two major consequences, the destabilization
of transport tracks and the pathological aggregation of tau in the cytosol. It
is intuitively clear that both events have the ability to disrupt intracellular
traffic. Another important property of tau in AD is that the aggregation has
a well-defined pattern of spreading in the brain, starting from neurons in the
transentorhinal region, to the hippocampus, and finally throughout the cortex.
Thus the brain regions showing tau aggregation reflect the progression of
clinical symptoms, from mild cognitive impairment to severe dementia (Braak
stages, Braak & Braak, 1991).

1.3 Properties of tau

Tau is encoded by a gene on chromosome 17 which can be spliced into six
main isoforms in the CNS with 352-441 aminoacid residues (Fig. 1) (Andreadis
2005). The repeat domain with 3 or 4 pseudo-repeats (∼31 residues in length)
and the flanking domains are important for the binding to microtubules. At the
same time this domain is at the core of Alzheimer PHFs (Wille et al., 1992;
Novak et al., 1993). This illustrates that the physiological and pathological
functions of tau are closely related in the structure of the protein. Overall, tau

Figure 1. Diagram of tau protein: Domains, phosphorylation sites, and kinases. In
CNS neurons, human tau occurs as 6 main isoforms derived from a single gene by
alternative splicing (352-441 aminoacid residues). The 3 or 4 repeats in the C-terminal
half (∼31 residues each) constitute the center of the microtubule-binding domain, as
well as the core of Alzheimer paired helical filaments. Tau contains a number of Ser
and Thr residues, many of which show abnormally high phosphorylation in Alzheimer’s
disease and are diagnostic of Alzheimer tau. Phosphorylation sites within the repeats
(at KXGS motifs) efficiently detach tau from microtubules.
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has a basic and hydrophilic character due to the numerous lysine or arginine and
polar residues. This makes tau unusually well soluble, with the consequence
that the protein can be treated with heat or acids without loosing its biological
function (Lee et al., 1988). A second consequence is that tau lacks the compact
folding that is typical of most proteins; on the contrary it is a prototypic
“natively unfolded” protein (Schweers et al., 1994). A number of mutations
are known in the tau gene, many of which cause neurodegeneration (FTDP-
17, Lee et al., 2001). The underlying cause may be either a change in tau
protein function (e.g. lower microtubule binding or faster PHF aggregation)
or an altered pattern of splice isoforms (D’Souza & Schellenberg, 2005).

1.4 Tau phosphorylation

In AD, tau can be phosphorylated to a high degree. The average content
of phosphates rises ∼ 4-fold, from about 2 to 8 Pi per molecule (Kopke
et al., 1993). These phosphates can be distributed over ∼ 30 different sites
(Morishima-Kawashima et al., 1995). In the sequence, this corresponds to the
numerous serines and threonines (45 and 35, 18% of the entire sequence) which
are accessible to Ser/Thr directed kinases because of the open structure of
tau. Thus, tau can be regarded as a sensitive reporter for the cytosolic balance
between kinases and phosphatases, and indeed early stages of degeneration can
be detected by means of phosphorylation-sensitive antibodies (Mandelkow &
Mandelkow, 1998). Many of these sites occur in SP or TP motifs (7 and 10,
resp.) which are preferred targets of proline-directed kinases (examples: MAP
kinase, GSK-3β , Fig. 1). In addition tau contains 5 tyrosines (no. 18, 29, 197,
310, 394), some of which can be phosphorylated by Tyr-directed kinases (e.g.
Y18 by the kinase fyn, Bhaskar et al., 2005). The biological consequences of
tau phosphorylation are under debate but are heterogeneous. Phosphorylation
can affect microtubule binding and/or PHF aggregation, others are functionally
neutral. Of particular interest for tau interactions is the phosphorylation at the
KXGS motifs in the repeat domain by the kinase MARK because this interrupts
tau-microtubule binding and leads to dynamic microtubule and eventually
breakdown (Biernat et al., 1993). This type of phosphorylation occurs early
in the Alzheimer disease process (Augustinack et al., 2002) as well as in tau-
inducible transgenic mice (unpublished data).

The interplay between tau and MARK becomes particularly noticeable on
the level of neurite outgrowth. For example, N2a cells can be differentiated
to develop neurites, but this requires inducers such as NGF or retinoic acid
that allow microtubules to become dynamic (Brown et al., 1999). Transfection
with tau greatly enhances the formation of neurites (since stable microtubules
must support the neurite cytoskeleton), but outgrowth still requires differenti-
ation inducers. On the other hand, transfection with MARK makes the cells
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independent of that requirement, so that the cells grow neurites spontaneously.
Thus, formally the signalling of NGF and MARK have a similar effect on
neurites to stimulate microtubule dynamics. The likely explanation is again
the contradictory requirements on tau: Stable microtubules must be in place
once the neurite is formed, but during the act of formation they must be
dynamic. The specificity of the MARK-tau interaction is emphasized by the
fact that kinase-dead MARK inhibits neurite outgrowth, even in the presence
of differentiation inducers, and also does not phosphorylate tau at the KXGS
motifs, or conversely KXGA mutants of tau (which cannot be phosphorylated
by MARK) do not promote neurite outgrowth (Biernat et al., 2002; Timm et
al., 2003).

1.5 Tau aggregation

Another property of tau important for its abnormal behavior in AD is the
aggregation into fibers. This is a puzzling feature because of tau’ excellent sol-
ubility which counteracts aggregation in physiological buffers. One explanation
may be the interaction with polyanionic cellular structures (e.g. acidic proteins,
RNA, negatively charged lipid vesicles) because – at least in vitro – these
counterbalance tau’s positive charges and can cause precipitation (Kampers
et al., 1996; Goedert et al., 1996). In addition, the tau sequence contains
hotspots which have an increased propensity for β-structure; they include
the hexapeptide motifs 275VQIINK280 and 306VQIVYK311(von Bergen et al.,
2000). This preferred conformation is noticeable even in solution and leads to
an amyloid-like interaction, resulting in fibrils with cross-β-structure, as judged
by X-ray scattering and NMR spectroscopy (Barghorn et al., 2004, Mukrasch
et al., 2005).

2. Inhibition of transport by tau

As with any macroscopic traffic system, regulation can be achieved at
different levels, for example at the levels of the tracks (microtubules or tau),
motors (kinesin or dynein), cargo adaptors (kinesin or dynein light chains or
associated proteins), or by influencing their interactions (e.g. by phosphoryla-
tion) (Mandelkow et al., 2004, Roy et al., 2005; Terwel et al., 2002). Among
the proteins involved, tau stands out as the protein most visibly associated with
AD, followed by regulatory proteins such as kinases whose activities are again
noticeable by way of tau phosphorylation.

2.1 Activity of motor proteins in presence of tau

When we tried to study the functions of tau in cells we noticed not only
the stabilization of microtubules (as expected), but also a general inhibition of
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intracellular traffic. The general properties of the transport inhibition by tau are
best visualized in cells that allow easy transfection or microinjection of traffic
components and subsequent time-resolved imaging (e.g. CHO cells, Vero
cells etc.). For example, in normal CHO cells, mitochondria are distributed
rather homogeneously, corresponding to the cell’s ubiquitous need for ATP.
This is achieved by the network of microtubules which radiate out from the
MTOC throughout the cell and act as tracks for kinesin and dynein motor
proteins which can move cargoes, including mitochondria, in both directions
along microtubules. As a control, if the microtubules are destroyed (e.g. by
nocodazol) or the motors perturbed (e.g. dynein inhibition by dynamitin),
the homogeneous distribution breaks down. Remarkably, if tau is elevated in
such cells, the mitochondria gradually congregate at the cell center around the
MTOC. This is due to a preferential inhibition of their transport towards the cell
periphery, resulting in a net flux towards the cell center. Similar observations
can be made with other microtubule cargoes such as peroxisomes, intermediate
filaments, the ER, exocytotic vesicles or recycling endosomes (measured via
VSV-G transport or the rate of transferrin release). In all cases the transport
towards the periphery was preferentially retarded (Ebneth et al., 1998).

Quantitative analysis of vesicle and organelle movements revealed the
following properties (Trinczek et al., 1999): Tau does not change the speed
of a vesicle or organelle while it is in motion along a microtubule, indicating
that tau does not affect the mechanics of movement as such. However, tau
reduces the attachment of vesicles to the microtubule tracks, the run lengths
along microtubules, and the reversal frequencies, particularly in the direction
towards the cell periphery. The net effect is that tau imposes a bias favoring
centripetal flow towards the cell center. This effect depends strictly on tau’s
affinity for microtubules, such that tightly binding tau variants (e.g. with 4
repeats) have a bigger impact than more weakly binding variants (e.g. 3-
repeat tau, or phosphorylated tau). The concept of tau as a traffic inhibitor was
verified directly by electron microscopy and TIRF microscopy of single kinesin
movements on tau-decorated microtubules (Santarella et al., 2004; Seitz et al.,
2002). The results show that kinesin outcompetes tau in equilibrium binding
studies due to its higher affinity and cooperative binding; however, at the lower
concentrations of motor proteins in the cytosol, tau can appreciably reduce the
attachment rate of motors to microtubules. The effect is greater for kinesin than
for dynein, leading to preferential retardation of anterograde traffic.

The above results revealed an unexptected property of tau: In the context
of AD, the anomalous behavior of tau is usually thought to result from
its dissociation from microtubules (resulting from phosphorylation) which
therefore become unstable and break down. By contrast, the experiments
discussed here show that even tau bound to microtubules can interfere with the
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cell’s physiological functions by inhibiting the attachment of motor proteins to
microtubules and thus inhibiting transport.

2.2 Traffic inhibition by tau in neurons

In cells with a compact shape the effects of this inhibition are moderate
because the deficiencies in directed transport can be compensated in part by
diffusion; e.g. ATP can diffuse throughout the cell even when the mitochondria
are not homogeneously distributed. This aspect becomes much more serious for
elongated polarized cells such as neurons. For example, N2a neuroblastoma
cells differentiated by retinoic acid develop extended neurites (Fig. 2a, b)
(Stamer et al., 2002). The neurites contain mitochondria for the generation of
chemical energy, peroxisomes for detoxification of H2O2, neurofilaments and
microtubules for structural stability and intracellular transport, and transport
vesicles carrying supplies for the growth cone. Their distribution was studied
in normal cells with endogenous tau only, and in cells where tau was elevated
by transfection with human tau. In control cells the mitochondria are distributed
throughout the cell body and the neurites by microtubule-based transport (Fig.
2a). However, in cells with elevated tau the mitochondria are nearly absent
from the neurites and instead accumulate in the cell body (Fig. 2b). Similar
observations hold for neurofilaments which also rely on microtubules for their
transport. The interference between motors and tau is diagrammed in Fig. 2c-e.

By contrast, microtubules and tau are present throughout the neurites,
showing that their transport is not perturbed. Thus the tracks for axonal
transport are present in the neurite, but the transport along them is impaired
because tau interferes with the access of motor proteins. This implies that
neurites lack ATP and protection against oxidative stress, which would offer
an explanation for the reduced growth of the neurites.

Analogous observations can be made with primary retinal ganglion cells
transfected with adenovirus encoding human tau (Fig. 2f, g). Normally these
neurons have mitochondria throughout the cell body and the axons, but after
transfection with tau the organelles disappear from the axon and congregate
in the cell body. This means that the elevation of tau has similar effects on
intracellular transport in primary neurons and neuron-like cell models. As
in non-neuronal cells there is a preferential inhibition of plus-end directed
transport by kinesin motors along microtubules so that minus-end directed
transport by a dynein-like motor becomes dominant.

2.3 Inhibition of APP trafficking by tau

In the context of AD the transport of APP (amyloid precursor protein)
deserves special attention. APP is initially transported by a microtubule-based
mechanism to the axon by Golgi-derived vesicles (Amaratunga et al., 1995).
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Figure 2. (a, b) Inhibition of microtubule-based transport by tau in N2a neuroblastoma
cells. N2a cells, differentiated by retinoic acid, and stained for microtubules (green) and
mitochondria (red). (a) control cell with mitochondria dispersed throughout the neurites.



14. Tau and Axonal Transport 245

(b) tau-transfected cell where the anterograde flow of mitochondria is inhibited, and
mitochondria cluster in the cell body. (c, d) Diagram of neurons illustrating the particle
flow along microtubules. (c) Control cell, the anterograde and retrograde movements
(by kinesin or dynein, resp.) are regulated by the cell to achieve a balanced particle
distribution. (d) With excess tau on the microtubule surface, both types of movement
are inhibited, but the effect is greater on anterograde movements, resulting in a net
retrograde shift in the distribution. (e) Relationship between microtubules, tau, and
motor proteins. Microtubules (green) serve as tracks for motor proteins (red). The
attachment of motors can be blocked by tau (blue). Phosphorylation can remove tau (not
shown) and thus free the tracks for transport. (f) Movement of mitochondria in retinal
ganglion cell axons. A group of RGC axons showing dispersed and actively moving
mitochondria (red). One cell has been transfected by tau (blue); its axon contains
only few mitochondria which show little remaining movements. (g) Quantification of
mitochondrial movements. In the control cells (left), most mitochondria are mobile,
with the majority (55%) moving in the anterograde direction. In tau-transfected cells
(center), a large fraction (50%) is immobile during the observation period, and only 5%
move anterogradely. When tau and MARK2 are cotransfected (right) the inhibition of
anterograde transport is relieved (rising to 27% again) because tau is phosphorylated
and detaches from the microtubules. (h) Quantification of movements of APP-YFP
vesicles in retinal ganglion neurons. Left, control cell without transfected tau shows
that most APP-vesicles (∼80%) move anterogradely. Center, in the presence of tau
many vesicles become immobile, and net transport is now reversed. Right: When tau
is phosphorylated by MARK it becomes detached from microtubules, and anterograde
flow becomes again dominant. (Adapted from Stamer et al., 2002, and Mandelkow et
al., 2004).

By analogy with the experiments described above one would therefore
expect that tau would interfere with the anterograde transport of APP. This
is indeed the case: Human APP labeled with YFP was expressed in retinal
ganglion cells whose axons have a well defined polarity so that transport
directions are readily identified. Without tau, APP-vesicles move rapidly in
both directions, but the anterograde direction predominates (80%, Fig. 2h).
If the cells are co-transfected with tau the APP vesicles become depleted
from the axon and moving vesicles show predominantly a retrograde direction
(anterograde drops from 80% to 40%). By contrast, tau gradually spreads
along the axons. These results emphasize an intriguing link between tau
and the inhibition of anterograde APP trafficking. A similar effect of tau on
the transport of APP can be demonstrated in cultured hippocampal neurons
transfected with APP-YFP and CFP-htau40 using recombinant adenovirus.
APP transfection alone yields fluorescent APP-vesicles in the cell body and
neurites, while transfection with APP plus tau causes APP to be restricted
largely to the cell body.

APP gives rise to the cleavage product Aβ which aggregates into amyloid
oligomers and fibers in AD. It has been proposed that APP serves as a cargo
adaptor for kinesin, and that overexpression of APP leads to inhibition of
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transport and increased generation of Aβ since APP vesicles contained all
secretases necessary for Aβ cleavage (β-secretase BACE1 and the γ -secretase
complex containing presenilin, Kamal & Goldstein, 2002). By this hypothesis,
Aβ cleavage could occur in transit. On the other hand, the colocalization has
not been verified by other investigators (Lazarov et al., 2005). It will therefore
be an interesting question whether the retardation of APP vesicle trafficking
by tau has an influence on the generation of Aβ . This issue is currently under
investigation, and our preliminary results show that the inhibition does not lead
to enhanced Aβ generation, and that in general APP does not colocalize with
BACE1 on the same vesicles (Goldsbury et al., 2006).

2.4 Consequences of transport inhibition for neurons

If organelles disappear one would expect deficiencies in local metabolism
because diffusion from the cell body could not compensate the loss of local
production. This would for example lead to reduced ATP levels due to loss
of mitochondria and an increased sensitivity to oxidative damage due to loss
of peroxisomes and thus of catalase (Stamer et al., 2002). These predictions
can be tested by exposing N2a cells to H2O2 and observing the time-course
of neurite loss. Indeed, in tau-transfected cells the degradation of neurites is
much more rapid than in the non-transfected controls. It is noteworthy that the
higher vulnerability is restricted to the neurites but not the cell body where
the mitochondria and peroxisomes are still present and functional. A similar
result is seen on the level of synapses. One observes a dramatic decay of
dendritic spines in 4 week old cultures after transfection with tau (Thies et al.,
unpublished). Thus it appears that tau does not have a direct negative effect on
the biochemical pathways of neurons, but rather that the viability of neurites
and synapses is reduced by tau’s effect on the transport and redistribution of
cell components.

2.5 Tau phosphorylation by MARK and rescue of transport
inhibition

As mentioned above, the effects of tau on traffic inhibition require bind-
ing to microtubules. One might therefore expect that a release of tau from
microtubules might alleviate the traffic inhibition again. This can be tested
in retinal ganglion cells which in their normal state show rapid movement of
cell organelles or vesicles in axons. The expression of tau causes a redirection
of these movements into the retrograde direction towards the cell body and
leads to depletion of organelles and vesicles in axons (Fig. 2b, f). However,
this inhibition of anterograde flow can be rescued by transfection with MARK,
the protein kinase that phosphorylates tau in the KXGS motifs of the repeat
domain and thereby detaches it from microtubules (Fig. 2g, h). As a test of
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this relationship, transfection of cells with a KXGA-mutant of tau (which
cannot be phosphorylated by MARK) causes traffic inhibition (because the
KXGA mutant binds tightly to microtubules), but the traffic inhibition cannot
be relieved because the KXGA mutant of tau cannot be phosphorylated by
MARK and therefore tau remains attached to the microtubules. By the same
token, transfection with dominant negative versions of MARK cannot relieve
the inhibition either. Taken together, tau must be able to fulfill seemingly
contradictory requirements, stay on the tracks to keep them intact, but jump
off readily when a motor protein passes through (not unlike railroad workers
who move off the track when a train approaches).

These relationships reveal puzzling janus-faced aspects of the functions of
tau. On one hand, the binding of tau enables traffic by generating stable micro-
tubules. On the other hand, too much tau bound to microtubules can prevent
the motor proteins from attaching to microtubules. This spatial and functional
paradox of tau comes about because tau protein – unlike the ties of a railroad –
lies on top of the tracks rather than underneath and therefore creates a stumbling
block on the rails while at the same time tying them together. The solution to the
structure-function paradox presumably lies in local regulation and equilibria:
Cargoes generally carry more than one motor, and even a single processive
motor attached to a microtubule can propel the cargo. Therefore, traffic could
remain functional if tau were removed locally, for example by phosphorylation.

3. Correlation with transgenic animal models

How can we link the observations on tau and transport to the brain in
transgenic animal models or in Alzheimer’s disease? In AD, early changes
include loss of synapses and reactions with certain conformation-dependent tau
antibodies (Alz50, MC-1, or phosphorylation-dependent antibodies, e.g. 12E8,
AT-8, Jicha & Davies, 1999; Augustinack et al., 2002), while neurofibrillary
tangles or microtubule breakdown appear at later stages. If the early changes
were due to traffic inhibition by tau, one would expect a greater occupancy
of tau on the microtubule tracks. This could be achieved by a higher tau
concentration and/or a tighter binding of tau to microtubules, which could be
achieved by lower phosphorylation at critical sites (e.g. KXGS motifs in repeat
domain or Ser214, Illenberger et al., 1998), or an increase in 4-repeat isoforms
(as is the case in some forms of FTDP-17, Hutton et al., 2001). There is
evidence that tau protein is elevated globally in AD (Khatoon et al., 1992), but
more important is the possibility that tau protein is locally elevated in affected
neurons or even in neuronal compartments. It is not possible to settle this point
with current technology (Galvin & Ginsberg, 2005). We note however that tau-
transgenic mouse models have relied on an elevated expression of tau, and
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moreover on aggregation-prone tau mutants (e.g. P301L), in order to achieve
Alzheimer-like changes (in terms of tau aggregation or immunoreactivity).
These changes are however late compared with the onset of traffic inhibition
due to tau clustering on the microtubule surface (Terwel et al., 2002). We note
also that in cell models even a small elevation of tau over endogenous tau (∼2-
fold) is sufficient to cause substantial traffic inhibition. A local concentration
change (or affinity change) of this magnitude would be hardly detectable in
mouse or human brains.

Since tau is primarily an axonal protein, the effects of traffic inhibition can
be considered from two angles. A slow-down in axonal traffic would have direct
consequences for presynaptic terminals, axonal growth cones, or delivery of
synaptic vesicles, including delivery of APP, ion channels, energy sources such
as mitochondria. This in turn would impair the communication with the den-
drites. Since the survival of the downstream neurons depends on input from the
axons, this could lead to the observed dendritic decay (Walsh & Selkoe, 2004).
A case in point would be the transport of essential growth factors between hip-
pocampal neurons and basal forebrain cholinergic neurons. Thus, a traffic jam
caused by tau could lead to the decay of cholinergic neurons observed in AD.

One persistent observation in AD brain and tau transgenic mice is the
early re-distribution of tau from axon-only to ubiquitous in the somatodendritic
compartment (Oddo et al., 2004; Santacruz et al., 2005, Andorfer et al., 2003,
Lewis et al., 2001; Gotz et al., 2001; Higuchi et al., 2002). The sorting
mechanism is not well understood. Fetal tau shows no preferential sorting,
similar to other MAPs, and even in the adult stage it appears that the regulation
is not very tight and can be overruled by a small elevation of tau (Kanai &
Hirokawa 1996). This can be demonstrated by microinjection of tau into cells,
transfection of cells, and expression in transgenic mice. Thus, the penetration
of tau into the “wrong” compartment can have a direct effect on traffic in
dendrites, independently and above the effects on axons (Stamer et al., 2002).

Perhaps the best demonstration of tau’s toxicity to axonal traffic is provided
by several tau transgenic mouse lines expressing tau under the control of
pan-neuronal promoters such as Thy-1 or prion promotors which express tau
especially in the spinal cord. Because excess tau is expressed in motor neurons
from the fetal stage onwards, these mice develop motor deficits which prevent
their use for analyzing cognitive deficits by motion analysis (e.g. water maze
test). Histopathologically these mice show clustering of neurofilaments in the
cell bodies of motor neurons and axonal swellings, demonstrating the inhibition
of transport (Terwel et al., 2002). In later developments of transgenic mice
this problem was circumvented by using the CaMK-II promotor which is more
restricted to the hippocampus and entorhinal regions.

A number of transgenic animal models of tauopathy have been described
by now (see citations above), however, the origin of tau’s toxicity to neurons
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is still not well defined. Expression of normal human tau alone tends to
have little effect on measurable changes in tau (such as altered conformation,
phosphorylation, neurofibrillary tangle formation), and therefore the changes
were exacerbated by choosing tau mutants (known from FTDP-17), enhancing
the activity of kinases (cdk5), or combining tau mutations with amyloidogenic
mutations in APP or PS1). The emerging data show that tau can be toxic
already in a pre-fibrillar form, that the effects of pre-fibrillar tau are reversible
while neurofibrillar tangles are not, that the tau effects are downstream of those
induced by Aβ (in those cases where both proteins are expressed in mutant
form). In general, the appearance of tauopathy (without or with amyloid) is
linked to synapse loss and neurodegeneration. The mechanistic interpretation
invoked by most authors includes two stages of tau toxicity: Initially, the acti-
vation of kinases which “hyperphosphorylate” tau, cause its detachment from
microtubules and hence microtubule breakdown, and later, the aggregation of
unbound tau leading to neurofibrillary tangles and obstruction of cell interior
(the second stage may include an oligomeric intermediate form of tau which
can be toxic on its own). With the background on transport inhibition discussed
above, we propose an extension to three stages of tau toxicity (Fig. 3):

Figure 3. Model of tau functions in neurodegeneration. Left: In a healthy axon,
microtubules are stabilized by tau and serve as tracks for axonal transport of vesicles
and organelles. Center: Tau bound to microtubules is elevated early during neurodegen-
eration. Even though microtubules are stable, the excess tau blocks traffic into the axon
because it interferes with motor proteins. This makes axons vulnerable and causes the
decay of synapses. Right: Phosphorylation of tau occurs through the cell’s attempt to
clear the inhibitory tau off the microtubule tracks. Microtubules become unstable, and
the detached tau is free to aggregate into neurofibrillary tangles.
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• A (local) excess of tau bound to microtubules inhibits traffic of vesicles, or-
ganelles, cytoskeletal elements and other cargos; this can cause starvation of
cell processes, damage to synapses, and redistribution of tau from axon-only
to somatodendritic (so that dendrites, too, suffer from transport inhibition).
In transgenic models, this is achieved by the overexpression of tau or its
variants. Note that this stage of toxicity is based on apparently “healthy” and
functional tau. This stage would also explain the toxicity of excess 4-repeat
tau observed with some FTDP-17 mutations (Lee et al., 2001; Hutton et al.,
2001). The tau-induced traffic damage is best observed in mice expressing
tau in motor neurons (Terwel et al., 2002), or in Drosophila models by the
degeneration of the neuromuscular junction (Chee et al., 2005).

• The second stage consists of a cellular reaction against excess missorted
tau which consists of the activation of kinases. The most potent kinase to
detach surplus tau from microtubules is MARK/Par-1 which would explain
why the corresponding phosphorylation sites in the repeats of tau occur very
early, both in AD and in our mouse models (Augustinack et al., 2002, and
unpublished data). The detached tau can in turn be hyperphosphorylated
by further kinases (as shown most directly for the Drosophila model by
Nishimura et al., 2004). Note that this overshoot kinase activity takes place
not only in the axon but also in the somatodendritic compartment, wherever
excess tau is located. As a consequence, microtubule tracks become desta-
bilized and break down, and an aggregation-competent pool of unbound tau
is generated. Certain conformation-dependent antibodies (Alz50, MC-1) are
likely indicators of this stage.

• The third stage leads to the aggregation of tau into oligomers, paired helical
filaments, and finally their accretion into neurofibrillary tangles. While
the previous stages are reversible, e.g. by silencing the expression of tau
(SantaCruz et al., 2005), the third stage gradually becomes irreversible
due to the long life-time of the aggregates and their secondary chemical
modifications (oxidation, cross-linking etc.).

4. Summary

The established physiological functions of tau include the stabilization of
microtubules and the promotion of neurite outgrowth (Mandelkow & Man-
delkow, 1998; Garcia & Cleveland, 2001). More recently it was recognized that
tau can regulate the transport of cell components by molecular motors along
microtubules (Ebneth et al., 1998). Tau influences the rates of attachment and
detachment of motors from microtubules (Trinczek et al., 1999). The result
is that movements towards the cell center become predominant. This leads to
the gradual retraction of cell components such as the ER, mitochondria or
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peroxisomes. Starting from these observations one can ask what the effect
of tau would be on highly asymmetric cells such as neurons. Tau is the
predominant MAP in axons (Binder et al., 1985); if the plus-end directed
transport were retarded by tau this would hinder the supply of material into
the axons and dendrites, with subsequent damage to synapses. This may be
significant in the context of Alzheimer’s disease where the affected neurons
appear to contain higher levels of tau protein (Khatoon et al., 1992).

We therefore analyzed the distribution of cytoskeletal components, or-
ganelles, and Golgi-derived vesicles and their dependence on tau. A consistent
interpretation of the combined data is that tau inhibits transport along micro-
tubules, preferentially in the anterograde direction. The consequence is that
organelles tend to be excluded from cell processes, and vesicles are strongly
reduced. A further consequence is that axonal and dendritic compartments
become more vulnerable. The movement of organelles, vesicles and neuro-
filaments is consistent with the view that these components are transported
anterogradely by a kinesin-dependent transport (Hollenbeck & Saxton, 2005).
Remarkably, the inhibition of anterograde transport does not apply to micro-
tubules or microtubule-associated proteins such as tau, presumably because
their transport takes place by a different type of mechanism, for example by
dynein-dependent transport along actin filaments (Baas & Buster, 2004).

The transport inhibition can have profound consequences for the survival of
cell processes. Thus, tau-transfected cells become highly sensitive to oxidative
stress, consistent with the lack of peroxisomes. Similarly, the exclusion of
mitochondria from the cell processes means that ATP is locally depleted. This
is tantamount to a loss of mitochondrial function in the neurites.

One can speculate what these observation mean for neurodegenerative
disorders such as Alzheimer’s disease and other tauopathies which are char-
acterized by locally elevated and aggregated tau protein. One of the earlierst
detectable signs is the faulty distribution of tau in the somatodendritic com-
partment, the loss of synapses and retrograde degeneration (“dying back”) of
neurons which is accompanied by a decay of intracellular transport (Terry et
al., 1991; Coleman & Yao, 2003). This may be accompanied by an elevation
of non-fibrillar forms of Aβ (Walsh & Selkoe, 2004). APP is considered
to have neurotrophic functions and is transported on kinesin-driven vesicles.
It has been proposed that the C-terminal domain of APP interacts directly
with a kinesin light chain (Kamal & Goldstein, 2002), although this notion
has recently been challenged (Lazarov et al., 2005). Independently of these
issues, the local elevation of tau presents obstacles to traffic, such that APP-
vesicles tend to disappear from the axons and dendrites and APP becomes
trapped in the cell body. This could potentially lead to an elevation of Aβ

generated in the trans-Golgi network (Greenfield et al., 1999), although this
has not observed experimentally for reasons discussed elsewhere (Goldsbury
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et al., 2006). By contrast, the transport infrastructure is less dependent on
tau than vesicle or organelle traffic since microtubule tracks survive long
after mitochondria, APP-vesicles and others have disappeared from the cell
body, but eventually microtubules disappear as well when the cell processes
degenerate. We can therefore distinguish three types of tau toxicity related to
intraneuronal transport: (i) Tau causes a slowdown of anterograde traffic which
leads to starvation of neurites and missorting of tau into the somatodendritic
compartment. (ii) The cell responds by activating kinases, which results in the
detachment of tau from microtubules and their destabilization, (iii) unbound
tau aggregates into neurofibrillary tangles which obstruct the cytoplasm.
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1. Introduction

Growth factors are proteins that are naturally expressed in the nervous
system during development and throughout adult life. First discovered more
than 50 years ago, nervous system growth factors were originally found to
support the survival and patterning of neural projections during development.
When first applied therapeutically to the adult brain approximately 20 years
ago, it was discovered that growth factors also extensively prevent the death of
specific populations of neurons in animal models of neurodegenerative disease,
including Alzheimer’s disease. This led to considerable enthusiasm regarding
the potential of growth factors to treat neurodegenerative disorders early in the
course of disease, reducing neuronal degeneration and stimulating neuronal
function to slow disease progression. However, the implementation of clinical
testing of growth factor therapy for neurological disease has been constrained
by the dual need to achieve adequate concentrations of these proteins in specific
brain regions containing degenerating neurons, while preventing spread of
growth factors to non-targeted regions to avoid adverse effects. This chapter
will review the biology of growth factors, their potential to treat disease, means
of practical delivery, and the results of the first human trial of nerve growth
factor (NGF) gene delivery for Alzheimer’s disease.
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2. Growth factors

The term “neurotrophic factor” literally refers to a molecule that attracts
neurons, but in conventional use refers to proteins with the properties of sup-
porting neuronal survival, migration or neuritic outgrowth. Some neurotrophic
factors also support the mature phenotypic state of cells, upregulating a number
of intracellular signaling pathways (Kaplan and Miller, 2000) that modulate
neuronal function throughout life. Some neurotrophic factors have further
direct effects on synaptic function, influencing neurotransmitter release and
synaptic efficacy (Aicardi et al., 2004).

To date, more than 50 molecules with neurotrophic factor properties have
been identified in the brain (for review see Tuszynski, 1999). Most of these
growth factors can be grouped into distinct families, including: 1) the “classic
neurotrophins,” consisting of nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-
4/5); 2) the Transforming Growth Factor (TGF)-β family, including glial cell
line-derived neurotrophic factor (GDNF), neurturin, artemin, persephin and
the bone morphogenic proteins (BMPs); 3) the cytokine growth factor family,
including ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF),
and cardiotropin-1; 4) the epidermal growth factor (EGF) family, consisting of
EGF, transforming growth factor-alpha (TGF-α), the neuregulins, and NTAK
(neural and thymus-derived activator for ErbB kinases); 5) the “insulin-like”
growth factors, including insulin-like growth factor I (IGF-I) and IGF-II; and 6)
the fibroblast growth factor (FGF) family, of which at least 24 different proteins
have been identified, including acidic FGF (FGF 1) and basic FGF (FGF 2).

The biological effects of growth factors differ greatly between families, and
between members of the same family. The spectrum of survival-enhancing ef-
fects and functional-stimulating effects of a particular growth factor determine
its potential relevance to a specific disease. For example, the growth factors
GDNF and neurturin robustly promote the survival and stimulate the function
of nigral neurons, hence they are both therapeutic candidates for the treatment
of Parkinson’s disease (Gash et al., 1996; Kordower et al., 2000). Three other
growth factors are of potential interest in the treatment of AD: NGF, to address
the cholinergic component of neuronal degeneration, and BDNF or NT-4/5, to
address cortical and hippocampal neuronal degeneration.

3. NGF and Alzheimer’s Disease

NGF, a member of the neurotrophin family, was the first growth factor
identified and subsequently emerged as an intriguing therapeutic candidate
for AD (Levi-Montalcini, 1987). NGF was discovered serendipitously over
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50 years ago by Rita Levi-Montalcini and Viktor Hamburger in the course
of examining properties of a sarcoma cell line in vitro (Levi-Montalcini
and Hamburger, 1951). A role for NGF as an essential survival factor for
peripheral sensory and sympathetic neurons during development of the nervous
system was soon established (Levi-Montalcini and Hamburger, 1953; Levi-
Montalcini et al., 1954). Yet a subsequent finding regarding NGF neurobiology
revolutionized the perception that the adult CNS was an inflexible, non-plastic
structure: in 1986, Franz Hefti (Hefti, 1986) and others (Kromer et al., 1981;
Williams et al., 1986) reported that infusion of NGF into the adult rat brain
completely prevented the death of basal forebrain cholinergic neurons after
injury. The ability of neurotrophins to prevent neuronal degeneration in the
adult brain ushered in the modern era of effort directed at enhancing CNS
plasticity, preventing neuronal loss, and promoting CNS regeneration with
growth factors.

Shortly following reports appeared that NGF prevented lesion-induced
degeneration of basal forebrain cholinergic neurons in adult rats, Fischer and
colleagues reported that spontaneous atrophy of basal forebrain cholinergic
neurons in aged rats was also be prevented by NGF infusion (Fischer et al.,
1987). Further, NGF significantly ameliorated memory deficits in aged rats
(Fischer et al., 1987; Markowska et al., 1994) or adult lesioned rats (Tuszynski
and Gage, 1995). When tested in a mouse model of Down’s syndrome, trisomy
16, in which mice have an extra copy of the amyloid precursor protein (APP)
gene, Mobley and colleagues reported that NGF also reversed cholinergic
atrophy and improved cognitive deficits (Holtzman et al., 1993; Cooper et
al., 2001). Addressing yet another mechanism of neuronal damage, NGF was
reported to prevent the degeneration of neurons following excitotoxic lesions
to the basal forebrain cholinergic Nucleus Basalis of Meynert (Dekker et al.,
1992) or cortical lesions (Liberini et al., 1993). Experiments in primates further
demonstrated that NGF prevented degeneration of basal forebrain cholinergic
neurons in monkeys (Fig. 1) (Tuszynski et al., 1990; Koliatsos et al., 1991;
Tuszynski et al., 1991; Emerich et al., 1994; Kordower et al., 1994b; Tuszynski
et al., 1996).

In 1983, human NGF was cloned (Ullrich et al., 1983), bringing forth the
prospect of molecular therapy using the human molecule. Thus, NGF prevented
the death and stimulated the functional state of cholinergic neurons following
a variety of mechanisms of neuronal damage, including injury, excitotoxicity,
aging, and amyloid overproduction. NGF showed efficacy at the cellular level
in both rodents and primates, and improved cognition in a variety of models in
rodents.

Collectively, these findings established a theoretical and practical frame-
work in which clinical trials for the treatment of Alzheimer’s disease could
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Figure 1. NGF prevents cholinergic neuronal death. (A) Fornix transections on the right
side of the brain (arrow) cause cholinergic neurons to degenerate and die one month
after the lesion. Neurons labeled choline acetyltransferase (ChAT). (B) NGF treatment
prevents the death of the majority of cholinergic neurons after fornix lesions in rodents
and primates (shown).

move forward. A clinical program of NGF in AD would test two key hy-
potheses: 1) that NGF could prevent cholinergic neuronal degeneration in AD,
and 2) that addressing only the cholinergic component of cell decline in AD
would meaningfully impact cognitive function. Although a number of neuronal
populations undergo degeneration in Alzheimer’s disease, cholinergic neuronal
loss is particularly severe (Perry et al., 1978; Candy et al., 1983; Perry et al.,
1985; Mufson et al., 2003a). Cholinergic neurons of the basal forebrain provide
virtually all of the cholinergic innervation to the hippocampus and neocortex,
and cholinergic systems play a major role in modulating neural activity in these
target regions (Sofroniew et al., 1990; Howe and Mobley, 2001; Conner et al.,
2003, 2005). Cholinergic systems have been shown to modulate memory and
attention in rodents, primates and humans (Voytko et al., 1994; Wenk, 1997;
Ridley et al., 2005). Indeed, of all the neuronal systems that degenerate in
AD, the loss of cholinergic neurons correlates best with reduction in synapse
number and cognitive impairment (Perry et al., 1985; Masliah et al., 1991).
Highlighting the importance of cholinergic systems, the only drugs approved
for the treatment of early and mid-stage AD are the class of cholinesterase
inhibitors. These drugs, while only modestly elevating acetylcholine levels in
the brain, have had detectable benefits on cognition in several independent
clinical trials (Davis et al., 1992; Grundman and Thal, 2000). Unlike the
cholinesterase inhibitors, however, NGF might both stimulate the cholinergic
function of cells and prevent cell death in AD.

NGF is normally made throughout life in the neocortex and hippocampus
(Korsching et al., 1985; Whittemore et al., 1986), and is taken up by specific
receptors on cholinergic axon terminals (Dawbarn et al., 1988; Kiss et al.,
1988; Holtzman et al., 1992) (see below). NGF, through receptor activation
and retrograde transport to the cholinergic neuronal soma (Howe and Mobley,
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2004), modulates the functional state of cholinergic neurons in the intact animal
(Sofroniew et al., 1993; Conner et al., 2003, 2005). In AD, although production
of NGF is not diminished in the hippocampus or cortex (Crutcher et al., 1993;
Scott et al., 1995; Fahnestock et al., 1996; Narisawa-Saito et al., 1996; Hellweg
et al., 1998; Hock et al., 2000; Mufson et al., 2003b), an apparent decrement
of retrograde NGF transport leads to reduced levels within the cholinergic
basal forebrain (Mufson et al., 1995; Scott et al., 1995). Impairment of NGF
retrograde transport may arise from the cytoskeletal dysfunction that is a
hallmark of AD pathology (Dai et al., 2002; Mandelkow et al., 2003; Stokin
et al., 2005). The relative deficiency of NGF in basal forebrain neurons may
contribute to cholinergic decline in AD (Mufson et al., 1995; Sofroniew et
al., 2001; Tuszynski, 2002; Salehi et al., 2004), and therapeutic NGF delivery
adjacent to cholinergic cell bodies could bypass the transport defect (Emerich
et al., 1994; Hu et al., 1997; Smith et al., 1999; Conner et al., 2001). Whereas
perturbations in levels of the high-affinity NGF receptor trkA and the lower
affinity neutorophin receptor p75 occur in AD (Higgins and Mufson, 1989;
Mufson et al., 1989; Mahadeo et al., 1994; Salehi et al., 1996; Boissiere et al.,
1997; Mufson et al., 1997; Salehi et al., 2000; Savaskan et al., 2000; Chu et al.,
2001; Mufson et al., 2002; Counts et al., 2004), sufficient quantities of these
receptors remain expressed to retain NGF responsiveness.

Some reports suggest that the primary form of secreted NGF in the adult
brain is a pro-form of the molecule that retains amino acid sequences normally
involved in growth factor secretion from the cell (Lee et al., 2001; Fahnestock
et al., 2004). The pro-form of NGF binds with higher avidity to the p75 receptor
and, in this state, has been implicated in promoting cellular apoptosis (Harring-
ton et al., 2004). If correct, these findings would suggest that therapeutically
administered NGF should be of the “mature” configuration, lacking pro-NGF.

The preceding body of knowledge established a rationale for clinical trials
of NGF to address the cholinergic component of cell loss in AD. However,
a simple means of delivering NGF to the brain remained a challenge. It is a
relatively large and polar molecule, thus it does not cross the blood brain barrier
and requires central administration. Most studies examining effects of NGF
in animal models infused the trophic factor intracerebroventricularly, thereby
directly exposing diverse CNS regions to the growth factor. When delivered
in this manner, NGF successfully rescues degenerating cholinergic neurons,
but causes weight loss (Williams, 1991), sympathetic axon sprouting around
the cerebral vasculature (Isaacson et al., 1990), and migration and proliferation
of Schwann cells into a thick layer surrounding the medulla and spinal cord;
this layer is densely penetrated by nociceptive sensory and sympathetic axons
(Emmett et al., 1996; Winkler et al., 1997). These adverse affects originate from
cells of the nervous system that express NGF receptors, suggesting that broad,
non-targeted delivery of NGF is problematic. Indeed, three AD patients in
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Sweden received mouse NGF intracerebroventricular infusions, and developed
pain and weight loss after several months (Eriksdotter Jonhagen et al., 1998).
Thus, the intracerebroventricular infusion of NGF for the treatment of AD
is an unsatisfactory method of delivery. Instead, to be adequately assessed in
human clinical trials, NGF delivery must meet the dual requirements of central
administration in sufficient doses to achieve efficacy while restricting delivery
to targeted brain regions.

One means of accurately targeting NGF delivery to the CNS is gene
delivery, whereby either: a) autologous cultured cells are genetically modified
to produce NGF and are then grafted into the region of the cholinergic basal
forebrain cholinergic (ex vivo gene therapy), where the cells active as biological
pumps for local delivery of the growth factor, or b) cells already within the basal
forebrain region are genetically modified to produce elevated levels of NGF (in
vivo gene therapy). Using ex vivo gene therapy, lesion-induced degeneration
of basal forebrain cholinergic neurons has been prevented in both rodents
and primates (Rosenberg et al., 1988; Emerich et al., 1994; Kordower et al.,
1994b; Tuszynski et al., 1996), without the development of the adverse effects
that follow intracerebroventricular NGF protein infusions. Further, age-related
atrophy of basal forebrain cholinergic neurons and behavioral impairment is re-
versed in rodents (Chen and Gage, 1995). Subsequent studies in aged monkeys
using autologous fibroblasts as vehicles of ex vivo NGF gene delivery showed
complete reversal of age-related neuronal atrophy, restoration of cortical levels
of cholinergic innervation, and maintenance of NGF gene expression for at
least a year (Fig. 2) (Smith et al., 1999; Conner et al., 2001).

In subsequent dose-escalation and toxicity studies in primates, no adverse
effects of ex vivo NGF gene delivery were found. Using autologous fibroblasts
as vehicles of NGF gene delivery into the cholinergic basal forebrain, monkeys
exhibited no weight loss, pain or Schwann cell migration into the CNS over
periods of observation lasting up to one year. Doses exceeding the anticipated
human dose by 10-fold showed no toxicity in the primate. Gene expression
persisted for over one year in the primate and rodent brain, the longest time
periods tested. Whereas gene expression over this period declined by approxi-
mately 90%, levels of NGF production by ELISA remained 5-fold greater than
physiological NGF concentrations in the intact brain, and persistent cellular
effects of NGF were detectable. Thus, preclinical studies in primates indicated
that NGF could be accurately delivered to the basal forebrain, exert biological
efficacy in two models (aging and cell degeneration), sustain gene expression
for at least one year, and show no toxicity at doses exceeding those proposed
for human trials.

The gene delivery vector used in these studies was derived from the murine
Moloney leukemia virus (Rosenberg et al., 1988). The vector was non-virulent
and incapable of replication, and as noted above, sustained gene expression
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Figure 2. NGF enhances the density of cortical cholinergic terminals. (A) The normal
architecture and density of cholinergic neurons in the non-aged, adult rhesus monkey
is shown in the temporal cortex using acetylcholine esterase staining. (B) Aged rhesus
monkeys show a spontaneous reduction in cholinergic axon density. (C) NGF gene
delivery restores AChE labeling to levels observed in non-aged subjects, indicating that
NGF ameliorates age-related cholinergic alterations in the cortex. (D) Quantification of
the observed effects. From Conner et al., PNAS, 2001.

in the rodent and primate brain for the longest time periods examined. While
the vector could not be regulated or turned off in the event that adverse effects
developed, no adverse effects of non-regulated expression from this vector were
found in extensive and long-term studies in both rodents and primates. While a
regulatable vector system is highly desirable, practical and non-immunogenic
regulatable systems for human use are not currently available.

Given the apparent safety and absence of toxicity of the non-regulated
vector systems used in the preclinical studies summarized above, a rationale
could be formulated for proceeding to human testing of NGF ex vivo gene
delivery in humans with AD, consisting of the following: 1) Cholinergic cell
degeneration is a consistent and significant feature of pathological neuronal
degeneration in AD. 2) Cholinergic neurons exhibit robust sensitivity to NGF
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in pre-clinical studies, with extensive evidence that NGF prevents the death
and stimulates the function of cholinergic neurons regardless of mechanism of
cell death. 3) There is a pressing need for better AD therapies, and growth
factor delivery offers the unique potential to prevent cell loss, rather than
merely compensating for cell degeneration after it has occurred. While it is
not proven that targeting the cholinergic component of cell loss in AD will
have a meaningful impact on overall cognitive function and quality of life over
an extended time period in the disease, a cogent rationale for predicting such
an outcome exists and is readily testable in a human clinical trial, based on
the importance of cholinergic systems in critically regulating the function of
diverse cortical systems. Given the availability of a safe and effective means
of delivering NGF for prolonged time periods in animal models, including
primates, we proceeded with a human clinical trial of ex vivo NGF gene
delivery in AD.

3.1 A Phase 1 human trial of ex vivo NGF gene therapy for AD

The results of this clinical trial were recently published (Tuszynski et al.,
2005). Eight subjects with early stage “probable AD” by NIH research criteria
were recruited into this open label Phase 1 trial to assess the safety and
feasibility of NGF gene delivery in AD. Early stage patients were recruited
for two reasons: first, because these individuals frequently retain insight and
the ability to understand the potential risks of an experimental procedure; this
was a particularly important consideration for obtaining informed consent in
the first human clinical trial of growth factor gene delivery. Second, one of
the hypothetical mechanisms of NGF benefit in AD, prevention of cell death,
is most likely to be of benefit in early and mid-stages of the disease when a
majority of cholinergic neurons remain viable. The average age of enrolled
subjects was 67 years, with a range of 54–76 years.

Subjects underwent skin biopsies to obtain primary autologous fibroblasts.
These cells were cultivated and expanded in vitro, and were genetically
modified using the same MLV vectors described above to express and secrete
human NGF (Fig. 3).

Quantities of NGF produced by cells in vitro prior to implantation ranged
from 50–75 ng NGF/106 cells/day, similar to amounts observed in preclinical
animal studies. Nearly all of the NGF secreted from transduced cells was
the full-length protein implicated in promoting cell survival; pro-NGF was
virtually undetectable (Tuszynski et al., 2005). After testing for sterility and
purity, cells were harvested and frozen until subsequent injection into patients.
Three dose cohorts were enrolled: Subjects 1 and 2 received a total of 1.25x106

autologous fibroblasts into the non-dominant, right nucleus basalis; subjects 3–
6 received a total of 2.5x106 cells, injected into both left and right basal nuclei;
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Figure 3. Schematic of gene transfer. In vivo gene therapy utilizes injection of viral
vectors carrying therapeutic genes into the brain. In vivo gene delivery vectors, such as
AAV and lentivirus, are capable of genetically modifying non-dividing cells of the adult
CNS. In contrast, ex vivo gene therapy transduces donor host cells that are capable of
dividing in vitro; donor cells are obtained from biopsies. These cells are characterized in
vitro for production of the desired gene product, and then introduced into specific brain
regions where they act as biological minipumps for the local delivery of growth factors.

and subjects 7 and 8 received injection of 5x106 cells also injected both left
and right basal nucleus.

The mean Mini-Mental Status Exam (MMSE) score at the time of subject
enrollment into the study was 27. Subjects underwent cell injection into the
brain at staggered intervals ranging from 3 to 7 months between dose cohorts, to
allow sufficient time for safety assessment before dosing of the next group. This
prolonged period of pre-treatment observation allowed repeated assessment of
the MMSE over a mean period of 11 months before injection of NGF-secreting
cells into the brain. Baseline MRI scans and, in some cases, PET scans were
also obtained.

Cells were injected into the nucleus basalis region using standard stereotaxic
targeting techniques. On study initiation, patients underwent cell injections
into the nucleus basalis in an awake but lightly sedated state to assist pa-
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tient monitoring. However, two subjects moved abruptly while the injection
needle was in the brain, causing subcortical hemorrhage. Neither hemorrhage
required drainage. One subject with a hemorrhage gradually improved and
was discharged with a moderate worsening of his baseline language deficit.
The second subject was initially stuporous but was gradually improving.
However, 5 weeks post-injection he sustained a pulmonary embolus leading to
myocardial infarction and sudden death. Subsequently, all subjects underwent
general anesthesia or (in a recent trial) deep sedation to avoid movement,
and all subsequent cell injections have been completed safely. Patients were
discharged 1–2 days post-treatment.

With mean follow-up of two years, there were no long-term adverse events
of NGF gene delivery in AD. No weight loss, pain or MRI abnormalities
occurred as a result of the treatment. Serial PET scans were obtained in four
bilaterally treated subjects, and demonstrated significant increases in cortical
glucose uptake when measured 6–8 months after the first scan, reversing a
pattern of decline normally observed in AD over time (Fig. 4) (Potkin et al.,
2001; Alexander et al., 2002).

Autopsy was obtained in the patient who died five weeks post-treatment.
The patient had multiple cortical plaques (Braak stage 4) and neurofibrillary
tangles distributed throughout the cortex, as well as cortical Lewy bodies.
Robust NGF gene expression by in situ hybridization was evident in the region
of autlogous cell implantation. Immunocytochemistry revealed a robust trophic
response of host cholinergic axons to the growth factor source (see Fig. 4). This
finding provided the first direct evidence in the human brain that degenerating
neurons retain sensitivity to growth factors, a prerequisite if growth factors are
to be of value in treating human neurodegenerative disorders.

Cognitive testing was performed in all subjects. Conclusions should not be
drawn from a small cohort of subjects lacking blinded assessments and compar-
ison to a placebo control group. With these caveats, testing on the Mini-Mental
Status Examination (MMSE) and Alzheimer’s Disease Assessment Scale –
Cognitive subcomponent (ADAS-Cog) scales suggested possible reductions in
rate of decline after receiving NGF. Examining annual rates of decline over
a two-year period, the mean rate of decline on the ADAS-Cog was reduced
by approximately one-third in the period of 6–18 months and 12–24 months
compared to the period of 1–12 months after receiving NGF (Fig. 5).

Similar effects were observed when examining median ADAS-Cog decline
scores. Measurement of the MMSE also showed possible reductions in rate
of cognitive decline beginning approximately 6-months post-treatment (Fig.
5). The period of 6–18 months post-treatment is of particular interest because,
based on aged non-human primate studies (Smith et al., 1999; Conner et al.,
2001), it is projected that 6 months would be required to remodel cortical
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Figure 4. PET Scan and trophic response. (A) FDG PET scans in four subjects treated
with NGF, overlaid on standardized MRI templates. Representative axial sections,
with 6–8 months between first and second scan, showing interval increases in brain
metabolism in diverse cortical regions. Flame scale indicates FDG use /100g tissue/min;
red color indicates more FDG use than blue. (B) Immunocytochemistry for cholinergic
neurons (p75) shows graft implant on left (g) and adjacent neurons of nbm (arrows).
(C) Higher magnification shows extensive penetration of cholinergic axons into graft, a
“trophic” response to NGF in the human brain. Scale bar 82 µm, B; 11 µm, C. From
Tuszynski et al., Nat Med, 2005.

cholinergic terminals after NGF delivery. The strengthening of cortical cholin-
ergic terminals would presumably serve as the mechanism underlying potential
effects on cognitive function and PET. Further, it has been documented that
NGF transgene expression persists for at least 18 months in the primate brain.
In this human trial, in the epoch of 6–18 months post-treatment, 5 of 6 subjects
demonstrated stabilization or improvement in cognitive function. Overall, over
the two-year period of post-treatment observation, rate of cognitive decline was
reduced by approximately 50%.

In summary, this human trial of ex vivo NGF gene delivery demonstrated
four points: 1) NGF can be delivered safely to the brain over an extended time
period using gene delivery, but subjects must undergo cell injections under
general anesthesia or deep sedation. 2) Degenerating cholinergic neurons of the
human brain can exhibit trophic responses to growth factors. 3) Broad regions
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Figure 5. Cognitive outcomes. (A) Mean annualized change in MMSE score in
year prior to treatment, and in time epochs of 1–12 mo, 6–18 mo, and 12–24 mo
post-treatment. Individual subject data points shown in circles. Of note, during one-year
period beginning 6 mo after treatment, when sufficient time passed for NGF to enhance
cholinergic projections, 2 of 6 patients show improved MMSE scores, one patient has
no decline, and two patients decline only one point. Overall decline was reduced 51%
compared to pre-operative rate for the mean 22 mo post-treatment period. (B) Given
wide range in MMSE scores, median data also are shown and parallel observations of
mean scores. (C) Mean annualized changes in ADAS-Cog over time epochs of 1–12
mo, 6–18 mo, and 12–24 mo post-treatment. Individual subject data points shown in
circles. As with MMSE, rate of decline slows after sufficient time has passed (6 mo) for
NGF to enhance cholinergic systems. Rate of decline is reduced by 36% at 6–18 mo,
compared to 1–12 mo. (D) Given wide range in ADAS-Cog, median data also are shown.
Rate of decline is slowed by 55% at 6–18 mo compared to 1–12 mo. From Tuszynski et
al., Nat Med, 2005.
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of the cortex demonstrate enhanced cortical glucose metabolism following
NGF gene transfer. 4) There is sufficient indication of a possible effect on
cognition to justify future, larger, controlled and blinded clinical trials of NGF
gene delivery in AD.

3.2 AAV-NGF gene delivery for AD

The preceding clinical program utilized ex vivo NGF gene transfer. While
useful for proof-of-principle regarding potential benefits of trophic factor
therapy for neurodegenerative disease, ex vivo techniques suffer from the
disadvantage that they are generally cumbersome, labor-intensive and expen-
sive. A simpler approach for potentially broad application to human disease
is in vivo gene delivery, wherein vectors capable of modifying non-dividing
cells of the brain are injected intracerebrally. As noted above, several in vivo
gene delivery vectors hypothetically meet the requirements for targeted and
regionally restricted delivery of growth factors to the brain. One of these
vectors, adeno-associated virus (AAV), has now been employed in six clinical
trials in neurological disorders, including a trial of AAV-NGF gene delivery
in AD.

In preclinical studies, AAV-NGF gene delivery and lentiviral-NGF gene
delivery prevent cholinergic neuronal death and enhance cognitive function to
degrees similar to those reported using NGF protein infusions and ex vivo NGF
gene transfer (Klein et al., 2000; Blesch et al., 2005). Extensive preclinical
studies also demonstrated that non-regulated AAV-NGF gene delivery was safe
in the CNS over extended time periods exceeding one year. Based on these
data, a phase I clinical trial has been performed at Rush University, sponsored
by the biotechnology industry, in which AAV-NGF has been injected into the
brain bilaterally in six subjects with early-to-moderate AD. Findings of the
study will be reported in the near future. Of note, unlike ex vivo gene delivery
approaches in which transgene expression slowly declines over time, anecdotal
reports suggest that transduction of neurons with AAV leads to no evident
decrement in gene expression for several years in the rodent and primate CNS.
Thus, in vivo gene delivery may achieve a sustained and constant supply of
growth factor over time.

3.3 Other means of NGF delivery to the CNS

The preceding sections have dealt with gene delivery as a means of
accurately targeting and restricting growth factor delivery to the brain. Other
methods of delivering neurotrophins to the CNS have also been reported in
the literature, include binding active components of neurotrophic factors to
carrier molecules that naturally cross the blood brain barrier (e.g., transferrin-
linked NGF transport; (Friden et al., 1993; Kordower et al., 1994a)), generating
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small peptide analogs of the growth factors that cross the blood brain barrier to
activate neurotrophin receptors (Massa et al., 2003), or direct intraparenchymal
infusions of growth factors (Gill et al., 2003; Slevin et al., 2005). The benefit
of simple peripheral administration of a growth factor is obvious: the risk
and expense of cranial injection is avoided, and doses can be adjusted and
terminated as needed. However, all of the peripherally administered approaches
to growth factor delivery, if effectively simulating the brain, will suffer from the
drawback that they are non-targeted, with the risk of causing adverse events
from stimulation of non-targeted systems that will ultimately limit their use-
fulness. Direct intraparenchymal infusions of growth factors are another means
of accurately targeting growth factors in sufficient doses to elicit biological
efficacy, while limiting spread to avoid non-targeted brain regions (Gill et
al., 2003; Slevin et al., 2005). These approaches have the added benefit that
they can be discontinued in the event of toxicity. However, the practicality of
intraparenchymal infusion is reduced by the difficulty of spreading the growth
factor evenly throughout a target region from either a single point-source tip
of a catheter, or from a catheter containing multiple pores arranged linearly.
Implanted hardware is also vulnerable to malfunction and infection (Gill et al.,
2003). Further efforts to develop this technology in Parkinson’s disease face an
uncertain future.

4. Other targets of growth factor therapy in AD:
Brain-derived neurotrophic factor (BDNF)

Recent evidence indicates that another growth factor, BDNF, can potently
protect cortical circuits that degenerate in AD (Nagahara et al., 2005). Specifi-
cally, BDNF protein infusions or gene delivery prevent the death of entorhinal
cortical neurons after axotomy, or following exposure to Aβ in vitro. In aged
rats, BDNF infusions to the entorhinal cortex reverse age-related decrements
in hippocampal-dependent forms of learning and memory, including spatial
memory in the Morris water maze and contextual fear conditioning (Nagahara
et al., 2005). Finally, in transgenic mice overexpressing the Swedish and
Indiana amyloid mutations (Mucke et al., 2000; Palop et al., 2003), BDNF gene
delivery after the onset of neurodegeneration significantly increases synapse
number, stimulates phosphorylation of the transcriptional activator CREB, and
improves performance on two cognitive tasks sensitive to the integrity of
the hippocampal formation, spatial memory in the Morris water maze and
contextual fear conditioning (Nagahara et al., 2005).

BDNF is normally produced in the entorhinal cortex throughout life, and is
anterogradely transported into the hippocampus where it influences synaptic
plasticity and neuronal function (Altar et al., 1997; Conner et al., 1998).
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Importantly from a practical perspective, BDNF administered therapeutically
in the models described above is actively transported into the hippocampus, and
restores synapse density in the hippocampal dentate gyrus in amyloid mutant
mice. Thus, delivery to the practical entorhinal target can provide a “gateway”
for improving the functional state of the hippocampus more broadly. This
provides an intriguing potential future target in AD. Neuronal degeneration
occurs early in the entorhinal and cortex in AD (Gomez-Isla et al., 1996;
Kordower et al., 2001), likely causing alterations in short-term memory that are
characteristic of AD and its precursor state, mild cognitive impairment. Levels
of BDNF and its receptor trkB decline in the entorhinal cortex and neocortex
in AD (Narisawa-Saito et al., 1996; Connor et al., 1997; Allen et al., 1999;
Ferrer et al., 1999; Hock et al., 2000; Michalski and Fahnestock, 2003). The
entorhinal cortex could readily be targeted by vector injections in the human
brain, providing a potential mechanism of neuroprotection early in the disease
to prevent subsequent neurodegeneration.

5. Conclusions

Growth factors have the potential to potently influence neuronal survival
and function. Their broad efficacy against a variety of pathogenic insults likely
arises because growth factors influence final common mechanisms that mediate
cell atrophy and death, including apoptosis-related mechanisms (bcl-2, bax,
and the caspases) as well as genes important for cell function (ERK/MAP
kinase, CREB, others). As such, the growth factors offer the potential to treat
neurodegenerative disorders either alone or as combination therapies with other
anti-AD therapies, including anti-amyloid approaches. The transition to clinical
trials using methods that generate high yet locally restricted levels of growth
factors should, over the next few years, indicate whether they will ultimately
have a useful role in the treatment of AD.
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