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Abstract. For the better part of the past two decades, studies on the molecular, biochemical and cellular mechanisms of Alzheimer

disease have focused on amyloid-β protein, the major proteinaceous component of senile plaques. In fact, the Amyloid Cascade

Hypothesis has come to dominate the field both in terms of proposed disease mechanism as well as potential for therapeutic

intervention. In this review, we look at the Amyloid Cascade Hypothesis from the perspective of pathology, cell biology, and

genetics. In all cases, alternate interpretations of old data as well as new evidence indicates that amyloid-β, far from being the

harbinger of disease, actually occurs secondary to more fundamental pathological changes and may even play a protective role in

the diseased brain. These findings bring into serious doubt the validity of the Amyloid Cascade Hypothesis as the central cause

of Alzheimer disease and, consequently, the potential usefulness of therapeutic targets against amyloid-β.
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1. Amyloid-β: Viewpoint from pathology

Pathology strengthens or refutes hypotheses con-

cerning relationships between clinical disease and the

neurodegenerativeprocess and is therefore strategically

positioned to identify primary processes versus epiphe-

nomena. In this regard, several features of the ba-

sic clinicopathological assessment of Alzheimer dis-

ease (AD) are striking. For example, it is well es-

tablished that neurofibrillary tangles and neuron num-

ber more closely correlate with both cognitive deficits

and disease duration than do amyloid plaques [3,32].

Also widely accepted is the fact that numerous amy-

loid plaques are often found in elderly subjects who are

not demented [21]. Moreover, amyloid-β (Aβ) stag-

ing poorly distinguished mild cognitive changes from

dementia and showed marked overlap among the vari-

∗Corresponding author: Mark A. Smith, Ph.D., Institute of Pathol-

ogy, Case Western Reserve University, 2085 Adelbert Road, Cleve-

land, OH, 44106, USA. Tel.: +1 216 368 3670; Fax: +1 216 368

8964; E-mail: mark.smith@case.edu.

ous clinical stages of dementia in one study [34], while

other studies have appropriately raised the question

whether Aβ deposition has any relationship at all with

cognitive decline [25]. Amyloid burden further shows

no correlation with neuronal loss (or with neurofibril-

lary tangles and disease duration) [36], in contrast to

tau-positive neuritic pathology that is always minimal

to absent in cognitively intact subjects [55].

It is clear that Aβ deposits are a sensitive indicator,

i.e., “marker,” of disease, but its specificity is doubtful

for the reasons noted above. This phenomenon has led

to the subtyping of plaques (e.g., “senile,” neuritic, dif-

fuse, cored, etc) in an effort identify plaques that are

more “pathogenic.” In this regard, it is generally ac-

cepted that diffuse plaques (Aβ deposits without cores

or a neuritic component) are decorative in nature, hav-

ing little impact if any on cognitive function whereas

neuritic plaques are more pathogenic. Parenthetically,

often disregarded is the fact that Aβ deposits with a

prominent fibrillar Aβ core (cored plaques) are numer-

ous in the primary visual cortex of elderly individuals,

again unassociated with dementia [60].
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Since neuritic plaques are better developed and

thought to relate more closely to disease, it makes intu-

itive sense that diffuse plaques appear in preclinical dis-

ease and evolve into neuritic plaques with clinical ex-

pression of AD. The question therefore arises whether

diffuse Aβ deposits, or for that matter neuritic plaques,

correlate anatomically with clinical deficits typically

found early in the disease. Conveniently, central ner-

vous system diseases are the ideal setting in which this

question might be addressed, given the overlay of neu-

roanatomy and the eloquence with which a single pop-

ulation of diseased neurons may express itself. Thus,

there is a striking relationship between brain regions af-

fected early in disease, and those regions having short-

term and other memory functions – such as entorhi-

nal cortex, perforant pathway, hippocampal pyramidal

neurons, amygdala – particularly since memory loss is

a prominent, early manifestation of AD. The pathology,

however, is in the form of neurofibrillary tangles, while

amyloid deposits (even of the neuritic variety) are much

more evenly distributed and in fact more abundant in

association cortices apart from the primary memory

circuitry [2].

In non-demented, older control subjects, both neu-

rofibrillary pathology and Aβ deposits may be en-

countered [8], raising the notion of “preclinical AD,”

but here again the neurofibrillary pathology is scant

and when present localizes to memory circuitry (e.g.,

entorhinal pre-α layer) while Aβ deposits in non-

demented subjects are much more random. Similarly,

olfactory deficits, which may be identified in preclinical

stages of AD [74], are more associated with neurofib-

rillary pathology than with Aβ deposits [15], and tau

pathology in the olfactory bulb correlates closely with

Braak (neurofibrillary) stage as well as apolipoprotein

E (ApoE) ε4 allelotype [95].

The existence of exceedingly rare kindreds bearing

mutations that affect Aβ processing (AβPP and pre-

senilin mutations) is still perhaps the most compelling

clinicopathological argument in favor of the Amyloid

Cascade Hypothesis. However, it may likewise be ar-

gued that these rare kindreds represent more of an aber-

ration compared to the infinitely more common spo-

radic, late-onset AD and thus a fundamentally different

disease process. Indeed, close analysis of the pathology

of subjects with presenilin mutation discloses prodi-

gious Aβ deposits, but also discloses such structures

as the “cotton-wool” plaque and extensive white mat-

ter, deep gray matter, and posterior fossa involvement

that are uncommon or unheard of in sporadic AD. It

might also be noted that cases formerly interpreted

as “plaque-only” AD often demonstrate Lewy body

pathology [41]; thus Aβ deposition is not only a poor

predictor of dementia in AD, but seldom if ever exists

in isolation in demented subjects.

In short, objective review of the available evidence

concerning Aβ deposition in AD, versus clinical dis-

ease progression and the entire neuropathological sub-

strate, limits us to the conclusion that Aβ deposition,

while a convenient marker of disease, is nonetheless

epiphenomenal. Thus, on a pathological basis alone,

we are compelled to search for a more fundamental

etiology.

2. Amyloid-β: Viewpoint from cell biology

The original findings from pathology led those in-

terested in cell biology to explore the biology of Aβ.

In this regard, Aβ is derived by proteolytic cleavage of

the amyloid-β precursor protein (AβPP), a protein of

unknown cellular function that has the general prop-

erties of a cell surface receptor [54,68]. While it was

originally thought that Aβ was an abnormal cleavage

product, Aβ has since been established as a normal

metabolic product of neuronal AβPP and is found in

the cerebral spinal fluid (CSF) and serum of healthy

individuals [39,86]. The regulatory activity of three

different proteolytic enzymes, α, β and γ-secretases, at

their specific cleavage sites yields a number of different

products, including Aβ1−40 and Aβ1−42 [88]. While

Aβ1−40 is the predominant product of this proteolytic

pathway, Aβ1−42 is far more fibrillogenic in vitro and

is the major Aβ species present in the core of senile

plaques (both AD and non-AD related) [10,50]. The

deposition of Aβ1−40 and Aβ1−42 into senile plaques

likely begins with the nucleation of soluble Aβ1−42 into

fibrils followed by accumulation of normally soluble

Aβ1−40 [50].

A crucial finding by cell biologists was that Aβ is

toxic to neurons in in vitro culture experiments. In

fact, while debate still continues regarding which Aβ

molecule, oligomer or fibril, is the real culprit, Aβ is in-

herently toxic in cell culture models [24,75,106]. Ad-

ditionally, Aβ also causes synaptic degeneration and is

therefore synaptotoxic as well as neurotoxic [83]. The

source of Aβ toxicity, whether synaptotoxic or neuro-

toxic, has yet to be established, however a number of

theories have been advanced. For example, numerous

studies support the idea that an oxidative event is crit-

ical for Aβ toxicity (reviewed by [63]). Certainly, it

is clear that Aβ is capable of generating reactive oxy-



H-g. Lee et al. / Perspectives on the Amyloid-β Cascade Hypothesis 139

gen species (ROS), including H2O2 [43,48,49], which

can stimulate inflammatory cells to further propagate

ROS production [1,11,98]. Given the role of ROS, it

is not surprising that Aβ-neurotoxicity can be attenu-

ated by administration of antioxidants and free radical

scavengers, such as vitamin E [6]. However, while it

is clear that Aβ, either directly or indirectly, promotes

oxidative stress and that Aβ toxicity can be attenuated

by antioxidants, the precise mechanism by which Aβ

leads to increased oxidative stress remains elusive. In-

deed, while studies have suggested that the neurotoxi-

city of aggregated Aβ is mediated by its ability to in-

duce oxidative stress via the spontaneous generation

of free radicals and ROS [43], this proposition is un-

likely based on theoretical as well as methodological

grounds [26,80,96]. Instead, it now appears that the

oxidant effects of Aβ are mediated by its interaction

with redox-active metals such as iron and copper since

chelation treatment of Aβ, to remove bound metals,

significantly attenuates toxicity [78]. Significantly, Aβ

has an unusually high affinity for both iron and cop-

per [4,22] and is capable of reducing these metals with

subsequent production of hydrogen peroxide and oxi-

dized amyloid [48,49]. The relevance of this mecha-

nism to disease pathogenesis is highlighted by the as-

sociation of redox active metals with senile plaques in

AD [81,89].

Before we take this further however, and since the

foundations of the Amyloid Cascade Hypothesis were

founded on the in vitro toxicity of Aβ, it is obviously

important to investigate Aβ toxicity further. In this

regards, we have suggested that the in vitro toxicity

that has been shown in culture, and very unreliable in

animal models, may in fact be an artifact of culture

and not intrinsic to the peptide itself [78]. In fact,

contrary to in vitro scenarios, Aβ occurs after oxida-

tive stress and, rather than increasing stress, appears to

blunt oxidative stress in vivo [70,71] by acting as an

antioxidant [23]. Notably, nanomolar concentrations

of Aβ can block neuronal apoptosis following trophic

factor withdrawal [108]. These findings are consis-

tent with the trophic and neuroprotective action of Aβ

at physiological concentrations in deprived conditions

and neonatal cells that have been reported during the

last decade [6,53,56,61,87,100,106]. Indeed, as men-

tioned above, while amyloid can be toxic in cell cul-

ture “models”, in animals and humans, despite massive

amyloid concentrations, there is generally little asso-

ciated cell death [62] and consequently only a weak

correlation to cognitive decline [67]. In fact, Aβ ap-

pears to be a response to neuronal injury [31], rather

than the mediator of such an injury and this scenario

is consistent with a protective function for Aβ [5,52,

79]. In this regard, it is notable that depletion of the en-

ergy supply induces upregulation of AβPP expression

such that ischemia, hypoglycemia and traumatic brain

injury, a condition that has been shown to put neurons

under metabolic stress [103], all upregulate AβPP and

its mRNA in animal models and culture systems [40,

51,66,84,85,107]. Also, inhibition of mitochondrial

energy production alters the processing of AβPP to

generate amyloidogenic derivatives [27,29,64], while

oxidative stress has been shown to specifically increase

the generation of Aβ [27,65,73]. Consistent with this

response, Aβ has been detected in the human brain

several days after traumatic brain injury [31]. This fits

well with the role of AβPP as an acute phase reactant

upregulated in neurons, astrocytes and microglial cells

in response to inflammation and a multitude of asso-

ciated cellular stresses including axonal injury [7,31],

loss of innervation [99], excitotoxic stress [72,94], heat

shock [16], oxidative stress [27,104], aging [44,69,97]

and inflammatory processes [9,12,13,35].

Therefore, from the perspective of cell biology,while

cell culture “models” were keys in formulating the

Amyloid Cascade Hypothesis, they do not appear to be

an accurate reflection of any in vivo or diseased con-

ditions. In this regard, it is now clear that the amy-

loid toxicity seen in vitro is a reflection of artifactual

cell culture conditions [78]. With this in mind, and

rejecting the cell culture toxicity data as artifact, the

strength of the Amyloid Cascade Hypothesis is clearly

diminished.

3. Amyloid-β: Viewpoint from genetics

A strong piece of evidence supporting the Amyloid

Cascade Hypothesis is that familial forms of the disease

(FAD) involve mutations or polymorphisms in AβPP

or in genes that are directly involved in AβPP process-

ing [42,82]. In fact, a tremendous amount of effort

and resources have been dedicated in the past decade

to determining the mechanisms of AD using models

based on these mutations. The most straightforward

form of FAD is caused by point mutations in AβPP in

regions that are involved in the proteolytic processing

of the peptide [33,59]. It is thought that these muta-

tions accelerate the onset of AD into the fourth decade

by increasing the ratio of Aβ1−42/Aβ1−40, thereby in-

creasing the relative amount of the more fibrillogenic

form [92]. A double mutation at positions 670/671
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(Swedish mutation) increases the production of total

Aβ and thereby increases the load of Aβ1−42 without

changing the relative ratio [14,17]. The fact that an in-

crease in total Aβ load can accelerate the deposition of

Aβ is supported by the neuropathology demonstrated

in patients with Down syndrome, a disorder caused by

trisomy of chromosome 21, where the AβPP gene is

localized. It is thought that the overexpression of AβPP

in these individuals [38] causes the formation of Aβ

plaques very similar to those seen in the AD brain. Ad-

ditionally noteworthy is that the most common form of

FAD is caused by mutations in one of the two prese-

nilin genes (PS1 on chromosome 14 or PS2 on chro-

mosome 1) (reviewed by [37]). While the function of

the presenilin genes is not completely elucidated, it is

known that they localize to the endoplasmic reticulum

and Golgi apparatus [57] and form stable complexes

with AβPP [102]. Such missense mutations in the pre-

senilin genes increase the ratio of Aβ1−42/Aβ1−40 [18,

93]. Finally, it has been demonstrated that one allele of

the apolipoprotein E gene, namely ApoE4 predisposes

individuals to the development of late-onset AD [19].

Of the three alleles (also including ApoE2 and ApoE3),

ApoE4 has the greatest affinity for Aβ, is found associ-

ated with senile plaques and is thought to accelerate fib-

rillogenesis [101]. Interestingly, the ApoE2 is capable

of inhibiting the formation of fibrils and is protective

against the development of AD [20].

This strong evidence implicating Aβ in AD patho-

genesis led to the supposition that generation of trans-

genic animals either over expressing AβPP or contain-

ing a mutation in AβPP that affects processing of the

full length protein thereby leading to an increase in the

Aβ1−42/Aβ1−40 ratio, may mimic the symptomatology

of AD. Taken as a group, the various transgenic mice

strains that have been produced have demonstrated that

overexpression AβPP or overproduction of the Aβ 1−42

peptide fragment is sufficient to cause deposition of the

peptide into senile plaque-like structures and may in

fact be responsible for at least some of the neurode-

generation in AD (reviewed by [45]). Indeed, despite

the fact that each of the different constructs introduced

yielded somewhat different phenotypes, some aspect of

AD pathophysiology are apparent in each. For exam-

ple, Games and colleagues created a transgenic mouse

expressing human AβPP with the Val717Phe mutation

at ten times the endogenous level and these animals

developed Aβ plaques in the hippocampus, cerebral

cortex and corpus collosum by 6–9 months of age and

also show synaptic loss and astrocytosis, although they

show no behavioral abnormalities [30]. Among the

first models to demonstrate behavioral changes remi-

niscent of those seen in AD were those overexpress-

ing AβPP containing the Swedish double mutation

(Lys670Asn/Met671Leu). In addition to a marked in-

crease in levels of Aβ in the CSF and deposition of

Aβ plaques, these mice demonstrated marked deficits

in spatial learning, as demonstrated by Morris water

maze, by the age of 9 months [47]. Although no neu-

rotoxicity is observed in these mice, it is thought that

their impaired spatial learning, which is correlated with

long-term potentiation, is related to synaptic loss. In-

terestingly, these mice also displayed oxidative stress

in association with the plaques, much like that seen in

AD [90]. Neurotoxicity has also been seen accompa-

nied by an increased mortality rate, with 50% of mice

dying by 12 months of age compared to an average of 24

months in controls, in mice overexpressing AβPP [58].

Although there are differences in the details of these

studies, it is clear that Aβ can independently cause

AD-related pathology and some behavioral defects.

On the other hand, it is fair to state that character-

izing FAD has proven only marginally useful to our

understanding of sporadic AD, which by far represents

the majority of cases. In fact, mutations in AβPP have

been identified in only 20–30 families worldwide and

represent less than 0.1% of the 15 million known cases

of AD. Mutations in both presenilin (PS) 1 and 2, which

are the most common genetic determinant of AD, only

contributes an additional 120–130 families. While it

is clear that mutations in these proteins involved in

AβPP processing are capable of inducing amyloid neu-

ropathies and dementia, no aberrant neurologies are

observed usually for many decades. Moreover, while

one interpretation of the available data is that “mutation

leads to increased Aβ leads to disease” an equally valid

explanation is that “mutation leads to disease leads to

increased Aβ”. Support for the latter is becoming ever

apparent since mutations lead to cellular stress which,

as discussed earlier, in turn leads to increased Aβ [77,

105]. Therefore, all of the data showing how mutations

cause alterations in Aβ could be equally interpreted as

showing that these mutations cause a perturbation in

redox balance and therefore mutations could both cause

increased Aβ and, independently, cause disease.

The claim that the positive correlation between

ApoE4 genotype and incidence of AD supports a

causative role for Aβ is likewise flawed. While it is

true that ApoE4 has the greatest affinity for Aβ, is

found associated with senile plaques and is thought to

accelerate fibrillogenesis [101], this is not the sole or

even the major physiological role of ApoE proteins.
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……MEANWHILE, IN AN AD BRAIN NEAR YOUMEANWHILE, IN AN AD BRAIN NEAR YOU……

Have no Fear…

Angel Amyloid is Here!!

POW!POW!

DiagnosticDiagnostic!!

Neurotoxic!!Neurotoxic!!

Amyloid isAmyloid is……

GenotoxicGenotoxic!!

SynaptotoxicSynaptotoxic!!

Boom!
Boom!

ZAP!ZAP!

BAM!BAM!

The scientific clones busy at work in the labThe scientific clones busy at work in the lab……

In the periphery, it is known that ApoE helps to regu-
late the transport and metabolism of lipids. It is also
well established that the level of ApoE is elevated in
response to injury in the peripheral and central nervous
system [46] and, like Aβ, ApoE may thereby serve a
protective role after ischemia or traumatic brain injury
by distributing phospholipids and cholesterol to injured
neurons [76]. ApoE may also protect against oxidative
injury and prevent the accumulation of lipid peroxida-
tion end products, such as hydroxynonenal, which are
prominent features in AD and acute brain injury. In
this vein, several studies showed that patients with ho-
mozygous ApoE4 genotype have longer periods of un-
consciousness and higher incidence of post-traumatic

coma following severe traumatic brain injury [28,91].
In short, ApoE4 predisposes patients for any number of
neurodegenerative processes and is another factor that
is completely unspecific to AD. Therefore, much like

in acute injury, ApoE4 may be associated with a higher

incidence of AD because it is less efficient in protecting

neurons from the causative insult and therefore may

have very little to do with its affinity for Aβ.

4. Conclusions

From the perspectives of pathology, cell biology, and

genetics, the Amyloid Cascade Hypothesis has a num-

ber of critical flaws that seriously question the valid-

ity of the construct and necessitates rejecting the hy-

pothesis as currently structured. Obviously, a new hy-

pothesis will need to include Aβ but as a downstream

consequence rather than a pathogenic mediator. With

this in mind, therapeutic targets for AD will need to be

radically revised.



142 H-g. Lee et al. / Perspectives on the Amyloid-β Cascade Hypothesis

Acknowledgements

Work in the authors’ laboratories is supported by

funding from the John Douglas French Alzheimer’s

Foundation, the National Institutes of Health, and the

Alzheimer’s Association. MAS and GP both serve

as consultants to Voyager Pharmaceutical Corporation

and Panacea Pharmaceutical Company.

References

[1] K.T. Akama, C. Albanese, R.G. Pestell and L.J. Van El-

dik, Amyloid beta-peptide stimulates nitric oxide production

in astrocytes through an NFkappaB-dependent mechanism,

Proc Natl Acad Sci USA 95 (1998), 5795–5800.
[2] S.E. Arnold, B.T. Hyman, J. Flory, A.R. Damasio and G.W.

Van Hoesen, The topographical and neuroanatomical distri-

bution of neurofibrillary tangles and neuritic plaques in the

cerebral cortex of patients with Alzheimer’s disease, Cereb

Cortex 1 (1991), 103–116.

[3] P.V. Arriagada, J.H. Growdon, E.T. Hedley-Whyte and B.T.

Hyman, Neurofibrillary tangles but not senile plaques parallel
duration and severity of Alzheimer’s disease, Neurology 42

(1992), 631–639.

[4] C.S. Atwood, R.D. Moir, X. Huang, R.C. Scarpa, N.M.

Bacarra, D.M. Romano, M.A. Hartshorn, R.E. Tanzi and A.I.

Bush, Dramatic aggregation of Alzheimer abeta by Cu(II) is

induced by conditions representing physiological acidosis, J

Biol Chem 273 (1998), 12817–12826.

[5] C.S. Atwood, G. Perry and M.A. Smith, Cerebral hemorrhage
and amyloid-beta, Science 299 (2003), 1014; author reply

1014.

[6] C. Behl, J. Davis, G.M. Cole and D. Schubert, Vitamin E pro-

tects nerve cells from amyloid beta protein toxicity, Biochem

Biophys Res Commun 186 (1992), 944–950.

[7] P.C. Blumbergs, G. Scott, J. Manavis, H. Wainwright, D.A.

Simpson and A.J. McLean, Topography of axonal injury as

defined by amyloid precursor protein and the sector scoring
method in mild and severe closed head injury, J Neurotrauma

12 (1995), 565–572.

[8] H. Braak and E. Braak, Neuropathological stageing of

Alzheimer-related changes, Acta Neuropathol (Berl) 82

(1991), 239–259.

[9] B. Brugg, Y.L. Dubreuil, G. Huber, E.E. Wollman, N.

Delhaye-Bouchaud and J. Mariani, Inflammatory processes

induce beta-amyloid precursor protein changes in mouse
brain, Proc Natl Acad Sci USA 92 (1995), 3032–3035.

[10] D. Burdick, B. Soreghan, M. Kwon, J. Kosmoski, M. Knauer,

A. Henschen, J. Yates, C. Cotman and C. Glabe, Assembly

and aggregation properties of synthetic Alzheimer’s A4/beta

amyloid peptide analogs, J Biol Chem 267 (1992), 546–554.

[11] D.A. Butterfield, L. Martin, J.M. Carney and K. Hensley,

A beta (25-35) peptide displays H2O2-like reactivity to-
wards aqueous Fe2+ , nitroxide spin probes, and synaptoso-

mal membrane proteins, Life Sci 58 (1996), 217-228.

[12] J.D. Buxbaum, M. Oishi, H.I. Chen, R. Pinkas-Kramarski,

E.A. Jaffe, S.E. Gandy and P. Greengard, Cholinergic ago-

nists and interleukin 1 regulate processing and secretion of

the Alzheimer beta/A4 amyloid protein precursor, Proc Natl

Acad Sci USA 89 (1992), 10075–10078.

[13] J.D. Buxbaum, K.N. Liu, Y. Luo, J.L. Slack, K.L. Stock-

ing, J.J. Peschon, R.S. Johnson, B.J. Castner, D.P. Cerretti

and R.A. Black, Evidence that tumor necrosis factor alpha

converting enzyme is involved in regulated alpha-secretase

cleavage of the Alzheimer amyloid protein precursor, J Biol

Chem 273 (1998), 27765–27767.

[14] X.D. Cai, T.E. Golde and S.G. Younkin, Release of excess
amyloid beta protein from a mutant amyloid beta protein

precursor, Science 259 (1993), 514–516.

[15] S. Christen-Zaech, R. Kraftsik, O. Pillevuit, M. Kiraly, R.

Martins, K. Khalili and J. Miklossy, Early olfactory involve-

ment in Alzheimer’s disease, Can J Neurol Sci 30 (2003),

20–25.

[16] J.R. Ciallella, V.V. Rangnekar and J.P. McGillis, Heat shock

alters Alzheimer’s beta amyloid precursor protein expression
in human endothelial cells, J Neurosci Res 37 (1994), 769–

776.

[17] M. Citron, T. Oltersdorf, C. Haass, L. McConlogue, A.Y.

Hung, P. Seubert, C. Vigo-Pelfrey, I. Lieberburg and D.J.

Selkoe, Mutation of the beta-amyloid precursor protein in fa-

milial Alzheimer’s disease increases beta-protein production,

Nature 360 (1992), 672–674.

[18] M. Citron, D. Westaway, W. Xia, G. Carlson, T. Diehl, G.
Levesque, K. Johnson-Wood, M. Lee, P. Seubert, A. Davis,

D. Kholodenko, R. Motter, R. Sherrington, B. Perry, H. Yao,

R. Strome, I. Lieberburg, J. Rommens, S. Kim, D. Schenk,

P. Fraser, P. St George Hyslop and D.J. Selkoe, Mutant pre-

senilins of Alzheimer’s disease increase production of 42-

residue amyloid beta-protein in both transfected cells and

transgenic mice, Nat Med 3 (1997), 67–72.

[19] E.H. Corder, A.M. Saunders, W.J. Strittmatter, D.E.
Schmechel, P.C. Gaskell, G.W. Small, A.D. Roses, J.L.

Haines and M.A. Pericak-Vance, Gene dose of apolipopro-

tein E type 4 allele and the risk of Alzheimer’s disease in late

onset families, Science 261 (1993), 921–923.

[20] E.H. Corder, A.M. Saunders, N.J. Risch, W.J. Strittmatter,

D.E. Schmechel, P.C. Gaskell, Jr., J.B. Rimmler, P.A. Locke,

P.M. Conneally and K.E. Schmader, et al., Protective effect
of apolipoprotein E type 2 allele for late onset Alzheimer

disease, Nat Genet 7 (1994), 180–184.

[21] H. Crystal, D. Dickson, P. Fuld, D. Masur, R. Scott, M.

Mehler, J. Masdeu, C. Kawas, M. Aronson and L. Wolf-

son, Clinico-pathologic studies in dementia: nondemented

subjects with pathologically confirmed Alzheimer’s disease,

Neurology 38 (1988), 1682–1687.

[22] M.P. Cuajungco, L.E. Goldstein, A. Nunomura, M.A. Smith,
J.T. Lim, C.S. Atwood, X. Huang, Y.W. Farrag, G. Perry

and A.I. Bush, Evidence that the beta-amyloid plaques of

Alzheimer’s disease represent the redox-silencing and en-

tombment of abeta by zinc, J Biol Chem 275 (2000), 19439–

19442.

[23] C.C. Curtain, F. Ali, I. Volitakis, R.A. Cherny, R.S. Norton,

K. Beyreuther, C.J. Barrow, C.L. Masters, A.I. Bush and K.J.

Barnham, Alzheimer’s disease amyloid-beta binds copper
and zinc to generate an allosterically ordered membrane-

penetrating structure containing superoxide dismutase-like

subunits, J Biol Chem 276 (2001), 20466–20473.

[24] K.N. Dahlgren, A.M. Manelli, W.B. Stine, Jr., L.K. Baker,

G.A. Krafft and M.J. LaDu, Oligomeric and fibrillar species

of amyloid-beta peptides differentially affect neuronal via-

bility, J Biol Chem 277 (2002), 32046–32053.

[25] D.W. Dickson, H.A. Crystal, L.A. Mattiace, D.M. Masur,
A.D. Blau, P. Davies, S.H. Yen and M.K. Aronson, Identi-

fication of normal and pathological aging in prospectively



H-g. Lee et al. / Perspectives on the Amyloid-β Cascade Hypothesis 143

studied nondemented elderly humans, Neurobiol Aging 13

(1992), 179–189.

[26] S.I. Dikalov, M.P. Vitek, K.R. Maples and R.P. Mason, Amy-

loid beta peptides do not form peptide-derived free radicals

spontaneously, but can enhance metal-catalyzed oxidation

of hydroxylamines to nitroxides, J Biol Chem 274 (1999),

9392–9399.
[27] P.H. Frederikse, D. Garland, J.S. Zigler, Jr. and J. Piatigorsky,

Oxidative stress increases production of beta-amyloid pre-

cursor protein and beta-amyloid (Aβ) in mammalian lenses,

and Aβ has toxic effects on lens epithelial cells, J Biol Chem

271 (1996), 10169–10174.

[28] G. Friedman, P. Froom, L. Sazbon, I. Grinblatt, M. Shochina,

J. Tsenter, S. Babaey, B. Yehuda and Z. Groswasser,

Apolipoprotein E-epsilon4 genotype predicts a poor outcome
in survivors of traumatic brain injury, Neurology 52 (1999),

244–248.

[29] D. Gabuzda, J. Busciglio, L.B. Chen, P. Matsudaira and B.A.

Yankner, Inhibition of energy metabolism alters the process-

ing of amyloid precursor protein and induces a potentially

amyloidogenic derivative, J Biol Chem 269 (1994), 13623–

13628.

[30] D. Games, D. Adams, R. Alessandrini, R. Barbour, P.
Berthelette, C. Blackwell, T. Carr, J. Clemens, T. Donaldson

and F. Gillespie, et al., Alzheimer-type neuropathology in

transgenic mice overexpressing V717F beta-amyloid precur-

sor protein, Nature 373 (1995), 523–527.

[31] S.M. Gentleman, M.J. Nash, C.J. Sweeting, D.I. Graham and

G.W. Roberts, Beta-amyloid precursor protein (β APP) as a

marker for axonal injury after head injury, Neurosci Lett 160

(1993), 139–144.
[32] P. Giannakopoulos, F.R. Herrmann, T. Bussiere, C. Bouras,

E. Kovari, D.P. Perl, J.H. Morrison, G. Gold and P.R. Hof,

Tangle and neuron numbers, but not amyloid load, predict

cognitive status in Alzheimer’s disease, Neurology 60 (2003),

1495–1500.

[33] A. Goate, M.C. Chartier-Harlin, M. Mullan, J. Brown, F.

Crawford, L. Fidani, L. Giuffra, A. Haynes, N. Irving and
L. James, et al., Segregation of a missense mutation in the

amyloid precursor protein gene with familial Alzheimer’s

disease, Nature 349 (1991), 704–706.

[34] G. Gold, E. Kovari, G. Corte, F.R. Herrmann, A. Canuto,

T. Bussiere, P.R. Hof, C. Bouras and P. Giannakopoulos,

Clinical validity of A beta-protein deposition staging in brain

aging and Alzheimer disease, J Neuropathol Exp Neurol 60

(2001), 946–952.
[35] D. Goldgaber, H.W. Harris, T. Hla, T. Maciag, R.J. Don-

nelly, J.S. Jacobsen, M.P. Vitek and D.C. Gajdusek, Inter-

leukin 1 regulates synthesis of amyloid beta-protein precur-

sor mRNA in human endothelial cells, Proc Natl Acad Sci

USA 86 (1989), 7606–7610.

[36] T. Gomez-Isla, R. Hollister, H. West, S. Mui, J.H. Grow-

don, R.C. Petersen, J.E. Parisi and B.T. Hyman, Neuronal

loss correlates with but exceeds neurofibrillary tangles in
Alzheimer’s disease, Ann Neurol 41 (1997), 17–24.

[37] M.D. Gooch and D.J. Stennett, Molecular basis of

Alzheimer’s disease, Am J Health Syst Pharm 53 (1996),

1545–1557; quiz 1603–1544.

[38] B.D. Greenberg, M.J. Savage, D.S. Howland, S.M. Ali, S.L.

Siedlak, G. Perry, R. Siman and R.W. Scott, APP transgen-

esis: approaches toward the development of animal models

for Alzheimer disease neuropathology, Neurobiol Aging 17

(1996), 153–171.

[39] C. Haass, M.G. Schlossmacher, A.Y. Hung, C. Vigo-Pelfrey,

A. Mellon, B.L. Ostaszewski, I. Lieberburg, E.H. Koo, D.

Schenk and D.B. Teplow, et al., Amyloid beta-peptide is

produced by cultured cells during normal metabolism, Nature

359 (1992), 322–325.

[40] E.D. Hall, J.A. Oostveen, E. Dunn and D.B. Carter, Increased

amyloid protein precursor and apolipoprotein E immunore-
activity in the selectively vulnerable hippocampus follow-

ing transient forebrain ischemia in gerbils, Exp Neurol 135

(1995), 17–27.

[41] L.A. Hansen, E. Masliah, D. Galasko and R.D. Terry, Plaque-

only Alzheimer disease is usually the lewy body variant, and

vice versa, J Neuropathol Exp Neurol 52 (1993), 648–654.

[42] J. Hardy and D.J. Selkoe, The amyloid hypothesis of

Alzheimer’s disease: progress and problems on the road to
therapeutics, Science 297 (2002), 353–356.

[43] K. Hensley, D.A. Butterfield, M. Mattson, M. Aksenova, M.

Harris, J.F. Wu, R. Floyd and J. Carney, A model for beta-

amyloid aggregation and neurotoxicity based on the free radi-

cal generating capacity of the peptide: implications of molec-

ular shrapnel for Alzheimer’s disease, Proc West Pharmacol

Soc 38 (1995), 113–120.

[44] G.A. Higgins, G.A. Oyler, R.L. Neve, K.S. Chen and F.H.
Gage, Altered levels of amyloid protein precursor transcripts

in the basal forebrain of behaviorally impaired aged rats,

Proc Natl Acad Sci USA 87 (1990), 3032–3036.

[45] C. Holscher, Possible causes of Alzheimer’s disease: amy-

loid fragments, free radicals, and calcium homeostasis, Neu-

robiol Dis 5 (1998), 129–141.

[46] K. Horsburgh, M.O. McCarron, F. White and J.A. Nicoll, The

role of apolipoprotein E in Alzheimer’s disease, acute brain
injury and cerebrovascular disease: evidence of common

mechanisms and utility of animal models, Neurobiol Aging

21 (2000), 245–255.

[47] K. Hsiao, P. Chapman, S. Nilsen, C. Eckman, Y. Harigaya, S.

Younkin, F. Yang and G. Cole, Correlative memory deficits,

Abeta elevation, and amyloid plaques in transgenic mice,

Science 274 (1996), 99–102.
[48] X. Huang, C.S. Atwood, M.A. Hartshorn, G. Multhaup, L.E.

Goldstein, R.C. Scarpa, M.P. Cuajungco, D.N. Gray, J. Lim,

R.D. Moir, R.E. Tanzi and A.I. Bush, The A beta peptide

of Alzheimer’s disease directly produces hydrogen peroxide

through metal ion reduction, Biochemistry 38 (1999), 7609–

7616.

[49] X. Huang, M.P. Cuajungco, C.S. Atwood, M.A. Hartshorn,

J.D. Tyndall, G.R. Hanson, K.C. Stokes, M. Leopold, G.
Multhaup, L.E. Goldstein, R.C. Scarpa, A.J. Saunders, J.

Lim, R.D. Moir, C. Glabe, E.F. Bowden, C.L. Masters, D.P.

Fairlie, R.E. Tanzi and A.I. Bush, Cu(II) potentiation of

alzheimer abeta neurotoxicity. Correlation with cell-free hy-

drogen peroxide production and metal reduction, J Biol Chem

274 (1999), 37111–37116.

[50] J.T. Jarrett and P.T. Lansbury, Jr., Seeding one-dimensional

crystallization of amyloid: a pathogenic mechanism in
Alzheimer’s disease and scrapie? Cell 73 (1993), 1055–

1058.

[51] K. Jendroska, W. Poewe, S.E. Daniel, J. Pluess, H. Iwerssen-

Schmidt, J. Paulsen, S. Barthel, L. Schelosky, J. Cervos-

Navarro and S.J. DeArmond, Ischemic stress induces deposi-

tion of amyloid beta immunoreactivity in human brain, Acta

Neuropathol (Berl) 90 (1995), 461–466.

[52] J. Joseph, B. Shukitt-Hale, N.A. Denisova, A. Martin, G.
Perry and M.A. Smith, Copernicus revisited: amyloid beta in

Alzheimer’s disease, Neurobiol Aging 22 (2001), 131–146.



144 H-g. Lee et al. / Perspectives on the Amyloid-β Cascade Hypothesis

[53] B. Kaltschmidt, M. Uherek, H. Wellmann, B. Volk and C.

Kaltschmidt, Inhibition of NF-kappaB potentiates amyloid

beta-mediated neuronal apoptosis, Proc Natl Acad Sci USA

96 (1999), 9409–9414.

[54] J. Kang, H.G. Lemaire, A. Unterbeck, J.M. Salbaum, C.L.

Masters, K.H. Grzeschik, G. Multhaup, K. Beyreuther and B.

Muller-Hill, The precursor of Alzheimer’s disease amyloid
A4 protein resembles a cell-surface receptor, Nature 325

(1987), 733–736.

[55] D.S. Knopman, J.E. Parisi, A. Salviati, M. Floriach-Robert,

B.F. Boeve, R.J. Ivnik, G.E. Smith, D.W. Dickson, K.A.

Johnson, L.E. Petersen, W.C. McDonald, H. Braak and R.C.

Petersen, Neuropathology of cognitively normal elderly, J

Neuropathol Exp Neurol 62 (2003), 1087–1095.

[56] E.H. Koo, L. Park and D.J. Selkoe, Amyloid beta-protein
as a substrate interacts with extracellular matrix to promote

neurite outgrowth, Proc Natl Acad Sci USA 90 (1993), 4748–

4752.

[57] D.M. Kovacs, H.J. Fausett, K.J. Page, T.W. Kim, R.D. Moir,

D.E. Merriam, R.D. Hollister, O.G. Hallmark, R. Mancini,

K.M. Felsenstein, B.T. Hyman, R.E. Tanzi and W. Wasco,

Alzheimer-associated presenilins 1 and 2: neuronal expres-

sion in brain and localization to intracellular membranes in
mammalian cells, Nat Med 2 (1996), 224–229.

[58] F.M. LaFerla, B.T. Tinkle, C.J. Bieberich, C.C. Haudenschild

and G. Jay, The Alzheimer’s A beta peptide induces neurode-

generation and apoptotic cell death in transgenic mice, Nat

Genet 9 (1995), 21–30.

[59] C.L. Lendon, F. Ashall and A.M. Goate, Exploring the eti-

ology of Alzheimer disease using molecular genetics, Jama

277 (1997), 825–831.
[60] G. Leuba, K. Saini, V. Zimmermann, P. Giannakopoulos and

C. Bouras, Mild amyloid pathology in the primary visual

system of nonagenarians and centenarians, Dement Geriatr

Cogn Disord 12 (2001), 146–152.

[61] Y. Luo, T. Sunderland, G.S. Roth and B. Wolozin, Physi-

ological levels of beta-amyloid peptide promote PC12 cell

proliferation, Neurosci Lett 217 (1996), 125–128.
[62] D.M. Mann, D. Jones, P.W. South, J.S. Snowden and D.

Neary, Deposition of amyloid beta protein in non-Alzheimer

dementias: evidence for a neuronal origin of parenchymal

deposits of beta protein in neurodegenerative disease, Acta

Neuropathol (Berl) 83 (1992), 415–419.

[63] M.P. Mattson, Degenerative and protective signaling mech-

anisms in the neurofibrillary pathology of AD, Neurobiol

Aging 16 (1995), 447–457; discussion 458–463.
[64] M.P. Mattson and W.A. Pedersen, Effects of amyloid pre-

cursor protein derivatives and oxidative stress on basal fore-

brain cholinergic systems in Alzheimer’s disease, Int J Dev

Neurosci 16 (1998), 737–753.

[65] H. Misonou, M. Morishima-Kawashima and Y. Ihara, Ox-

idative stress induces intracellular accumulation of amyloid

beta-protein (Aβ) in human neuroblastoma cells, Biochem-

istry 39 (2000), 6951–6959.
[66] N. Murakami, T. Yamaki, Y. Iwamoto, T. Sakakibara, N. Ko-

bori, S. Fushiki and S. Ueda, Experimental brain injury in-

duces expression of amyloid precursor protein, which may be

related to neuronal loss in the hippocampus, J Neurotrauma

15 (1998), 993–1003.

[67] R.L. Neve and N.K. Robakis, Alzheimer’s disease: a re-

examination of the amyloid hypothesis, Trends Neurosci 21

(1998), 15-19.
[68] I. Nishimoto, T. Okamoto, Y. Matsuura, S. Takahashi, Y. Mu-

rayama and E. Ogata, Alzheimer amyloid protein precursor

complexes with brain GTP-binding protein G(o), Nature 362

(1993), 75–79.

[69] C. Nordstedt, S.E. Gandy, I. Alafuzoff, G.L. Caporaso,

K. Iverfeldt, J.A. Grebb, B. Winblad and P. Greengard,

Alzheimer beta/A4 amyloid precursor protein in human

brain: aging-associated increases in holoprotein and in a

proteolytic fragment, Proc Natl Acad Sci USA 88 (1991),
8910–8914.

[70] A. Nunomura, G. Perry, M.A. Pappolla, R.P. Friedland, K.

Hirai, S. Chiba and M.A. Smith, Neuronal oxidative stress

precedes amyloid-beta deposition in Down syndrome, J Neu-

ropathol Exp Neurol 59 (2000), 1011–1017.

[71] A. Nunomura, G. Perry, G. Aliev, K. Hirai, A. Takeda, E.K.

Balraj, P.K. Jones, H. Ghanbari, T. Wataya, S. Shimohama,

S. Chiba, C.S. Atwood, R.B. Petersen and M.A. Smith, Ox-
idative damage is the earliest event in Alzheimer disease, J

Neuropathol Exp Neurol 60 (2001), 759–767.

[72] P.K. Panegyres, The effects of excitotoxicity on the expres-

sion of the amyloid precursor protein gene in the brain and

its modulation by neuroprotective agents, J Neural Transm

105 (1998), 463–478.

[73] D. Paola, C. Domenicotti, M. Nitti, A. Vitali, R. Borghi, D.

Cottalasso, D. Zaccheo, P. Odetti, P. Strocchi, U.M. Marinari,
M. Tabaton and M.A. Pronzato, Oxidative stress induces

increase in intracellular amyloid beta-protein production and

selective activation of betaI and betaII PKCs in NT2 cells,

Biochem Biophys Res Commun 268 (2000), 642–646.

[74] J.M. Peters, T. Hummel, T. Kratzsch, J. Lotsch, C. Skarke and

L. Frolich, Olfactory function in mild cognitive impairment

and Alzheimer’s disease: an investigation using psychophys-

ical and electrophysiological techniques, Am J Psychiatry

160 (2003), 1995–2002.

[75] C.J. Pike, A.J. Walencewicz, C.G. Glabe and C.W. Cotman,

Aggregation-related toxicity of synthetic beta-amyloid pro-

tein in hippocampal cultures, Eur J Pharmacol 207 (1991),

367–368.

[76] J. Poirier, A. Baccichet, D. Dea and S. Gauthier, Cholesterol

synthesis and lipoprotein reuptake during synaptic remod-
elling in hippocampus in adult rats, Neuroscience 55 (1993),

81–90.

[77] D. Pratico, K. Uryu, S. Leight, J.Q. Trojanoswki and V.M.

Lee, Increased lipid peroxidation precedes amyloid plaque

formation in an animal model of Alzheimer amyloidosis, J

Neurosci 21 (2001), 4183–4187.

[78] C.A. Rottkamp, A.K. Raina, X. Zhu, E. Gaier, A.I. Bush,

C.S. Atwood, M. Chevion, G. Perry and M.A. Smith, Redox-
active iron mediates amyloid-beta toxicity, Free Radic Biol

Med 30 (2001), 447–450.

[79] C.A. Rottkamp, C.S. Atwood, J.A. Joseph, A. Nunomura,

G. Perry and M.A. Smith, The state versus amyloid-beta:

the trial of the most wanted criminal in Alzheimer disease,

Peptides 23 (2002), 1333–1341.

[80] L.M. Sayre, M.G. Zagorski, W.K. Surewicz, G.A. Krafft

and G. Perry, Mechanisms of neurotoxicity associated with
amyloid beta deposition and the role of free radicals in the

pathogenesis of Alzheimer’s disease: a critical appraisal,

Chem Res Toxicol 10 (1997), 518–526.

[81] L.M. Sayre, G. Perry, P.L. Harris, Y. Liu, K.A. Schubert

and M.A. Smith, In situ oxidative catalysis by neurofibrillary

tangles and senile plaques in Alzheimer’s disease: a central

role for bound transition metals, J Neurochem 74 (2000),

270–279.
[82] D.J. Selkoe, Translating cell biology into therapeutic ad-

vances in Alzheimer’s disease, Nature 399 (1999), A23–31.



H-g. Lee et al. / Perspectives on the Amyloid-β Cascade Hypothesis 145

[83] D.J. Selkoe, Alzheimer’s disease is a synaptic failure, Science

298 (2002), 789–791.

[84] J. Shi, Y. Xiang and J.W. Simpkins, Hypoglycemia enhances

the expression of mRNA encoding beta-amyloid precursor

protein in rat primary cortical astroglial cells, Brain Res 772

(1997), 247–251.

[85] J. Shi, K.S. Panickar, S.H. Yang, O. Rabbani, A.L. Day and
J.W. Simpkins, Estrogen attenuates over-expression of beta-

amyloid precursor protein messager RNA in an animal model

of focal ischemia, Brain Res 810 (1998), 87–92.

[86] M. Shoji, T.E. Golde, J. Ghiso, T.T. Cheung, S. Estus, L.M.

Shaffer, X.D. Cai, D.M. McKay, R. Tintner and B. Frangione,

et al., Production of the Alzheimer amyloid beta protein by

normal proteolytic processing, Science 258 (1992), 126–129.

[87] V.K. Singh, J.F. Cheng and S.J. Leu, Effect of substance P and
protein kinase inhibitors on beta-amyloid peptide-induced

proliferation of cultured brain cells, Brain Res 660 (1994),

353–356.

[88] S.S. Sisodia, Secretion of the beta-amyloid precursor protein,

Ann N Y Acad Sci 674 (1992), 53–57.

[89] M.A. Smith, P.L. Harris, L.M. Sayre and G. Perry, Iron accu-

mulation in Alzheimer disease is a source of redox-generated

free radicals, Proc Natl Acad Sci USA 94 (1997), 9866–9868.
[90] M.A. Smith, K. Hirai, K. Hsiao, M.A. Pappolla, P.L. Har-

ris, S.L. Siedlak, M. Tabaton and G. Perry, Amyloid-beta

deposition in Alzheimer transgenic mice is associated with

oxidative stress, J Neurochem 70 (1998), 2212–2215.

[91] S. Sorbi, B. Nacmias, S. Piacentini, A. Repice, S. Latorraca,

P. Forleo and L. Amaducci, ApoE as a prognostic factor for

post-traumatic coma, Nat Med 1 (1995), 852.

[92] N. Suzuki, T.T. Cheung, X.D. Cai, A. Odaka, L. Otvos, Jr.,
C. Eckman, T.E. Golde and S.G. Younkin, An increased

percentage of long amyloid beta protein secreted by famil-

ial amyloid beta protein precursor (beta APP717) mutants,

Science 264 (1994), 1336–1340.

[93] T. Tomita, K. Maruyama, T.C. Saido, H. Kume, K. Shinozaki,

S. Tokuhiro, A. Capell, J. Walter, J. Grunberg, C. Haass, T.

Iwatsubo and K. Obata, The presenilin 2 mutation (N141I)
linked to familial Alzheimer disease (Volga German families)

increases the secretion of amyloid beta protein ending at the

42nd (or 43rd) residue, Proc Natl Acad Sci USA 94 (1997),

2025–2030.

[94] R. Topper, J. Gehrmann, R. Banati, M. Schwarz, F. Block,

J. Noth and G.W. Kreutzberg, Rapid appearance of beta-

amyloid precursor protein immunoreactivity in glial cells

following excitotoxic brain injury, Acta Neuropathol (Berl)
89 (1995), 23–28.

[95] Y. Tsuboi, Z.K. Wszolek, N.R. Graff-Radford, N. Cookson

and D.W. Dickson, Tau pathology in the olfactory bulb corre-

lates with Braak stage, Lewy body pathology and apolipopro-

tein epsilon4, Neuropathol Appl Neurobiol 29 (2003), 503–

510.

[96] S. Turnbull, B.J. Tabner, O.M. El-Agnaf, L.J. Twyman and

D. Allsop, New evidence that the Alzheimer beta-amyloid

peptide does not spontaneously form free radicals: an ESR

study using a series of spin-traps, Free Radic Biol Med 30

(2001), 1154–1162.

[97] W.A. van Gool, D.B. Schenk and P.A. Bolhuis, Concentra-

tions of amyloid-beta protein in cerebrospinal fluid increase

with age in patients free from neurodegenerative disease,
Neurosci Lett 172 (1994), 122–124.

[98] F.L. Van Muiswinkel, R. Veerhuis and P. Eikelenboom, Amy-

loid beta protein primes cultured rat microglial cells for an

enhanced phorbol 12-myristate 13-acetate-induced respira-

tory burst activity, J Neurochem 66 (1996), 2468–2476.

[99] W. Wallace, S.T. Ahlers, J. Gotlib, V. Bragin, J. Sugar, R.

Gluck, P.A. Shea, K.L. Davis and V. Haroutunian, Amyloid

precursor protein in the cerebral cortex is rapidly and persis-
tently induced by loss of subcortical innervation, Proc Natl

Acad Sci USA 90 (1993), 8712–8716.

[100] J.S. Whitson, D.J. Selkoe and C.W. Cotman, Amyloid beta

protein enhances the survival of hippocampal neurons in

vitro, Science 243 (1989), 1488–1490.

[101] T. Wisniewski, E.M. Castano, A. Golabek, T. Vogel and B.

Frangione, Acceleration of Alzheimer’s fibril formation by

apolipoprotein E in vitro, Am J Pathol 145 (1994), 1030–
1035.

[102] W. Xia, J. Zhang, R. Perez, E.H. Koo and D.J. Selkoe, In-

teraction between amyloid precursor protein and presenilins

in mammalian cells: implications for the pathogenesis of

Alzheimer disease, Proc Natl Acad Sci USA 94 (1997), 8208–

8213.

[103] Y. Xiong, Q. Gu, P.L. Peterson, J.P. Muizelaar and C.P. Lee,

Mitochondrial dysfunction and calcium perturbation induced
by traumatic brain injury, J Neurotrauma 14 (1997), 23–34.

[104] S.D. Yan, X. Chen, A.M. Schmidt, J. Brett, G. Godman, Y.S.

Zou, C.W. Scott, C. Caputo, T. Frappier and M.A. Smith, et

al., Glycated tau protein in Alzheimer disease: a mechanism

for induction of oxidant stress, Proc Natl Acad Sci USA 91

(1994), 7787–7791.

[105] S.D. Yan, X. Chen, J. Fu, M. Chen, H. Zhu, A. Roher, T.
Slattery, L. Zhao, M. Nagashima, J. Morser, A. Migheli, P.

Nawroth, D. Stern and A.M. Schmidt, RAGE and amyloid-

beta peptide neurotoxicity in Alzheimer’s disease, Nature

382 (1996), 685–691.

[106] B.A. Yankner, L.K. Duffy and D.A. Kirschner, Neurotrophic

and neurotoxic effects of amyloid beta protein: reversal by

tachykinin neuropeptides, Science 250 (1990), 279–282.

[107] M. Yokota, T.C. Saido, E. Tani, I. Yamaura and N. Minami,
Cytotoxic fragment of amyloid precursor protein accumu-

lates in hippocampus after global forebrain ischemia, J Cereb

Blood Flow Metab 16 (1996), 1219–1223.

[108] K. Zou, J.S. Gong, K. Yanagisawa and M. Michikawa, A

novel function of monomeric amyloid beta-protein serving

as an antioxidant molecule against metal-induced oxidative

damage, J Neurosci 22 (2002), 4833–4841.


