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Abstract

Alzheimer’s disease (AD), the leading cause of dementia worldwide, is characterized by the

accumulation of the β-amyloid peptide (Aβ) within the brain along with hyperphosphorylated and

cleaved forms of the microtubule-associated protein tau. Genetic, biochemical, and behavioral

research suggest that physiologic generation of the neurotoxic Aβ peptide from sequential amyloid

precursor protein (APP) proteolysis is the crucial step in the development of AD. APP is a single-

pass transmembrane protein expressed at high levels in the brain and metabolized in a rapid and

highly complex fashion by a series of sequential proteases, including the intramembranous γ-
secretase complex, which also process other key regulatory molecules. Why Aβ accumulates in

the brains of elderly individuals is unclear but could relate to changes in APP metabolism or Aβ
elimination. Lessons learned from biochemical and genetic studies of APP processing will be

crucial to the development of therapeutic targets to treat AD.
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HISTORY OF ALZHEIMER’S DISEASE

In 1907, Alois Alzheimer reported the results of an autopsy on a 55-year-old woman named

Auguste Deter, who had died from a progressive behavioral and cognitive disorder.

Alzheimer noted the presence of two distinctive pathologies in Deter’s brain: neurofibrillary

tangles, which he correctly surmised were abnormal intracellular aggregates (and which

were later shown to be composed of hyperphosphorylated and cleaved forms of the

microtubule-associated protein tau), and neuritic plaques (which he called miliary foci),

which were dystrophic neuronal processes surrounding a “special substance in the cortex”

(Alzheimer et al. 1995). This “special substance” was isolated and purified in 1984 by

Glenner & Wong (1984), who showed that it was a 4.2-kDa peptide, primarily 40 or 42

amino acids in length, which they speculated was cleaved from a larger precursor. Their

prediction was verified in short order when the amyloid precursor protein (APP) was cloned

in 1987 (Kang et al. 1987). The peptide isolated by Glenner & Wong has come to be known

as the Aβ peptide, short for amyloid-β peptide.
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Alzheimer was convinced that the case of Auguste Deter represented an unusual cause of

dementia. It was not until the seminal work of Blessed, Tomlinson, and Roth (Blessed et al.

1968) that a relationship between the amount of neuritic Aβ plaques in the brains of elderly

subjects and the risk of dementia was established. Alzheimer’s disease (AD) is now

recognized as a common dementing disorder of the elderly (see sidebar, Alzheimer’s

Disease: What’s in a Name) with characteristic pathological findings (Figure 1). Young

onset, frequently genetic, forms of the disease are a rare but important subset. AD currently

afflicts 26 million people worldwide with projections of a fourfold increase in that number

by 2050 (Brookmeyer et al. 2007).

RELATIONSHIP OF BRAIN Aβ ACCUMULATION TO DEMENTIA IN HUMAN

PATHOLOGIC SPECIMENS

Cohorts of subjects who are followed with serial neuropsychological testing during life and

then donate their brains to scientific research after death (Dolan et al. 2010a) have become a

crucial tool for understanding the determinants of cognitive decline in older subjects. Most

studies agree that the classical pathological criteria for AD, neuritic plaques and

neurofibrillary tangles, can account for 40%–70% of the variance in cognition seen in

elderly subjects, with additional pathologies such as cerebrovascular disease (Dolan et al.

2010b) and Lewy body pathology (Schneider et al. 2007) working together with AD

pathology to account for an additional 20%–30% of dementia cases.

It was historically unclear whether the accumulating Aβ plaques in the brains of patients

with dementia caused the dementia or simply indicated the presence of dying neurons.

Indeed, studies of head trauma and brain ischemia in humans and animals demonstrate

transient increases in brain Aβ deposition (Gentleman et al. 1997, Qi et al. 2007). However,

studies of chronic brain injury and ischemia in humans do not suggest that Aβ is a

nonspecific marker of neuronal injury (Dolan et al. 2010b, McKee et al. 2009), and there is

no increase in the age-expected prevalence of Aβ pathology in patients with other

neurodegenerative disorders such as Parkinson’s disease and frontotemporal dementia.

STRUCTURE AND FUNCTION OF APP

The amyloid precursor protein (APP) is one member of a family of related proteins that

includes the amyloid precursor-like proteins (APLP1 and APLP2) in mammals and the

amyloid precursor protein-like (APPL) in Drosophila. All are single-pass transmembrane

proteins with large extracellular domains (Figure 2), and all are processed in a manner

similar to APP. Only APP generates an amyloidogenic fragment owing to sequence

divergence at the internal Aβ site. Alternate splicing of the APP transcript generates 8

isoforms, of which 3 are most common: the 695 amino acid form, which is expressed

predominantly in the CNS, and the 751 and 770 amino acid forms, which are more

ubiquitously expressed (Bayer et al. 1999).

ALZHEIMER’S DISEASE: WHAT’S IN A NAME

Dementia is a clinical term that refers to the development of progressive cognitive

deterioration associated with an inability to perform normal activities of daily living.

When dementia afflicts the young, there is usually a single pathologic process present on

autopsy such as the neuritic plaques and neurofibrillary tangles, which are indicative of

Alzheimer’s disease (AD). In the elderly, however, in whom dementia affects 1 out of 3

individuals, the brain pathology is usually mixed, with most demented individuals having

a combination of AD pathology, atherosclerosis, and Lewy body pathology. Moreover,

recent work with autopsy cohorts and neuroimaging studies has shown that many

cognitively normal elderly subjects carry moderate amounts of AD or cerebrovascular
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pathology without symptoms as long as they do not have a second comorbid process.

Thus, in the elderly, it seems more appropriate to use the term dementia to describe the

clinical process and denote “Alzheimer-type pathology” as a risk factor for dementia. In

the future, the relative amount of each of these pathologies in a symptomatic or

asymptomatic individual will be quantifiable using neuroimaging and cerebrospinal fluid

analysis, allowing the design of pathologically relevant clinical trials.

The precise physiological function of APP is not known and remains one of the vexing

issues in the field. In most studies, APP overexpression shows a positive effect on cell health

and growth. This effect is epitomized in transgenic mice that overexpress wild-type APP and

have enlarged neurons (Oh et al. 2009). In transiently transfected cell lines, APP modulates

cell growth, motility, neurite outgrowth, and cell survival, functions that can be reproduced

by the soluble ectodomain, which is released by cleavage of APP (Figure 2). These

observations were extended in vivo by a recent study (Young-Pearse et al. 2007), which

found neuronal migration abnormalities in embryonic rodents injected with APP RNAi. In

adult animals, intracerebral injections of the APP ectodomain can improve cognitive

function and synaptic density (Meziane et al. 1998, Roch et al. 1994). The sites most

responsible for the bioactivity of the APP ectodomain appear to be its two heparin-binding

domains (Mok et al. 1997). The second heparin-binding domain is also the site of binding F-

spondin, the only potential ligand identified for APP (Ho & Sudhof 2004). Identifying a

ligand-binding partner for APP is of some importance because APP has been compared with

the developmental signaling molecule Notch, which is structurally similar to APP. Notch

proteolysis is triggered by binding to a member of the Delta, Serrate, Lag2 (DSL) family of

ligands (Louvi & Artavanis-Tsakonas 2006), which causes Notch to be cleaved by many of

the same secretases as APP, releasing a soluble ectodomain and an intracellular domain

(NICD) that regulates nuclear target genes. Although F-spondin plays a role in neuronal

development and repair, evidence demonstrating that APP is crucial to this process is

lacking. Other potential N-terminal binding partners for APP include collagen, netrin-1,

laminin, the Aβ peptide, and molecules that interact with APP when coexpressed in the same

cell, including other members of the APP family and Notch itself (Chen et al. 2006).

Nikolaev et al. (2009) recently reported that the secreted APP ectodomain acts as a ligand

for Death Receptor 6 (DR6). In this formulation, growth factor deprivation triggers cleavage

of APP by the secretase BACE1, releasing the ectodomain, which then binds to DR6 and

activates caspase 6 and caspase 3, causing axonal and cell body apoptotic degeneration,

respectively. The growth factor deprivation, which triggers cleavage of APP, could be part

of normal axonal pruning or could be a primary factor in neuronal degeneration. This work

has raised the intriguing possibility that the APP ectodomain released by BACE1 cleavage

(sAPPβ) has different properties than does the APP ectodomain released by α-cleavage

(sAPPα), which has an extra 16 amino acids in its C-terminus.

In addition to a physiological role for APP, the Aβ peptide itself plays an important role in

synaptic physiology, regulating synaptic scaling (Kamenetz et al. 2003) and synaptic vesicle

release (Abramov et al. 2009).

It is disappointing, however, that deletion of APP in mice (and thus Aβ production)

produces very little phenotype and does not suggest that a loss of APP or Aβ function is

deleterious to the adult animal in any way. Triple knockouts involving APP, APLP1, and

APLP2 (Herms et al. 2004) show scattered cortical migration abnormalities. Double

knockout mice lacking APP and APLP2 exhibit a mismatch between presynaptic and

postsynaptic markers at the neuromuscular junction along with excessive nerve terminal

sprouting (Wang et al. 2005). This same phenotype is seen in DR6 knockout mice and in fly
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APPL deletions (Ashley et al. 2005), suggesting a role for APP and its family members in

neuritic outgrowth and synaptic pruning. None of these, however, suggests a role for APP in

the mature CNS, in which APP production is known to continue at a very high rate.

The intracellular C-terminus of APP is also important for its function and has been proposed

to serve two roles, one as a transcriptional regulator and the other, related to its YENPTY

amino acid domain (Figure 2), as a regulator of its own intracellular sorting. The YENPTY

domain regulates clathrin-coated pit internalization (Chen et al. 1990) through a series of

binding partners (see below). It is 100% conserved in all forms of APP from the fly to the

human. Mutation at this site alters endocytosis of APP (Perez et al. 1999) and diminishes Aβ
production (Ring et al. 2007). Phosphorylation of Thr 668, 14 amino acids away from the

YENPTY domain, by cyclin-dependent kinase 5 interferes with at least some of the protein-

protein interactions of the YENPTY domain (Ando et al. 2001), although mutation of this

site did not alter brain Aβ accumulation in mice (Sano et al. 2006).

Interaction with the YENPTY domain of APP requires the presence of a phosphotyrosine

binding domain on the interacting protein. The two best characterized APP binding partners

are X11 and Fe65, which were isolated using the yeast-two-hybrid screen. X11 contains one

polypyrimidine-tract binding (PTB) domain as well as two postsynaptic density-DlgA-ZO1

(PDZ) domains (Feng & Zhang 2009), whereas Fe65 has two PTB domains, each with

different binding specificities, and a tryptophan repeat domain that interacts with the actin

cytoskeleton-associated proteins Mena and Evl (Borg et al. 1996, Lambrechts et al. 2000).

Both X11 and Fe65 are highly expressed in brain and interact with all APLPs. Tissue culture

studies have suggested that both binding partners couple APP to SorLA/LR11 in the trans-

Golgi network (TGN), preventing APP from interacting with BACE1 (Pietrzik et al. 2004,

Saito et al. 2008). When heterozygous X11 or Fe65 knockout mice are crossed with APP

overexpressing mice, brain Aβ accumulation increases significantly (Saluja et al. 2009);

moreover, mice that overexpress X11 or Fe65 have diminished brain Aβ accumulation (Lee

et al. 2003, McLoughlin & Miller 2008).

Fe65 has also assumed a unique place in Alzheimer’s research because it is known to bind

the transcription factor complex CP2-LSF-LBP-1 and the histone deacetylase Tip60 via the

non-APP-binding PTB domain (Cao & Sudhof 2001, Zambrano et al. 1998) and regulate

transcription in cultured cell lines. Investigators initially felt that Fe65 acted in concert with

the APP C-terminus to regulate transcription. More recent work has emphasized the

independent role of Fe65 (Yang et al. 2006), suggesting that full-length APP may serve as a

docking station to keep Fe65 out of the nucleus.

AMYLOID PRECURSOR PROTEIN PROCESSING

APP is produced in large quantities in neurons and is metabolized very rapidly (Lee et al.

2008). Multiple alternate pathways exist for APP proteolysis, some of which lead to

generation of the Aβ peptide and some of which do not (Figures 2 and 3). After sorting in

the endoplasmic reticulum and Golgi, APP is delivered to the axon, where it is transported

by fast axonal transport to synaptic terminals (Koo et al. 1990). APP had been reported to

function as a receptor for kinesin-1-mediated axonal transport (Kamal et al. 2000), but

subsequent work has not confirmed the association of APP and kinesin-1 (Lazarov et al.

2005).

Crucial steps in APP processing occur at the cell surface and in the TGN (Figure 3). From

the TGN, APP can be transported to the cell surface or directly to an endosomal

compartment. Clathrin-associated vesicles mediate both these steps. On the cell surface,

APP can be proteolyzed directly by α-secretase and then γ-secretase, a process that does not

generate Aβ, or reinternalized in clathrin-coated pits into another endosomal compartment
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containing the proteases BACE1 and γ-secretase. The latter results in the production of Aβ,

which is then dumped into the extracellular space following vesicle recycling or degraded in

lysosomes. Although most APP must pass through the cell surface as part of its processing,

this step is very rapid, as little APP is on the surface at any point in time. Why some surface

APP is internalized into endosomes and some proteolyzed directly by α-secretase is unclear,

although segregation of APP and BACE1 into lipid rafts may be a crucial element (Ehehalt

et al. 2003). Finally, to complete the APP cycling loop, retrograde communication occurs

between endosomal compartments and the TGN, mediated by a complex of molecules called

retromers.

Experiments that have examined this model directly have found that 80% of Aβ release is

blocked by preventing surface endocytosis (Koo & Squazzo 1994). Moreover, all the

enzymes appear to be in the correct places. FRET analysis indicates that BACE1 interacts

with APP predominantly in endosomes under native conditions (Kinoshita et al. 2003),

whereas γ-secretase activity is present on the cell surface, where it complements α-secretase

activity, and in endosomal compartments, where it complements BACE1 activity (Fukumori

et al. 2006, Parvathy et al. 1999).

The enzymes that cleave APP have been extensively characterized. BACE1, a

transmembrane aspartic protease, is directly involved in the cleavage of APP at the +1 (prior

to amino acid 1) and +11 sites of Aβ. Neurons from BACE1−/− mice do not produce Aβ,

confirming that BACE1 is the neuronal β-secretase (Cai et al. 2001). Following BACE1

cleavage and release of the sAPPβ ectodomain, the APP C-terminal fragment is cleaved by

the γ-secretase complex at one of several sites varying from +40 to +44 to generate Aβ
peptides (1–40 and 1–42 being most common) and the APP intracellular domain (Figure 2).

γ-secretase is a multiprotein complex composed of presenilin 1 (PS1) or presenilin 2 (PS2);

nicastrin (Nct), a type I transmembrane glycoprotein; and Aph-1 and Pen-2, two multipass

transmembrane proteins (Bergmans & De Strooper 2010). This complex is essential for the

sequential intramembranous proteolysis of a variety of transmembrane proteins. PS1 and

PS2 contain two aspartyl residues that play crucial roles in intramembranous cleavage;

substitutions of these residues (D257 in TM 6 and at D385 in TM 7) reduces cleavage of

APP and Notch1 (De Strooper et al. 1999, Wolfe et al. 1999). The functions of the various γ-
secretase proteins and their interactions in the complex are not yet fully defined, but it has

been suggested that the ectodomain of nicastrin recognizes and binds to the aminoterminal

stubs of previously cleaved transmembrane proteins. Aph-1 aids the formation of a

precomplex, which interacts with PS1 or PS2 while Pen-2 enters the complex to initiate the

cleavage of PS1 or PS2 to form an N-terminal 28-kDa fragment and a C-terminal 18-kDa

fragment, both of which are critical to the γ-secretase complex (Takasugi et al. 2003).

Several aspects of the standard model deserve comment. α-cleavage of APP (+17) is

attributed to the ADAM (a disintegrin and metalloproteinase) family of proteases (Asai et al.

2003; Jorissen et al. 2010) and occurs, to a large extent, on the cell surface. However, there

is some α-secretase activity in the trans-Golgi. This is of some significance because

activation of protein kinase C (Mills & Reiner 1999) causes a significant increase in α-

cleavage of APP by increasing transport of APP to the cell surface (Hung et al. 1993), by

blocking access of cell surface APP to endosomes, and by stimulating α-cleavage in the

TGN (Skovronsky et al. 2000). Because α-cleavage occurs within the Aβ sequence, it

prevents Aβ generation. Indeed, increased expression of ADAM 10 or SIRT1, a regulator of

ADAM 10 gene expression, in a mouse model of AD significantly attenuated Aβ deposition

and cognitive deficits (Donmez et al. 2010; Postina et al. 2004).
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Although the standard model suggests that little Aβ is generated outside of endosomal

pathways, which (a) dump it outside the cell and (b) have a compulsory cell-surface

transition prior to internalization, such is not necessarily the case. Shunting directly from the

TGN to the endosome and back (Figure 3) is a potentially important pathway in APP

processing. Indeed, early work in transfected cell lines had suggested that significant

amounts of APP were processed to Aβ intracellularly (Greenfield et al. 1999), and evidence

provides support for BACE1 in the TGN (Huse et al. 2002) and for intracellular Aβ
accumulation in neurons from patients with early AD (Gouras et al 2000; LaFerla et al

2007). A key to intracellular generation of Aβ is the concept of retromer transport of APP

and BACE1. Retromers are intracellular complexes that shuttle cargo predominantly but not

exclusively from the endosome to the TGN. Adaptor proteins affix cargo to the retromer

complex. SorLA, a member of the low density lipoprotein receptor superfamily, is one such

adaptor protein and binds APP (Andersen et al. 2005) via its N-terminal complement-like

domain and binds to the retromer complex via its vacuolar protein-sorting domain

( Jacobsen et al. 2001). C-terminal interactions also exist between APP, BACE1, and SorLA

(Spoelgen et al. 2006) mediated through adaptor proteins such as Fe65 and X11 (Schmidt et

al. 2007). Most current data suggest that SorLA keeps APP from interacting with BACE1

and promotes transport of APP to the Golgi and away from endosomes, reducing Aβ
production. SorLA expression is diminished in neurons from patients with AD (Scherzer et

al. 2004), whereas a reduction of SorLA in transgenic animals leads to Aβ accumulation

(Andersen et al. 2005).

THE GENETICS OF ALZHEIMER’S DISEASE

The most important lessons to be learned from genetic cases of AD is that the pathology of

autosomal dominant AD is very similar to sporadic AD (Shepherd et al. 2009), including the

development of neurofibrillary tangles and microglial infiltration. This single observation is

central to the concept that Aβ deposition is also the primary event in sporadic AD.

Autosomal Dominant Mutations Associated with AD

There are 32 APP, 179 PSEN1 (presenilin 1 gene locus), and 14 PSEN2 gene mutations that

result in early-onset, autosomal dominant, fully penetrant AD. The mutations can be

examined in detail at the Alzheimer Disease and Frontotemporal Dementia Mutation

Database Web site online (http://www.molgen.ua.ac.be/ADmutations/). In APP, mutations

cluster around the γ-secretase cleavage site, although the most famous APP mutation (APP-

swe) causes a change in amino acids adjacent to the BACE1 cleavage site. PSEN gene

mutations (which give rise to proteins called presenilins, PS1 and PS2) predominantly alter

the amino acids in their nine transmembrane domains. The common thread to all these

mutations is that they increase production of the less soluble and more toxic Aβ42 relative to

Aβ40 (Shen & Kelleher 2007).

In Down’s syndrome, overexpression of APP results in brain Aβ deposition when

individuals are in their late 20s. Neurofibrillary tangles develop later and correlate with the

onset of the mid-life cognitive decline that is common in these individuals (Hof et al. 1995).

APOE

Late-onset sporadic AD also has a significant genetic component, estimated at 50%–70%.

Almost half that risk is conferred by the apolipoprotein E (APOE) allele (Avramopoulos

2009), although some recent data has challenged that association (Roses 2010). The APOE

gene comes in three variants that encode proteins (designated ApoE2, ApoE3, and ApoE4)

that differ at two amino acids. The APOE E4 allele, which is present in 10%–20% of various

populations (Singh et al. 2006), increases the risk for AD threefold in individuals carrying
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one copy and 15-fold for homozygous individuals. ApoE is the predominant apolipoprotein

of the HDL complex in the brain. Although ApoE has many roles in brain physiology (Kim

et al. 2009), the most compelling data regarding its role in the development of AD relates to

its ability to bind Aβ.

Pathologically, the APOE E4 allele is strongly associated with increased brain Aβ deposition

(Tiraboschi et al. 2004), and ApoE2 and -E3 but not -E4 bind Aβ tightly (Tokuda et al.

2000). Human APOE genes expressed in mice diminish Aβ deposition except for APOE E4,

which increases Aβ deposition (Holtzman et al. 1999). Thus, the effect of ApoE on AD risk

may be entirely explained by its effect on Aβ deposition. It is appealing to think ApoE

increases clearance or cellular uptake of Aβ via receptor-mediated binding, but the data are

not yet clear on this issue (Kim et al. 2009).

MECHANISMS OF Aβ TOXICITY

The primacy of APP in the development of Alzheimer’s disease depends on the toxicity of

the Aβ peptide (Figure 4) because evidence does not show that loss of APP function is

deleterious. In addition, Aβ toxicity must also explain other pathological aspects of AD

including neurofibrillary tangles, inflammation, and oxidative damage.

Initial work in tissue culture showed that Aβ fibrils are acutely toxic to neurons (Yankner et

al. 1989), resulting in complete death of all cells within 24 h of exposure. The mechanism of

death in these cultured cells is likely to be apoptosis (Deshpande et al. 2006), triggered by

oxidative effects of Aβ. Mutation of a single amino acid (methionine 35) of the Aβ peptide

eliminates its ability to generate reactive oxidative species (Kanski et al. 2002). The form of

the Aβ peptide that is toxic to neurons is controversial. Evidence exists for picomolar

toxicity of an oligomeric assembly of Aβ, possibly a dimer (Shankar et al. 2008), as well as

for a multimeric pore-like complex of Aβ monomers. However, there is still compelling

evidence for toxicity caused by Aβ monomers, especially Aβ42 (Butterfield 2002), and by

truncated, oxidized, and insoluble species of Aβ (Yankner & Lu 2009). There is also

controversy about the relative toxicities of intracellular versus extracellular Aβ because

intracellular injection of Aβ42 but not Aβ40 also kills neurons and intracellular Aβ is seen

early in AD (LaFerla et al. 2007).

Work in vivo also supports the notion that Aβ is toxic to neurons. Mice that overexpress

mutant human APPs develop Aβ deposition by 4 to 6 months and show evidence of

subsequent neuronal injury. Studies show loss of synaptic terminals (Irizarry et al. 1997,

Spires et al. 2005), synaptic dysfunction (Kamenetz et al. 2003, Shankar et al. 2008),

abnormalities on spatial memory tests (Chen et al. 2000), and inflammation (El Khoury et al.

2007). These animals, along with human AD brains, show activation of multiple caspases,

including caspases 3, 6, 7, 8, and 9, along with evidence of caspase cleavage of actin, fodrin,

and the proteasome subunit p97 (Halawani et al. 2010, Rissman et al. 2004, Rohn & Head

2009). Moreover, caspase inhibitors (Rohn et al. 2009) and overexpression of the

antiapoptotic protein Bcl-2 (Rohn et al. 2008) ameliorate Aβ toxicity in transgenic mice.

One of the more interesting aspects of caspase-induced cell damage is whether APP itself is

a target for caspase cleavage, releasing a unique, potentially toxic, C-terminal intracellular

fragment (Galvan et al. 2006, Gervais et al. 1999). Caspase-induced damage in AD may

occur independent of apoptosis (Hyman 2011), to which mature neurons are resistant.

Soluble Aβ can also control cleavage and phosphorylation of tau, both of which are crucial

for neurofibrillary tangle (NFT) generation. Phosphorylation of tau is regulated by several

kinases, including GSK3β and cdk5, both of which are activated by extracellular Aβ
(Hernandez & Avila 2008, Lee et al. 2000). Pathways leading to tau cleavage including

GSK3β, caspase 3, caspase 9, and calpain are also activated by soluble Aβ species (Cho &
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Johnson 2004, Chung et al. 2001). Moreover, it appears that tau is an important downstream

mediator of Aβ toxicity. Triple transgenic mice with mutant APP, PS1, and tau proteins

develop Aβ deposition prior to the appearance of NFT pathology (Oddo et al. 2003).

Reducing levels of Aβ by immunotherapy prevents tau pathology from developing and

abrogates spatial memory problems (Billings et al. 2005, Oddo et al. 2006). Moreover, when

transgenic mice that overexpress APP are crossed with mice lacking tau, no detioration in

spatial memory function is seen even though Aβ deposition is exuberant (Roberson et al.

2007).

WHY IS THERE AGE-RELATED BRAIN Aβ ACCUMULATION

Large amounts of APP are continuously metabolized to Aβ in the brain (Bateman et al.

2006). Early in the development of Alzheimer’s disease, the concentration of Aβ42 in the

cerebrospinal fluid (CSF) starts to fall (Shaw et al. 2009), while the concentration of Aβ42

in the brain is rising (Steinerman et al. 2008), suggesting a diminution in Aβ transport from

the brain, a result strongly supported by a recent metabolic analysis of brain Aβ clearance in

humans (Mawuenyega et al. 2010). Alternatively, a change in the ratio of Aβ42 to Aβ40

within the brain or any change in the production of CSF or the molecules that buffer Aβ in

CSF, such as ApoE, may result in more Aβ aggregation and less CSF clearance.

One mechanism to eliminate extracellular Aβ in the brain includes the proteases neprilysin

and insulin degrading enzyme (Selkoe 2001), the polyfunctional endothelial transport

proteins P-glycoprotein, receptor for advanced glycation endproducts (RAGE), and low-

density lipoprotein-like receptor (LRP1). Animal work has shown that each of these proteins

can enhance either Aβ degradation (Leissring et al. 2003) or Aβ transport (Cirrito et al.

2005, Deane et al. 2004). However, the relevance of any one of these proteins to Aβ
accumulation in the earliest stages of Alzheimer’s disease is unclear.

One alternate explanation for Aβ accumulation in the elderly would be an alteration in the

cleavage of APP. Excessive age-associated acetylation of the α-secretase gene may diminish

nonamyloidogenic processing of APP (Donmez et al. 2010), whereas an increase in BACE1

activity, reported in early AD brain tissue, would increase amyloidogenic processing

(Holsinger et al. 2002, Yang et al. 2003). Underlying the increase in brain BACE1 activity

seen early in AD could be HIF1a, induced by oxidative stress (Guglielmotto et al. 2009).

Several micro RNAs, altered early in AD, also regulate BACE1 RNA. Among these are

miR-107, miR-298, miR-328, and the miR-29a/b-1 cluster (Hebert et al. 2008).

One very important emerging area of research is the role of environmental enrichment and

exercise on brain APP metabolism and Aβ elimination. Enriched environments, including

exercise, reduce brain Aβ in transgenic mice (Yuede et al. 2009) in part by increasing brain

peptidases but also by stimulating synaptic processes and growth factors. This work is

consistent with human research that shows intellectual stimulation and exercise are also

protective against dementia (Rovio et al. 2005, Verghese et al. 2006). Combined with data

showing that synaptic activity regulates Aβ production in neurons (Cirrito et al. 2008), there

is powerful incentive for future work in this area.

POTENTIAL EVIDENCE AGAINST THE PRIMACY OF APP IN ALZHEIMER’S

DISEASE

Aβ Immunization

Fortunately, we have now entered an era in which disease-modifying therapies for

Alzheimer’s disease are in human clinical trials (http://www.alz.org/trialmatch). These

therapies target Aβ production, tau aggregation, oxidation, and inflammation. None has
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created the interest of Elan’s initial AN1792 trial, which was an active immunization

protocol against the full-length Aβ42 peptide (Schenk et al. 2005). Although the trial was

stopped because encephalitis developed in some participants, eight subjects who received

active immunization have undergone autopsies. Remarkably, Aβ pathology was virtually

absent in three of the eight brains (Holmes et al. 2008). Unfortunately, all three of these

subjects continued to have a relentlessly progressive disease course and neurofibrillary

pathology was advanced at the time of death. Many explanations have been offered for these

results, especially the failure to immunize patients early enough in the disease. However,

other possible explanations for the results, such as the importance of intracellular Aβ or a

bystander role for extracellular Aβ, need also be considered.

Abnormal Notch Processing as the Real Cause of AD

Besides cleaving APP, γ-secretase and BACE1 cleave other single-pass transmembrane

proteins, including Notch (De Strooper et al. 1999), neuregulin, and E-cadherin (Parks &

Curtis 2007). This raises the question of whether PS1 mutations or APP processing cause

cognitive problems due to interference with the processing of other, more essential,

substrates. Because almost every PS1 mutation that causes dementia is associated with

significant Aβ deposition, this explanation seems unlikely. Moreover, although conditional

PS1 deletions in mice result in impairments in memory and synaptic plasticity (Saura et al.

2004), more relevant reductions in PS1 activity have not had a similar effect.

Growth Factor and Hormone Deprivation as the Cause of Alzheimer’s Disease

Several different growth factors and signaling molecules are linked to Alzheimer’s disease.

First, the levels of brain-derived neurotrophic factor (BDNF) in the brains of patients with

AD decrease (Lee et al. 2005, Peng et al. 2005), and BDNF infusion can improve cognitive

function in aged primates (Nagahara et al. 2009). However, BDNF polymorphisms, which

have been associated with other cognitive syndromes, have not been consistently associated

with AD (Zuccato & Cattaneo 2009).

Second, levels of the nerve growth factor (NGF) prohormone proNGF are significantly

increased in early AD (Peng et al. 2004), potentially caused by a reduction in the expression

of the NGF receptor TrkA (Counts et al. 2004). Cross talk occurs between APP processing

and NGF signaling pathways such that Aβ generation may be altered by NGF signaling

(Calissano et al. 2010). The most remarkable animal model of Alzheimer’s disease is a

mouse line engineered to express anti-NGF antibodies. At 15 months of age, these animals

develop amyloid plaques and neurofibrillary tangles along with abnormalities in spatial

learning (Capsoni et al. 2000). Combined with work suggesting growth factor deprivation

can trigger APP cleavage by BACE1 and activate DR6 (Nikolaev et al. 2009), this line of

investigation is a very interesting twist on the primacy of APP.

Third, a prospective study from the Framingham cohort (Lieb et al. 2009) showed that lower

plasma levels of the hormone leptin were correlated with a significantly higher risk of

developing Alzheimer’s disease. Moreover, leptin supplementation in APP transgenic mice

reduced Aβ accumulation and improved cognition (Greco et al. 2010). Pathways that may

mediate this effect include leptin’s ability to affect Aβ production and clearance (Fewlass et

al. 2004, Greco et al. 2009b) and its ability to alter dendritic morphology and synaptic

density (O’Malley et al. 2007). However it still remains to be shown that low leptin levels

cause AD pathology and are not simply the result of those changes.

Systems Degeneration

Interesting recent research has suggested that very early AD may involve the degeneration

of cortical areas coordinately active at rest called the “default mode network” (Seeley et al.
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2009; Sorg et al. 2007). These are also the areas (posterior cingulate and parietal cortex)

with the earliest Aβ accumulation (Sperling et al. 2009). This work suggests that there is a

metabolic or synaptic component to the disease and that modulating neuronal activity as

well as APP metabolism might be a useful approach. Alternative theories that AD pathology

spreads as a synaptic contagion due to toxins or misfolded (prion-like) proteins have also

been proposed.

CONCLUSIONS AND FUTURE DIRECTIONS

On the basis of the data presented in this review, there is much to suggest that abnormal

processing of APP and the toxicity of the Aβ peptide are central to the development of

dementia in the elderly. However, genetic data has suggested that targeting the components

of APP processing as a pharmacologic strategy will not be without consequences. BACE1

null mice show altered performance on tests of cognition and emotion (Laird et al. 2005,

Savonenko et al. 2008) and have abnormalities of myelination, reflecting alterations in the

biology of neuregulin (Hu et al. 2006, Willem et al. 2006). Conditional PS1 deletions result

in impairments in memory and in hippocampal synaptic plasticity (Saura et al. 2004),

whereas nicastrin heterozygote knockout mice develop skin tumors (Li et al. 2007b). Other

roadblocks also exist. The BACE1 catalytic site is quite large, and we do not know yet

whether investigators can achieve adequate brain penetration of a compound of sufficient

size to inhibit its activity.

γ-secretase activity is also an attractive target. Both genetic and pharmaceutical lowering of

γ-secretase activity decrease production of Aβ (Li et al. 2007a,b). However, γ-secretase

activity is also essential for processing Notch and a variety of other transmembrane proteins

(Louvi & Artavanis-Tsakonas 2006). The γ-secretase inhibitor LY–411, for instance,

reduces brain Aβ production but also has profound effects on T- and B- cell maturation

(Barten et al. 2005).

Although challenges exist, significant progress has been made over the past 30 years. The

future is likely to include multidrug regimens targeting several steps in Aβ production and

clearance (Chow et al. 2010) given to individuals with asymptomatic Aβ accumulation

detected by positron-emission topography (PET) scans or spinal fluid analysis. In this

version of the future, our parents will be able to live out their lives with dignity and grace.

Glossary

Neuritic plaques Large extracellular aggregates of the amyloid Aβ peptide

surrounded by dystrophic neurites (dendrites) containing

aggregated tau

APP amyloid precursor protein

Aβ amyloid β peptide

Dementia a progressive decline in cognition associated with an inability to

perform normal activities owing to the cognitive deterioration

Alzheimer’s disease

(AD)

The most common underlying cause of dementia. Pathology

shows frequent Aβ amyloid deposition and neurofibrillary

tangles

Notch Historically and developmentally important signaling protein

with similar structure and processing as APP. The Notch

intracellular domain regulates transcription

O’Brien and Wong Page 10

Annu Rev Neurosci. Author manuscript; available in PMC 2011 September 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Secretase protease designed to cleave transmembrane proteins to release

bioactive forms or metabolize proteins prior to degradation

SorLA sorting protein–related receptor, also called LR11

Trans-Golgi network

(TGN)

final sorting stack of the Golgi system from which vesicles bud

on their way to the cell surface, endosome, and lysosome

Endosome an acidic transitional compartment in equilibrium with the cell

surface, TGN, and lysosome, which compartmentalizes

proteolytic function

PS1 presenilin 1 protein

PS2 presenilin 2 protein

ApoE4 apolipoprotein E4 protein

APOE E4 apolipoprotein E4 gene locus

Neurofibrillary

tangles (NFT)

Insoluble intracellular inclusions that stain darkly with silver and

are composed primarily of hyperphosphorylated and cleaved

forms of the microtubule-associated protein tau
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Figure 1.

Pathology of Alzheimer’s disease. (a, b) Brain sections from a patient with dementia are

stained with silver, revealing neuritic plaques in panel a and a neurofibrillary tangle in panel

b. The plaques in panel a consist of an amorphous reddish protein (Aβ) with dystrophic

neurites (yellow arrows, dark black material ). (c) An Aβ plaque stained with an anti-Aβ
antibody (red ) shows infiltrating microglia stained with an IBA1 antibody ( green). Each

line is 40 microns.
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Figure 2.

Sequential cleavage of the amyloid precursor protein (APP) occurs by two pathways. (a)

The APP family of proteins has large, biologically active, N-terminal ectodomains as well as

a shorter C-terminus that contains a crucial Tyrosine–Glutamic Acid-Asparagine-Proline-

Threonine-Tyrosine (YENPTY) protein-sorting domain to which the adaptor proteins X11

and Fe65 bind. The Aβ peptide starts within the ectodomain and continues into the

transmembrane region (red ). (b) Nonamyloidogenic processing of APP involving α-

secretase followed by γ-secretase is shown. (c) Amyloidogenic processing of APP involving

BACE1 followed by γ-secretase is shown. Both processes generate soluble ectodomains

(sAPPα and sAPPβ) and identical intracellular C-terminal fragments (AICD). Figure 2 was

adapted from Thinakaran G, Koo EH. 2008 Amyloid precursor protein trafficking,

processing, and function. J. Biol. Chem. 283:29615–19
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Figure 3.

APP trafficking in neurons. Newly synthesized APP ( purple) is transported from the Golgi

down the axon (1) or into a cell body endosomal compartment (2). After insertion into the

cell surface, some APP is cleaved by α-secretase (6) generating the sAPPα fragment, which

diffuses away ( green), and some is reinternalized into endosomes (3), where Aβ is

generated (blue). Following proteolysis, the endosome recycles to the cell surface (4),

releasing Aβ(blue) and sAPPβ. Transport from the endosomes to the Golgi prior to APP

cleavage can also occur, mediated by retromers (5).
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Figure 4.

Aβ toxicity. An equilibrium between several species of extracellular and intracellular Aβ,

including monomeric, oligomeric, and fibrillar forms, causes toxicity through several

mechanisms including microglial infiltration, the generation of reactive oxygen species, and

synaptic damage. Neurofibrillary tangles are generated by Aβ-induced tau phosphorylation

and cleavage. Enzymes activated directly by extracellular Aβ include GSK3β, Cdk5, and

multiple caspases, which activate tau cleavage and phosphorylation among their many

deleterious effects.
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