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Preface 

This volume contains the proceedings of the ninth "Colloque medecine et 
recherche" of the Fondation IPSEN devoted to research on Alzheimer's disease. 
This symposium was held in Lyon on June 21, 1993, on the topic, "Amyloid 
Protein Precursors in Development, Aging and Alzheimer's Disease". The 
choice of this venue and of this particular subject was not a matter of chance. As 
far as the history of medicine and neurology is concerned, Lyon is doubtless one 
of the most famous cities in France and the F ondation IPSEN had to organize 
one of its meetings in this city which has been regarded for centuries as a major 
crossroads. Regarding the topic, the amyloid story is at the center of the debate 
in the field of Alzheimer's studies. 

For nearly 10 years, "alzheimerology" has more or less been intertwined with 
"amyloidology". The purification and the sequencing of the beta/ A4 peptide in 
amyloid congophilic angiopathy (Glenner and Wong 1984) and in Alzheimer's 
disease (Masters et al. 1985) were the first steps toward the numerous successes 
realised in the last few years. The discovery of the amyloid precursor protein 
(APP), the localisation of its gene on chromosome 21 and the sequencing of 
its cDNA in 1987 (Kang et al. 1987; Goldgaber et al. 1987; Robakis et al. 
1987) were the next major breakthroughs. Let us recall that the Fondation 
IPSEN started its series on Alzheimer's disease at this same time, and it 
organized its first meeting focused on the amyloid story (Pouplard-Barthelaix 
et al. 1988). Since this date, many important discoveries have been made 
concerning the splicing of APP, the existence of a whole class of APP-related 
homologue genes, the biological role of the APP protein and its cleaving 
and processing, the mechanism of amyloid deposition in Alzheimer's disease, 
the regulation of APP gene activity, the mutations in the APP genes which 
cause hereditary early onset Alzheimer's disease (Go ate et al. 1991), transgenic 
animals and experimental models, etc. All of these discoveries open new per
spectives, not only for the understanding of the disease"and some fundamental 
processing which takes place in the nervous system, but also for future 
therapeutic intervention. Since it is very clear that the most important advances 
in the field of Alzheimer's disease research are related to basic science, the 
next meeting of this series of Colloque medecine et recherche will also 
be devoted to a fundamental topic. It will be entitled "Alzheimer's Disease: 
the Lessons of Cell Biology". This meeting will be organized by Ken Kosik and 



VI Preface 

Dennis Selkoe from Harvard Medical School, along with Yves Christen, and 
will be held in Paris on April 25, 1994. 

Yves Christen 
Marc Trillet 

Acknowledgements. The editors wish to express their gratitude to Mary Lynn 
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Strategic Thoughts on the Alzheimer's Disease Amyloid 
Protein Precursor: The Way Forward 

C. L. Masters* and K. Beyreuther 

A survey of the contributions in this volume provides an unparalleled vision of 
the state of knowledge of the Alzheimer's disease amyloid protein precursor 
(APP) as of 1993. This represents the culmination of a decade of research on this 
topic, starting with the first serious attempts to characterise the AD-associated 
amyloid (Allsop et a1. 1983). Within this volume we can see a strategic plan 
emerging, one which has the potential of leading to a rational therapeutic 
intervention for Alzheimer's disease. 

The Biophysical Basis for PA4 Amyloidosis 

Even without knowledge of the precise proteolytic events which generate the 
[JA4 molecule, its innate tendency to polymerize into amyloid filaments has been 
sufficiently well-characterised (Hilbich et a1., this volume; Hilbich et a1. 1991a, b, 
1992; Jarrett and Lansbury 1993) to enable the synthetic analogs of [JA4 to be 
used successfully to model amyloidogenesis in vitro. There is every prospect of 
designing peptides or compounds which can inhibit the polymerization of [JA4, 
either through nucleation-dependent processes (lag time, critical concentration, 
seeding efficiency; Jarrett and Lansbury 1993) or through altering the kinetics of 
fibril growth by affecting hydrophobic interactions (Hilbich et a1., this volume). 

The toxicity of aggregated [JA4 remains enigmatic (Potier et a1., this volume), 
or by altering conditions relating to metal catalyzed oxidation (Dyrks et a1. 
1992) or to direct metal-[JA4 interactions (Bush et a1. this volume). Despite 
much effort, a consensus has not emerged since Yankner et a1. (1989) first 
proposed that specific regions of [JA4 were neurotoxic, and hence were capable 
of explaining, at least in part, the dramatic loss of neuronal function associated 
with Alzheimer's disease. The mechanism of synaptic loss (Masliah et a1. 1989) 
and neuronal dysfunction, central to our understanding of Alzheimer's disease, 
might well involve the generation of [JA4 or the impairment of the normal 
function of APP, but the simplistic notion that [JA4, either as a monomer or as 
a polymerized fibril, is a direct neurotoxin seems unlikely. 
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The Structure and Function of the APP Superfamily 

In addition to the APP products generated by the splicing of exons, 7, 8 and 15 
(Kitaguchi et aI. 1988; Konig et aI. 1992), the discovery of two separate classes of 
APP-related homologue genes (APLPI and APPH/APLP2; Sisodia et aI., this 
volume; Wasco et aI. 1992, 1993; Sprecher et aI. 1993) adds a completely novel 
layer of complexity (Figs. 1 and 2). This is particularly apparent in all attempts 
to quantitate the various gene products by use of immunoassays. Antibodies 
which reliably distinguish between the amyloidogenic and non-amyloidogenic 
members of the APP superfamily are now urgently required. It is also likely that 
these APP homologues will interfere with our ability to produce a phenotype in 
mice where the APP gene is ablated. Nevertheless, the existence of the superfam
ily should facilitate the elucidation of function based on the preservation of 
motifs in common between the members of this family (Fig. 2). 

If, as predicted (Kang et aI. 1987), APP is a receptor, then the definition of its 
ligand(s) will surely reveal its function. To date, the identification of heparin 
domains (Small et aI., this volume; Multhaup, this volume), the inhibitory serine 
protease domain (Kitaguchi et aI. 1990) and zinc binding domains (Bush et aI. 
1993) has provided useful leads in conceptualising the function of APP. Yet one 
suspects that the principal ligand is yet to be discovered. Functional mappings 
of APP (Saitoh et aI., this volume) and APP-related products in phylogenetically 
lower species (Okado and Okamoto 1992; White et aI., this volume) are but 
preliminary steps in this process. Other approaches include the clearer definition 

Structural Features of APP ~Secretase ,!"Secretase 
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Fig. 1. Diagrammatic representation of the major structural domains of APP. The 17 residue signal 
peptide (SP) is followed by 170 residues with 12 cysteines (Cys); within this region is a heparin 
binding domain (HBD-1) and a zinc binding domain. The next 100 residues are largely acidic (E/D; 
glu/asp) with an unusual poly-threonine area (shaded bar). Exon 7 (the 56 residue KPI domain) and 
exon 8 (the 19 residue OX.2 domain) are subject to alternative splicing events. The next region of 
APP contains the second heparin binding domain (HBD-2), which is coincident with a growth 
promoting domain, and two N-linked carbohydrate attachment sites. The 18 residues of exon 15 are 
spliced out for the L-APP isoforms. The IJ(-secretase site occurs within the fJA4 domain, which itself is 
generated by the loosely defined fJ- and y- secretase regions. The y-secretase releases the C-terminus 
of fJA4, which is within the transmembrane domain (TM). The TM is anchored in the lipid bilayer 
and is followed by a short cytoplasmic domain (CD) which contains both Go and clathrin binding 
motifs. (Truncated, non-amyloidogenic forms of APP365 and APP563 are not shown in this 
diagram.) 



APP Superfamily 

APlP-l 

APlP-21 
APPH 

APP 

SP Cys - domains 

I II 

I I 

I I 

II 

HBD-, 

Strategic Thoughts on the Alzheimer's Disease 3 

Acidic domains 

, 

~ 
Binding 
Domain 

( 
., 

KPI 

~~ CJD 
KPI OX-2 i 

HBD-2 
GfOWIh P"""OIIng 

Domain 

, 
Least Homology TM CD 

I b 

ifl I I 
? 

? 

I if I ] 
? 

JlA4 

J\I~ I 

JtJ:m L-APP .... m""",. aa'nnn _ bindO\g 

Go binding 

n-Secretase 

Fig_ 2_ Diagrammatic representation of the mammalian APP superfamily. There is an extraordi
nary conservation of the cysteine residues. An OX-2 related domain has not yet been defined in 
APPH/ APLP-2, and the existence of both KPI and OX-2 related domains in APLP-I is unknown. 
The HBD-2 and growth promoting domains are preserved in APPH/APLP-2, and at least one of 
the N-linked glycosylation sites is present in all members. Between this region and the transmem
brane domain (TM) is the area with least homology. A small ex on is known to be subject to alternate 
splicing in APPH/ APLP-2, perhaps analogous to the events which relate to exon 15 of APP. Whether 
secreted/ released forms of APPH/ APLP-2, and APLP-2 occur is not yet known. The f3A4 domain is 
present only in APP. The cytoplasmic domain (CD) is highly conserved, suggesting that previous 
studies which have employed immunoassays based on C-terminal epitopes need to be re-evaluated 

of the metabolic pools of APP and their membrane traffic and cycling pathways 
(Gandy and Greengard; this volume; Allinquant et a!., this volume; Cole et a!. 
1989; Buxbaum et a!. 1990; Bush et a!. 1990; Oltersdorf et a!., 1990; Haass et a!. 
1992a,b; Hung et a!. 1992). The observation that soluble forms of f3A4 may be 
released from cells during normal processing events (Golde et a!., this volume; 
Haass et a!. 1992, 1993a,b; Seubert et a!. 1992; Shoji et a!. 1992; Busciglio et a!. 
1993; Dovey et a!. 1993) has wide implications. 

The cleavage events which surround this process (the relative balance be
tween the cx-secretase and the f3- and y-secretases) are now amenable to an 
in-depth analysis. For the first time, it will now be possible to examine a wide 
range of variables which can influence the production and aggregation of the 
f3A4 molecule (Bush et a!., this volume; Bowling and Beal, this volume; Siman 
et a!. 1993; Fukushima et al. 1993). 
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Regulation of the APP Gene Activity 

The importance of a gene regulation strategy is emphasised by the gene dosage 
effect of Alzheimer's disease that occurs in all cases of Down's syndrome. 
Despite the cloning of the promoter of APP (Salbaum et al. 1988; Y oshikai et al. 
1990), there has been only modest progress in determining the major events 
which govern the transcriptional and translational control of the APP gene and 
mRNA. While some of the APP gene regulatory elements have been defined 
(Lahiri and Robakis 1991; Pollwein 1993; Pollwein et al. 1992; Quitschke and 
Goldgaber 1992), no specific transcriptional factors have yet been identified. 
Only a handful of defined growth factors and cytokines have been found to 
affect mRNA levels (Donnelly et al. 1990; Goldgaber et al. 1989; Konig et al. 
1990; Mobley et al. 1988; Smith et aI. 1991; Ohyagi and Tabira 1993), whereas 
more generalised phenomena such as heat shock, ischemia (Abe et al. 1991a,b) 
and neurotoxicity (Sola et aI. 1993) clearly affect APP gene transcription. 
Even less is known about the factors which relate to the alternate splicing 
events, particularly those pertaining to the KPI and L-APP domains, which may 
playa role in the restriction of f3A4 amyloid deposition to the central nervous 
system. This may yet prove to be a critical area for Alzheimer's disease research. 

Identification of Environmental Risk Factors 

The remarkable age-related incidence of Alzheimer's disease points strongly to 
a widespread environmental factor operating decades before the onset of clinical 
disease. Our analyses indicate that a preclinical phase of approximately 30 years 
is likely, based on the rate of evolution of the disease in Down's Syndrome 
(Rumble et aI. 1989) and on the rate of racemization of amyloid (Shapira et al. 
1988). In many respects, Alzheimer's disease has features in common with the 
process of atherosclerosis, in which a few well-defined genetic factors operate in 
combination with the effects of widespread dietary and occupational insults to 
the body's vascular system. The preclinical phase of atherosclerosis begins in 
early adult-hood, decades before the clinical onset of the typical forms of disease 
which occur in later life. 

In Alzheimer's disease, no convincing environmental risk factors have yet 
emerged. Our strategy has been to examine the structure and metabolism of 
APP in the hope of finding a clue which professional epidemiologists might 
use. First, we have identified an effect of zinc and other metals on APP 
(Bush et al. 1993) and on f3A4 amyloid itself (Bush et aI., this volume; Mantyh 
et aI. 1993; Exley et al. 1993); second, we are currently investigating the 
effect of carbohydrate metabolism on how the body processes APP (Whyte, 
Gilbert, Beyreuther and Masters, unpublished data). There are intriguing pre
liminary studies suggesting that the risk for Alzheimer's disease is increased 
3-fold in meat consumers (Giem et aI. 1993) and that the incidence of brain 
amyloid deposition is decreased in at least one developing country, Nigeria 
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(Osuntokun et aI. 1994). Together, these studies suggest future areas of research 
which might identify the major environmental risk factors. 

Genetic Factors in the Causation of Alzheimer's Disease 

Our current state of knowledge of the causative link between APP mutations 
and Alzheimer's disease is summarised admirably in this volume (see chapters by 
Tanzi et aI., Hendriks et aI., Lannfelt et aI., Hardy et aI.). The incontrovertible 
linkage of critical mutations within or close to the f3A4 domain of APP identifies 
for the first time the pre-eminence of APP / f3A4 in the pathogenesis of 
Alzheimer's disease. But there are clearly multiple genetic pathways which can 
lead to Alzheimer's disease. Currently, much interest surrounds the association 
of the apolipoprotein E type 4 allele with both sporadic and familial late-onset 
Alzheimer's disease (Corder et aI. 1993; Rebeck et aI. 1993). An 8- to 9-fold 
relative risk associated with this allele suggests that this gene has a profound 
effect. Whether it operates through the f3A4/ APP pathway remains to be 
determined (Wisniewski et aI. 1993). There remains yet another genetic locus for 
early-onset familial Alzheimer's disease on chromosome 14 (Schellenberg et aI. 
1992), but the precise genetic defect at this locus has not yet been determined. 

Experimental Animal Models of Alzheimer's Disease 

Still elusive, the full-blown lesions of Alzheimer's disease have not yet been 
re-created in a genetically engineered mouse (see Cordell and Higgins, this 
volume; Price et aI., this volume). Nevertheless, the success of this strategy in 
closely related disease processes (Prusiner, this volume) gives encouragement for 
continued efforts. While in vitro and cell-culture models of f3A4 amyloidogenesis 
have now been developed, only the faithful reproduction of the disease in 
experimental animals will allow the full testing of potential therapeutic agents. 

Future Therapeutic Strategies for Alzheimer's Disease 

Based on this decade of research effort, what does the future hold for a rational 
therapeutic intervention for Alzheimer's disease? Obviously, if an environmental 
risk factor is identified, then avoidance of this factor will override other direct 
therapeutic interventions. If genetic factors prove to be intractable to environ
mental modulation, then novel therapeutic strategies based on our knowledge of 
APP / f3A4 amyloidogenesis will remain as prime targets. At present, these 
strategies fall into 4 major categories: 

1) inhibition of f3A4 amyloid aggregation 
2) mobilisation of f3A4 amyloid from the brain 
3) modulation of the APP-f3A4 amyloidogenic pathway, based on the charac

terisation of APP ligands, APP secretases, and APP processing steps in general 
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4) genetic manipulation of APP synthesis or associated metabolic pathways 
("gene therapy"). 

We hope that the information contained in this volume will provide the impetus 
for future research directed at an eventual therapeutic intervention. If progress 
in this field is maintained at the rate that we have witnessed over the last decade, 
we are confident that an effective treatment or prevention strategy will emerge 
during the next decade. 
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Drosophila Appl Gene and APPL Protein: 
A Model System to Study the Function of 
the APP Protein Family 

K. White*, L. Luo, T. Aigaki, and M. Monastirioti 

Summary 

Drosophila Amyloid precursor protein-like (AppQ gene encodes a protein product, 
APPL, similar to the p-amyloid precursor protein (APP) associated with Al
zheimer's disease. The Drosophila APPL protein is neural-specific and is first 
detected in developing neurons concomitant with axonogenesis. APPL im
munoreactivity is observed in neuronal cell bodies and in axons of both 
immature and mature neurons. Similar to APP, APPL is synthesized as a mem
brane-associated glycosylated precursor protein that is rapidly converted into 
a secreted form that lacks the cytoplasmic domain. 

To understand the in vivo function of the APPL protein, we have taken 
a neurogenetic approach. Flies deleted for the Appl gene have been generated. 
These flies are viable, fertile and morphologically normal, yet they exhibit subtle 
behavioral deficits. The fast phototaxis defect in mutant Appl flies that lack 
APPL protein can be partially rescued by transgenes expressing the wild-type 
APPL protein. Furthermore, transgenes expressing the human APP protein 
show a level of rescue similar to the transgenes expressing APPL. Our analyses 
suggest a conserved ancestral function for the APP class of proteins in the 
nervous system. We discuss the implications of current functional studies on the 
APP proteins and how the Drosophila system could facilitate the in vivo analysis 
of the function of this class of proteins. 

Introduction 

The discovery of the amyloid p protein precursor (APP) gene provided the first 
direct tangible molecular handle to the pathology of Alzheimer's disease. Since 
then, the scientific community has vigorously pursued the study of this gene and 
its protein products and has accumulated a vast body of information relating to 
its biosynthesis, processing and subsequent degradation (reviewed in Selkoe 
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1991). The main stimulus for these studies derives from the questions related to 
the pathogenesis of Alzheimer's disease: What are the differences in the process
ing of APP molecules in normal and disease conditions? How do the Af3P cores 
form? Are the senile plaques causal to the neuronal cell death observed in 
Alzheimer's condition? What is the normal function of APP and is this function 
affected in the disease condition? 

When it was first discovered, APP 695 was a novel protein (Kang et al. 1987). 
The amino acid sequence predicted an integral membrane protein with a single 
membrane-spanning segment, a large extracellular domain and a small cyto
plasmic domain; Af3P spanned the extracellular-membrane border. Sub
sequently, several additional APP isoforms that are products of alternatively 
spliced RNAs and contain exons that code a Kunitz-type protease inhibitor 
domain were identified (Ponte et al. 1988; Tanzi et al. 1988; Kitaguchi et al. 
1988). Recently, it has become evident that APP is a member of a protein family 
that is evolutionarily conserved in domain structure and function, as two other 
mammalian genes, APLPI and APLP2, have been identified that show a high 
degree of conservation to the APP gene (Wasco et al. 1992,1993). Moreover, 
these three remarkably conserved members of the APP family are likely to be 
co-expressed within at least some and perhaps many neurons (Wasco et al. 
1993). These findings further complicate the functional analysis of any individual 
member of the APP protein family, as not only are there a multiplicity of 
isoforms encoded by each gene, but there are also proteins encoded by closely 
related genes. 

We serendipitously identified a Drosophila transcript that encoded a protein 
that demonstrated striking sequence homology with the APP695 protein in two 
large extracellular domains, in the cytoplasmic domain and in the overall 
structure (Fig. 1, El, E2 and C; Rosen et al. 1989). We christened the new gene 

APP 695 

E1 

APPL~ 

198 417 576 

695 

I~ 886 

Fig. 1. Diagrammatic representation of Drosophila APPL and human APP. The model of APP is 
adapted from Kang et al (1987) and the analogous APPL polypeptide is presented. The N termimus 
is at the left; the circles at the N terminus represent the presumed signal sequences. The regions of 
homology El, E2 and C between APPL and APP are drawn as open rectangles; the loops in APPL 
represent the regions of non-homology. Asterisks note putative N-glycosylation sites 
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defined by this transcript Amyloid f3 protein precursor-like (App0 and its protein 
product, APPL (Martin-Morris and White 1990). Unlike APP, which shows 
a broad tissue distribution, Drosophila Appl gene is expressed in a neural
specific fashion. We undertook to characterize the Drosophila APPL protein 
and analyze its function, with the expectation that the Appl gene, with its single 
transcript and neural-specific expression, might help elucidate the basic function 
provided by the APP class of molecules in the nervous system. We felt that the 
Drosophila system brought special advantages to this analysis through the 
scalpel it provides by its mutational genetic analysis, and the opportunity it 
provides to study in vivo function provided by transgenes in the absence of the 
wild type gene (Rubin 1988; Miklos 1993). Thus, one can study a gene's function 
by genetically removing the gene product and also genetically add back wild
type and in vitro-mutated genes to the mutant fly and observe the consequences. 
Moreover, other molecular players involved in the same biological process can 
be discovered by identifying other genes that genetically interact with the gene of 
interest. In our studies, reviewed below, we have attempted to answer the 
following basic questions: How is the APPL protein processed? Where is the 
APPL protein localized? What are the consequences of complete absence of 
APPL protein to the fly? Is there functional homology between APPL and APP 
proteins? 

Drosophila Appl Gene and APPL Protein 

Drosophila Appl gene spans ~ 38 kb of genomic DNA; the single mature 
transcript of ~ 6.5 kb predicts an 886 amino acid protein. In situ RNA localiza
tion data show that the Appl transcripts are found exclusively in post-mitotic 
neurons in all stages of development. They are not observed in neuronal 
precursor cells or in at least some and perhaps all glia. Appl transcripts are first 
observed in differentiating neurons, concomitant with axonal outgrowth, and 
continue to be expressed in mature neurons (Martin-Morris and While 1990). 
This finding is similar to mammalian APP transcripts that are abundant in fetal 
tissues and in adult stages (Kitaguchi et al. 1988; Tanzi et al. 1988). These 
observations have been substantiated by immunolocalization of the APPL 
protein using C(-APPL serum. APPL protein is observed in neuronal cell bodies 
and in neuronal processes (Luo et al. 1990). Figure 2 shows APPL immunore
activity in the photoreceptors in developing eye primordia; the developing eye 
primordia is connected to the optic lobes in the central nervous system by the 
optic nerve. During Drosophila eye development, a morphogenetic furrow sepa
rates the differentiated and undifferentiated epithelium; the undifferentiated cells 
ahead of the furrow are devoid of APPL immunoreactivity. But behind the 
furrow, the newly differentiating photoreceptors show high levels of APPL 
immunoreactivity. APPL immunoreactivity is also observed in the developing 
photoreceptor axons in the optic stalk. 
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Fig. 2. APPL immunoreactivity in the developing eye primordia. Optic sections through the 
developing Drosophila eye imaginal disc (A) and the optic stalk carrying the photoreceptor axons (B). 
Green color represents APPL-immunoreactivity and red color represents propidium iodide staining 
used to visualize all nuclei. Note that only the differentiated photo receptors posterior to the 
morphogenetic furrow (mf) show APPL immunoreactivity and that the undifferentiated cells 
anterior to the furrow are devoid of APPL immunoreactivity. Also note that the axons of the 
differentiating photoreceptors (pa) traversing the optic stalk (OS) are highly APPL immunoreactive. 
Scale bar, 10 microns 

We have identified two forms of APPL protein in Drosophila: a 145-kDa 
membrane-associated form and a 130-kDa soluble form that lacks the cytoplas
mic domain (Fig. 3, lane 2; Luo et al. 1990). Pulse-chase experiments in 
Drosophila tissue culture cells transfected with APPL cDNA show that: 1) the 
145-kDa membrane-bound protein is a precursor to the 130-kDa secreted 
protein, 2) this conversion is very rapid, and 3) both forms are N-glycosylated. In 
tissue extracts from either embryos or adult heads, the 145-kDa precursor and 
the 130-kDa soluble form are present in roughly equal abundance, suggesting 
that if the half life of the precursor in vivo is similar to that in the tissue culture, 
the soluble form does not accumulate but is instead rapidly turned over. APPL 
cDNA has been expressed in the baculovirus system where APPL protein 
undergoes cleavage as in Drosophila tissue culture cells (Aigaki and White, 
unpublished observations). 
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Fig.3. Immunoblot of APPL proteins in different Appl related genotypes (figure taken from Luo et 
aI1992). Lane 1, APPL deficient genotype Appld/y; lane 2, an APPL + genotype Appld/m 52y; lanes 
3 and 4, APPL + genotype where APPL protein is supplied by the hsp-Appl+ transgenes (Appld/y; 
3a2/ + and Appld/y; 3a3/ + ,3a2 and 3a3 represent transgenes bearing hsp-Appl+); lanes 5 and 6, 
genotypes where APPL protein is supplied by a mutated Appl gene, hsp-Appl,d which carries a 30 
amino acid deletion that disrupts secretion (Appld/y; 2eI/ +; Appld/y; 3e2/ + , 2eI and 3e2 
represent transgenes bearing hsp-Appl'd transgene). Note the absence of the two APPL bands 
from lane 1, and a single major band in lanes 5 and 6. The single major band and its size are 
consistent with secretion defective phenotype from a deletion mutant. Asterisks mark background 
bands 

Similarities and Differences Between APPL and APP 

Similar to APP, APPL has a membrane-spanning domain close to its C termi
nus (APP, 24 amino acid membrane spanning domain, 47 amino acid cytoplas
mic domain; APPL, 23 amino acid membrane-spanning domain, 53 amino acid 
cytoplasmic domain). Strong sequence homology was observed between 
APP 695 and APPL in three regions. An N-terminus domain El (APP 695, 1-198; 
APPL, 1-188), that shows 38 % identity, has 12 conserved cysteine residues and 
harbors a highly conserved stretch of 19 amino acids with 15 identities. A second 
extracellular domain E2 (APP 695, 322-469; APPL, 417-576), that shows 37% 
identity, contains one conserved N-glycosylation site and has a highly conserved 
stretch of 71 amino acid residues. Finally, the cytoplasmic domain is 47% 
identical and contains a conserved nona peptide that includes a tetrameric motif 
NPXY required for coated pit-mediated internalization. 

APP is known to be processed in at least two major pathways: a secretory 
pathway (Weidemann et al. 1989) and an endosomal-Iysosomal pathway (Estus 
et al. 1992; Golde et al. 1992; Haass et al. 1992). The processing of APPL 
through the secretory pathway is similar to that of APP. Both are synthesized as 
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integral membrane glycoproteins that are then cleaved to yield secreted forms. 
The preservation of the cleavage suggests that it is physiologically significant 
event that is likely to be associated with the function of the protein. We do not 
yet know if APPL is also processed through the endosomal-Iysosomal pathway. 

There are also several differences between APPL and APP, the most notable 
of these being that there is no sequence similarity in the region of A[3P, although 
the membrane-spanning character in that region is maintained. It is worthwhile 
to note in this context that the two other mammalian genes related to APP, 
APLP1 and APLP2, also lack the A[3P domain (Wasco et al. 1992, 1993). Thus 
APP is unique in having A[3P peptide in the APP family of proteins that have 
thus far been identified. A second difference is that Appl does not encode 
a Kunitz protease inhibitor domain that has been identified in both APP and 
APLP2 genes (Ponte et al. 1988; Tanzi et al. 1988; Wasco et al. 1993). A third 
difference is that the APPL protein is larger than APP, APLP1 and APLP2; the 
functional significance of regions of non-homology is currently unknown. Fi
nally, unlike its mammalian relatives that show a broad tissue distribution, 
APPL is specifically expressed in the nervous system. Absence of the protease 
inhibitor domain and the expression pattern make APPL most similar to the 
APP 695, an APP isoform that is enriched in the nervous system (Ponte et al. 
1988; Tanzi et al. 1988). 

Functional Analyses of App/ Gene 

We have investigated APPL's function using a neurogenetic approach (Luo 
et al. 1992). As a first step, we generated mutant APPL-deficient flies (Appld) that 
carried a synthetic interstitial deletion within the Appl gene, and thus were 
devoid of any APPL protein (Fig. 3, lane 1). These Appld flies, congenitally 
deprived of APPL protein, develop into morphologically normal adults that 
appear to enjoy a normal life span and are fertile under laboratory conditions. 
Thus the function of APPL protein does not seem to be essential for the 
development of the adult fly. This could imply that either APPL does not play 
any role in processes vital for fly development, or that the process that it is 
engaged in is not uniquely essential. 

We argued that APPL protein must be important to nervous system func
tion because it is expressed in most and perhaps all neurons in the developing 
and mature fly nervous system, and because of the evolutionary retention of the 
sequence and domain structure during arthropod and chordate lineages. We 
therefore initiated a behavioral analysis of the Appld flies (Luo et al. 1992). 
Among the behaviors we tested, Appld flies have reduced performance index in 
a learning paradigm-shock associated odor avoidance classical conditioning 
assay (Tully and Quinn 1985). The fact that they also exhibit reduced shock 
reactivity (running away after an electric shock), though, prevents us from 
concluding that the reduced learning index was specifically due to the classical 
conditioning per se. Appld flies were poor performers in fast phototaxis; both 
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shock reactivity and fast phototaxis involve locomoter reactivity (Benzer 1967; 
Meehan and Wilson 1987). In fast phototaxis, flies are repeatedly asked to 
respond to light after they have been physically banged down and allowed to 
recover for a few seconds. Independent tests showed that although the Appld 
flies were deficient in fast phototaxis, their defect was not in vision. Since Appld 
flies were also poor performers in shock reactivity tests that involve escape 
response induced by a noxious stimulus, we believe that the behavioral deficit is 
in locomoter reactivity. 

To demonstrate that the fast phototaxis behavioral deficit is indeed caused by 
the absence of APPL protein, an Appl minigene constructed using Appl cDNA 
expressed under the control of a Drosophila heat shock promoter (hsp-Appl+) was 
used (Fig. 3, lanes 3 and 4). Appld flies and Appld flies that also carried one copy of 
hsp-Appl+ transgene were tested in fast phototaxis assays. The deficit observed in 
the behavior of Appld flies was partially rescued by the transgene expressing wild 
type APPL protein, as the transgene-bearing flies showed about 50% rescue of the 
mutant phenotype. As a negative control another transgene, hsp-applsd, that 
encodes a mutant APPL protein with a 30-amino acid deletion in the extracellular 
region near the membrane-spanning domain and abolishes the secretion of the 
APPL protein was used (lanes 5 and 6). Appld flies that carried one copy of 
hsp-Appl'd transgene showed no rescue of the mutant phenotype. 

A limitation of our analysis is that the functional rescue we obtain is partial 
(Luo et al. 1992). At least part of the reason for this observed inadequacy of the 
wild-type APPL expressing transgene is likely to be due to the fact that, instead 
of a genomic transgene, we used a mini gene in which Appl cDNA was expressed 
under the heat shock promoter. This was necessitated by the large size of the 
Appl gene (at least 38 kb) and because the promoter region of the Appl gene was 
not defined. To allow construction of trans genes that mimic the expression 
pattern of the endogenous gene, we are currently using Appl promoter-lacZ 
fusion constructs to define the Appl promoter. Presumably, a transgene that 
expresses Appl cDNA under its own promoter will provide an improvement 
over the hsp-Appl transgene used in our functional studies. 

Human APP 695 is a Functional Homologue of APPL 

The fast phototaxis assay described above was used to test the ability of APP 695 

to provide the biological function of APPL. A transgene that expresses APP 695 

cDNA under the hsp promoter (hsp-APP 695), as was used to express APPL, was 
introduced into the fly genome, and expression and processing of APP 695 were 
ascertained using immunoblots (Luo et al. 1992). Then Appld flies that carried 
one copy of hsp-APP 695 transgene were tested in fast phototaxis assays along 
with Appld flies and Appld flies that also carried one copy of hsp-Appl+ trans
gene. The results of these tests showed that the APP 695 expressing transgenes 
are able to rescue the fast phototaxis deficit of Appld flies to the same extent as 
the APPL expressing transgenes (Luo et al. 1992). 
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Cellular Functions of APP and APPL 

Our ultimate goal is to contribute to the understanding of the cellular functions 
of the APP family of proteins. Initially, the structure of APP protein suggested 
that it may serve as a cell surface receptor (Kang et al. 1987). One concrete role 
assignable to some APP isoforms is that of a protease inhibitor, by virtue of 
their identity to the protease Nexin II (Oltersdorf et al. 1989; Van Nostrand et al. 
1989). Over the years, however, heterogeneous functional roles have been 
proposed for APP and its domains. Several studies have suggested that APP 
may be involved in cell-cell or cell-matrix interactions (e.g., Schubert et al. 1988, 
1989; Klier et al. 1990) and in general promote cell adhesion. It has been 
proposed that these interactions may be mediated through an integrin-like cell 
surface receptor molecule (Ghiso et al. 1992). Secreted forms of APP have been 
demonstrated to have a growth-promoting effect on fibroblasts (Saitoh et al. 
1989). Data suggesting that the secreted form of APP with the protease inhibitor 
domain is a core protein of a chondroitin sulfate proteoglycan have been 
presented (Shioi et al. 1992). Certain regions of the APP molecule have been 
shown to have neurotoxic properties (Yankner et al. 1990). Secreted APP has 
been suggested to play excitoprotective and intraneuronal calcium regulating 
roles (Mattson et al. 1993). A metalloproteinase inhibitor domain has been 
recently identified in the C terminal glycosylated region of the secreted APP 
(Miyazaki et al. 1993). While the multi domain organization of APP is conducive 
to it being a multifunctional protein, it is unlikely that in vivo APP isoforms 
perform all the varied functions that have been implied by these studies. 

A recent report shows that the cytoplasmic domain of APP may associate 
with Go and be involved in Go activation (Nishimoto et al. 1993). This finding 
goes back to the original cell surface receptor proposal. The notion of APP 
being a Go coupled receptor is attractive, as it offers a functional involvement for 
both the extracellular and cytoplasmic domains of APP, and thus explains 
evolutionary pressures to preserve large domains of homology on both sides of 
the membrane. This postulate will gather strength if other aspects of the 
signaling process become evident. These findings make it reasonable to suggest 
that the primordial APP protein served as a receptor, with the cleavage being an 
obligatory step in the process. It is easy to envision that the secreted protein 
could have acquired additional functions as organisms evolved and that per
haps, in some instances, this was followed by evolution of ligands to procure 
regulated secretion. This latter notion will accommodate some of the functions 
postulated for the secreted form of APP molecules. 

We are asking focused questions of the Drosophila Appl gene that all revolve 
around the physiological function of the 145-kDa membrane-associated form 
and the 130-kDa secreted form in the nervous system. An important finding is 
that flies can develop without any APPL protein and these flies appear relatively 
normal. Such a finding is not necessarily surprising as current estimates suggest 
that two-thirds of the fly's genome is likely to encode functions that fall into 
this category, i.e., absence of the gene function does not lead to any readily 
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observable phenotype (Miklos 1993). Many instances of genes for which null
mutations do not result in obvious phenotypes are known in Drosophila. Among 
genes expressed in the nervous system some examples are Amalgam (Seeger et al. 
1988), Fasciclin I and Fasciclin III (Elkins et al. 1990). Neither is this situation 
unique to Drosophila; in yeast as much as 70% of genes are not essential for cell 
division or growth (Goebl and Petes 1986), and there are examples where mice 
lacking a particular protein develop normally (e.g., Prp knock out, Bueler et al. 
1992; MyoD knock out, Rudnicki et al. 1992). This portion of the genome is 
likely to be made up of at least two sets of genes: those genes that when changed 
lead to only subtle changes in the organism's development or behavior and 
those that are redundant. Absence of APPL leads to subtle deficits in behavior, 
implying that APPL is essential for optimal function of the nervous system. This 
is consistent with the temporal and spatial expression of APPL. 

We recognize that the behavioral defect in itself does not yield any direct 
clues regarding the cellular processes in which APPL engages. Nevertheless, the 
functional assay developed with transgenes expressing wild-type APPL protein 
can now be used for assessing in vivo function of mutant APPL proteins. For 
example, one can ask if mutant Appl transgenes that express just the membrane
associated form or just the secreted form can also be functional. In fact, the 
negative control used in our studies consisted of an APPL mutant transgene 
(hsp-APPUd) that synthesized a secretion-defective protein because of a 30-
amino acid deletion that presumably deleted the cleavage site. hsp-APP U d was 
unable to provide any APPL function in the fast phototaxis behavioral para
digm (Luo et al. 1992). Therefore, secretion appears to be physiologically 
significant, with the caveat that the deleted amino acids could be per se 
structurally required for the biological activity. 

A great strength of Drosophila is that one can use mutants to assess in vivo 
consequences of alterations in a single molecule. Additionally, current molecular 
and genetic methodologies allow identification of other molecules that interact 
with a given molecule. An important generalization that has emerged from the 
explosion in our understanding of cellular mechanisms is that molecules en
gaged in similar processes in different organisms are often structurally related 
and possibly share common ancestry. Moreover, interacting classes of molecules 
unearthed in one system are likely to participate in the same process in other 
systems. Recent studies in the signal transduction process mediated by receptor 
tyrosine kinases provide a striking example of how knowledge from different 
organismal systems can be synergistic and lead to better understanding of a key 
biological process - in this case - the activation of Ras by receptor tyrosine 
kinases (reviewed in McCormick 1993). In these studies one sees the conver
gence of research from Drosophila photoreceptor R 7 development, Caenorhabdi
tis elegans vulval development, and the mammalian signal transduction/ 
oncogene field. When it was discovered that the Drosophila sevenless gene 
encoded a receptor tyrosine kinase similar to many proto-oncogenes (Hafen et 
al. 1987), it became possible to identify other molecules involved in this signaling 
process. Over the years, the genetic analysis of this process has not only 
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identified the ligand for the sevenless receptor (Kramer et al. 1991), but also 
downstream elements such as Ras, guanine nucleotide exchange factor Sos, and 
SH2/SH3 domain containing factor drk (Simon et al. 1991, 1993; Oliver et al. 
1993). Biochemical experiments both in Drosophila and in mammalian tissue 
culture cells demonstrate a universal pathway in activation of Ras by receptor 
tyrosine kinases (e.g., see Egan et al. 1993; Rozakis-Adcock et al. 1993; Li et al. 
1993; Simon et al. 1993; Olivier et al. 1993). Examples like this make it reason
able for us to suggest that in future it should be possible to unearth molecules 
that interact with APPL in Drosophila, and also to use the Drosophila system to 
test physiological roles of interacting molecules implicated in APP function. 
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Amyloid fJA4 of Alzheimer's Disease: Structural 
Requirements for Folding and Aggregation 

C. Hilbich*, B. Kisters- Woike, C. L. Masters, and K. Beyreuther 

Summary 

Alzheimer's disease is known to be the most common cause for a dementia in 
elderly people. Its specific pathological markers are extracellular protein depo
sitions (i.e., amyloid) in the brain. The main component of this amyloid is "[JA4," 
a peptide comprising 43 amino acids. It is highly insoluble under physiological 
conditions and aggregates into dense clusters of filaments. We have used [JA4 
isolated from amyloid plaque cores as well as synthetic pep tides corresponding 
to the natural [JA4 sequence and analogue pep tides to determine requirements 
for aggregation and the secondary structure of [JA4. Infrared and circular 
dichroism spectroscopy of [JA4 pep tides showed that their secondary structure 
consists of a [J-turn flanked by two strands of [J-sheet. Purified [JA4 peptides are 
soluble in water and are precipitated by the addition of salts, suggesting that 
aggregation depends upon a hydrophobic effect. Accordingly, the substitution of 
hydrophobic residues led to [JA4 variants with reduced amyloidogenicity. Ana
logues showed lower [J-sheet contents after solubilization in water and in the 
solid state. Although still forming filaments, some variants did not aggregate 
into the highly condensed depositions that are typical for amyloid; they could 
also be solubilized in 200 mM NaCI and KCl. When mixed with [JA4 pep tides 
bearing the natural sequence, two analogues could inhibit the formation of 
filaments in vitro. They may open the opportunity for a rational therapy of 
Alzheimer's disease. 

Introduction 

Alzheimer's disease is the most prominent cause of dementia in elderly people. 
It is triggered by degenerative processes in the brain. Its histopathology is 
characterized by a degeneration of neurons, gliosis and the deposition of highly 
insoluble proteins in the brain, the latter classifying Alzheimer's disease as an 
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amyloidosis. Proteinacious deposits appear as neurofibrillary tangles (NFT), 
amyloid plaque cores (APC) and amyloid of the congophilic angiopathy 
(ACA; for reviews see Reisberg 1983; Selkoe 1989; Muller-Hill and Beyreuther 
1989). 

In contrast to NFT and ACA, amyloid plaques are found in the brains of all 
Alzheimer's disease victims and are therefore regarded as the main criterion in 
the pathological diagnosis of this disease. The major constituent of both APC 
and ACA has been shown to be a 4.5 kD peptide denoted as {3A4. {3A4 consists, 
in its longest form, of 43 amino acids (Glenner and Wong 1984a,b; Wong et al. 
1985; Masters et al. 1985a,b; Kang et al. 1987; Mori et al. 1992; Roher et al. 
1993). All kinds of amyloid {3A4 deposits contain considerable amounts of 
amino(N)-terminally truncated pep tides. APC comprises the carboxy(C)
terminal amino acid 42 and, in 5 to 25% of the material, also residue 43. 
C-terminally truncated sequences ending at amino acid 40 or 39 were reported 
for ACA in Alzheimer's disease and for the amyloid of cerebral hemorrhage with 
amyloidosis of Dutch type, both of which are found within blood vessel walls of 
the brain (Prelli et al. 1988a,b; Joachim et al. 1988). This "raggedness" of {3A4 
peptides from natural sources is summarized in Figure 1. Electron microscopy 
has revealed similar ultrastructural features of APC and ACA. Besides minor 
amounts of other proteins, they contain {3A4 in the form of straight filaments 
having a diameter of 5 to 10 nm (Terry et al. 1964; Schlote 1965). 

Amyloid {3A4 is proteolytic ally derived from a transmembrane protein 
whose function still remains unclear. Different splice-forms of this amyloid 
precursor protein (APP) are encoded by a widely expressed gene (for reviews see, 
Selkoe 1991; Hardy and Allsop 1991). {3A4 comprises the last 28 residues of the 
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Fig. 1. fJA4 and its naturally occurring variants. The numbers of N- or C-terminal residues, 
respectively, are indicated. N- and C-terminally truncated peptides are shown for otherwise intact 
sequences; in vivo, further variants appear due to simultaneous degradation at both termini 
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extramembraneous part of APP and the first 14 residues of its transmembrane 
domain. During normal secretion (Weidemann et al. 1989), APP is cleaved 
within the f3A4 region, thus preventing the formation of amyloid (Sisodia et al. 
1990; Esch et al. 1990). Intact f3A4 pep tides are released by a minor, alternative 
processing pathway (Haass et al. 1992; Seubert et al. 1992, 1993). 

Cell biological experiments have presented clues to the neurotoxicity of f3A4 
peptides (Yankner et al. 1990; Mattson et al. 1992). Moreover, mutants of the 
APP gene have been isolated from patients suffering from familial Alzheimer's 
disease. Several amino acid substitutions have been identified in different fami
lies. Common to them all is their location close to or even within the f3A4 region 
(Hardy 1992 (review); Citron et al. 1992; Carter et al. 1992). Together these 
results strongly support the hypothesis that Alzheimer's disease is due to 
a metabolic defect of APP which results in the formation of f3A4 aggregates 
which, in turn, cause damage to growing neurons. 

This line of evidence leads to the question of why f3A4 pep tides aggregate at 
all, that is: are there structural features causing this peptide to form highly 
insoluble filaments under physiological conditions, where most "normal" pro
teins or peptides are soluble? 

An initial report addressing this question employed X-ray diffraction of 
oriented filaments obtained from a natural APC preparation. It indicated that 
the pep tides adopt a cross-f3 conformation, i.e., an extended f3-pleated sheet 
structure, whose hydrogen bonds are located parallel to the long axis of the 
filament (Kirschner et al. 1986). 

A classical method for the detection of all kinds of amyloid in histological 
sections employs the dye Congo red. After staining, amyloid shows a green 
birefringence when inspected under polarized light (Bennhold 1922; Divry and 
Florkin 1927; Puchtler et al. 1962; Cooper 1974). This property is correlated to 
the existence of extended f3-pleated sheet structure within insoluble peptide 
aggregates: it is also detected in poly-L-Iysine when it adopts a f3-sheet structure 
after heating (Glenner et al. 1972). These results further corroborate the assump
tion that a f3-pleated sheet conformation (leading to the formation of filamen
tous aggregates) is the ultrastructural commonality behind all types of amyloid 
(for reviews see Glenner 1980; Castafio and Frangione 1988). 

Further experiments have used chemically synthesized pep tides comprising 
partial sequences of f3A4 to identify structural as well as environmental require
ments for f3A4 aggregation (Castafio et al. 1986; Gorevic et al. 1987; Kirschner 
et al. 1987; Hollosi et al. 1989; Halverson et al. 1990; Spencer et al. 1991). On the 
following pages, we will describe our results presenting a comprehensive model 
of f3A4 structure and aggregation. 
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Results 

The Secondary Structure of Naturally Occurring Amyloid fJA4 

In our first attempt to characterize the structure of amyloid PA4 we used 
a sample of amyloid plaque cores isolated from a patient who had suffered from 
Alzheimer's disease. The plaque cores were purified according to previously 
published procedures (Masters et al. 1985a). We chose infrared (IR) spectro
scopy as a fast approach giving accurate information about secondary struc
tures (Krimm and Bandekar 1986) without requiring the high purity and high 
amounts of samples necessary even for low resolution X-ray analysis or NMR 
spectroscopy. 

Figure 2 shows an IR spectrum obtained from 0.2 mg of an APe isolate 
dispersed in a micropellet (0.2 mg) of dry KBr. It was recorded at a resolution of 
4 cm -1 on a 20 SDX FTIR spectrometer (Nicolet). 

The absorption spectrum shows an unequivocal maximum at 1630 cm -1 in 
the amide I region as well as peaks at 1550 cm -1 (amide II) and 1235 cm -1 (amide 
III). All three signals prove the existence of an antiparallel p-pleated sheet as the 
major structural feature of APe constituents. The weak shoulder centered around 
1665 cm - t, like the amide III signals at 1280, 1350, 1385 and 1400 cm - t, indicate 
the existence of p-turns. No IX-helical structures could be detected. 

In summary, the spectrum confirms the (preliminary) data of Kirschner et al. 
(1986) who were the first to report a cross-p structure for an APe isolate. Our 
results demonstrate that the p-sheets are arranged in an antiparallel manner. In 
the following paragraphs, we will show that this is also in agreement with results 
obtained using synthetic PA4 peptides. 
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Fig. 2. Fourier transform infrared spectrum of an APC isolate dispersed in dry KBr 
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Peptides Bearing the Natural fJA4 Sequence 

The next steps in our study dealt with the characterization of pep tides corre
sponding to naturally occurring f3A4 variants (Hilbich et aL 1991a), Peptides 
have been synthesized bearing amino acid 1,2,4,8,9, 10 and 12 of the entire 
f3A4 sequence as their N-terminal residue. They contain threonine 43 as 
C-terminal residue, thus corresponding to the longest variants of f3A4 (Kang 
et aL 1987; Mori et aL 1992). Collectively these pep tides will be denoted as "X-43." 

Solid phase peptide synthesis was performed using Na-t-Boc-protected 
amino acid derivatives transformed into symmetrical anhydrides by reaction 
with dicyclohexylcarbodiimid. After cleavage from the resin and deprotection of 
side chain functional groups (by reaction with neat hydrogen fluoride) the 
peptides were solubilized in 70% formic acid and purified by size exclusion 
chromatography in the same solvent. A second size exclusion chromatography 
was performed in 1 nM acetic acid. Identity and purity of the pep tides were 
monitored by amino acid analysis and automated Edman degradation. 

As expected, the X-43 pep tides show all properties characteristic of natural 
amyloid f3A4 and of amyloid in generaL 1) After staining with the dye Congo 
red, the peptides show a green or (at very high peptide concentrations) yellow 
birefringence. 2) They aggregate in the form of filaments with a length of at least 
100 nm and a diameter of about 5 nm. 3) At physiological ionic strength and 
pH values (e.g., phosphate buffered saline (PBS), pH 7.4), more than 90% of the 
material form an insoluble aggregate, whereas only a small fraction (5 to 10%) 
can be solubilized. 

In contrast, the peptides could be solubilized to more than 90% in distilled 
water. Upon addition of salts (e.g., 50 mM NaCl) or organic solvents, f3A4 
peptides can be quantitatively precipitated. 

The solubilities of f3A4 pep tides were expressed only in relative values 
determined at peptide concentrations of 0.5 to 2 mg/mL When a suspension of 
this concentration is centrifuged and the supernatant is removed from the pellet 
and incubated alone, a new equilibrium between precipitated and solubilized 
peptides will form. Thus, the solubilized peptide fractions cannot be regarded as 
stable solutions. Based on these results, we concluded that solubilized forms of 
f3A4 should also appear in vivo, if an aggregate, i.e., APC or ACA, is present 
(Hilbich et aL 1991). This conclusion was confirmed by the detection of f3A4 in 
cell culture media, blood plasma and cerebrospinal fluid (Seubert et aL 1992). 

A characterization of f3A4 has thus to discriminate between its solubilized 
and precipitated (solid) states. Both the detection of birefringence after Congo 
red staining as well as electron microscopy of filaments characterize high 
molecular weight aggregates, i.e., f3A4 in its precipitated form. Secondary struc
ture in the solid state was examined by IR spectroscopy of pep tides dispersed in 
dry KBr. The X-43 peptides adopt mainly an antiparallel f3-sheet conformation. 
Additional signals are due to f3-turns and sequences lacking a definite secondary 
structure. Together with the green birefringence of polarized light after Congo 
red staining, these results prove an antiparalle1 f3-pleated sheet as the main 
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structural feature of f3A4 pep tides in the solid state. This finding has also been 
confirmed by low resolution X-ray analysis of filaments prepared from a peptide 
1-42 (Fraser et al. 1991). 

The secondary structure of solubilized f3A4 pep tides was determined by 
circular dichroism (CD) spectroscopy. When solubilized in distilled water, 
peptide 10-43 contains an amount of 80% f3-sheet, 10% turn (of type I) and 
10% random coil conformations. An increase in ionic strength causes a decrease 
in the fraction of solubilized peptides. Their secondary structure changes as well: 
up to concentrations of 30 mM NaF (used because of its low UV absorbance), 
the f3-sheet conformation remains preserved; between 40 and 50 mM the f3-sheet 
content is reduced sharply and reaches a level of 24% in 60 mM NaF. The 
amount of random coil conformations increases to 51 %. In 500 mM NaF, 
f3-sheet content is as low as 6%. Size exclusion chromatography of solubilized 
peptides shows that only dimers exist in distilled water, whereas f3A4 peptides 
are monomeric in 500 mM NaF. Similar results were also obtained using other 
types of ions. 

These data can be summarized as follows (see Fig. 3). Peptides solubilized in 
distilled water adopt mainly a f3-pleated sheet conformation containing a f3-turn. 
The f3-sheet is stabilized by dimerization of the peptides. Addition of salts or 
other substances that remove the peptides' hydrate shell and break up the 
regular structure of pure water causes the peptides to precipitate. In contrast 
to the precipitation of many proteins which are soluble under physiological 
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Fig. 3. Aggregation of f3A4 peptides in vitro (see text for comments) 
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conditions, f3A4 aggregates in the form of filaments, thus building up highly 
ordered structures. Within this aggregated fraction that contains at least 90% of 
the peptide material, the f3-pleated sheet is conserved and stabilized by inter
molecular interactions. The remaining 10% of the pep tides are solubilized; they 
adopt monomeric random coil conformations. Intramolecular interactions 
might possibly stabilize some kind of tertiary structure. 

The fact that f3A4 aggregation is due to an increase in ionic strength clearly 
demonstrates that interaction between f3A4 pep tides is based upon a hydropho
bic effect, i.e., the exclusion of hydrophobic parts of the molecule from an 
(aqueous) solvent. This can be easily understood regarding the large number of 
hydrophobic amino acid side chains, especially within the C-terminal part of 
f3A4 that stems from the transmembrane domain of APP. 

Characterization of Distinct Parts of the PA4 Sequence 

Secondary structure determinations have demonstrated that the X-43 peptides, 
besides their antiparallel f3-sheet, contain minor amounts of f3-turns and unor
dered regions. To assign these structures to distinct parts of the sequence, we 
compared different members of the X-43 group and examined some analogue 
peptides. 

The fact that all X-43 pep tides form filaments in vitro already shows that the 
N-terminal residues are not necessary for f3A4 aggregation. A comparison of 
filaments prepared from peptides 1-,2- and 4-43 to preparations from pep tides 
8-, 9-, 10- and 12-43 demonstrates differences between these two groups. 
While the morphology of single filaments cannot be distinguished, filaments of 
peptides 1-, 2- and 4-43 seem to be tightly coiled around each other and form 
dense clusters. Filaments prepared from the shorter X-43 pep tides show only 
loosely connected networks. This suggests that the N-terminal residues are 
located at the surface of filaments and mediate interactions between individual 
filaments. 

Such a model is in accordance with the results of IR spectroscopy. NH
groups nonbonded within hydrogen bonds are detected by a signal at 
3450 cm - 1 and result from peptide regions lacking secondary structure. Among 
the X-43 peptides, the amount ofthese "free" NH-groups increases with increas
ing peptide length. Similarly, CD spectroscopy revealed an amount of 10% 
random coil conformations in peptide 10-43 after solubilization in distilled 
water. Peptide 2-43 shows an amount of 38% random coil and only 58% 
f3-sheet under the same conditions. 

The X-43 pep tides also differ in their solubilities. In 5 mM NaCl, pep tides 
1-, 2- and 4-43 show soluble fractions of 50 to 58 %; for peptides 8-, 9- and 
10-43 this fraction is as low as 8 to 10%. Peptide 12-43 again shows an 
increased solubility of 20 to 25%, thus indicating that residues 11 and 12 
influence the stability of f3A4 aggregates. In contrast, amino acids 1 to 9 contrib
ute mainly to the solubility of f3A4 peptides. This region is supposed to be 
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localized at the filament surface and might mediate interactions between indi
vidual filaments. In vivo, they could also be involved in the binding of other 
proteins that are found in amyloid in minor amounts. 

The sequence of residues 10 to 43 is sufficient to show all typical properties of 
[3A4 peptides, while residues 1 to 9 have only modulating functions. Likewise, 
threonine 43 does not exert a substantial influence on the peptides' behaviour. 
Thus, a peptide 10-42 can be used as a prototype of [3A4. 

Both IR and CD spectroscopy demonstrate the existence of a [3-turn within 
the structure of X-43 peptides. According to secondary structure predictions it 
should be found in the region of residues Ser 26/Lys 28 (Gorevic et al. 1987). To 
define the exact position of such a turn is certainly a task for X-ray crystallo
graphy; however, this would need the preparation of crystals-a kind of aggreg
ate that [3A4 has failed to form until today. 

To develop a model that is based at least on biochemical data, analogues of 
the prototype peptide 10-43 have been synthesized in which several possible 
localizations of the [3-turn were stabilized by the introduction of a disulfide 
bridge. Amino acids i-I and i + 4 (the postulated [3-turn comprizes residues 
i to i + 3) were substituted by a cystine crosslink. The three resulting analogue 
peptides were suspended in phosphate buffer and subjected to digestion by 
leucine aminopeptidase: only one of the analogues is degraded to the same 
extent as peptide 10-43 bearing the natural sequence. In this analogue, a turn 
should be formed by residues 26 to 29. 

This model is again corroborated by results of IR spectroscopy. It demon
strates that peptide 12-43 contains the lowest amount of unordered structure of 
all members of the X-43 group. We therefore postulated that a central [3-turn 
would connect two strands of [3-pleated sheet that have exactly the same length 
in this peptide. In the resulting model, the turn would as well be localized at 
residues Ser 26 - Asn 27 - Lys 28 - Gly 29. 

The central [3-turn is flanked by two regions that are supposed to adopt 
mainly [3-sheet conformations. They were synthetically prepared by pep tides 
10-23 and 29-42 (both bearing amidated C-termini). In addition, peptides 
were examined comprising residues 1-27 and 4-27 (Hilbich et al. 1991a,b). 
Following Congo red staining, all four peptides show the typical green birefrin
gence of polarized light. Peptides 1-27,4-27 and 10-23 form filaments, whereas 
peptide 29-42, due to its extremely low solubility, aggregates in amorphous 
form. However, Halverson et al. (1990) demonstrated filament formation of 
a peptide 34-42; thus it can be stated that both regions situated N- and 
C-terrninal of the postulated [3-turn are capable of forming highly ordered 
aggregates. 

IR spectroscopy demonstrates that all four peptides contain substantial 
amounts of antiparallel [3-pleated sheet structure. In comparison to the X-43 
peptides, they also contain higher amounts of [3-turns and unordered structure. 
The different [3-sheet regions of the entire [3A4 molecule are obviously stabilized 
by mutual interactions. This also applies to the secondary structure of 
solubilized [3A4. If peptides 1-27, 4-27 and 10-23 are solubilized in distilled 
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water or 10 mM Na-phosphate (pH 7,4), they show random coil conformations, 
irrespective of their solubility. Hence, the C-terminal, hydrophobic stretch of the 
sequence is necessary to stabilize a f3-sheet conformation in solubilized f3A4 
peptides. 

It is thus not recommended that a f3A4 peptide like "1-28" be used to 
determine physiological properties of amyloid f3A4. 

The analysis of f3A4 partial sequences and analogues leads us to propose 
a structural model of a f3A4 monomer within an aggregate (Fig. 4). A central 
f3-turn formed by residues 26 to 29 is flanked by two f3-pleated sheet regions of 
approximately equal length. Residues 1 to 9 protrude from this hairpin-like 
structure. In the direction of the long axis of filaments, aggregation is due to the 
formation of antiparallel f3-sheets. The hydrogen bonds are arranged parallel to 
the filament axis, forming a cross-f3 conformation. The filament diameter results 
from the length of f3-pleated sheet strands as well as from stacking of several 
layers of f3-sheets onto each other. This stacking is stabilized by interactions 
between amino acid side chains. Interactions between hydrophobic side chains 
mediate the hydrophobic effect and lead to the formation of a hydrophobic core 
that might extend through the length of a filament. In summary, this model 
shows commonalities with a model proposed for the structure of paired helical 
filaments, whose main component is thought to be the microtubule-associated 
protein tau (Kirschner et al. 1986). 
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Substitutions of Hydrophobic Amino Acids within fJA4 

A peptide covering residues 10-43 or 10-42 can serve well as a prototype for 
f3A4, but a peptide 10-23 also forms filaments and shows essentially the same 
solubility profile as peptides comprising the whole f3A4 sequence. The 10-23 
peptide contains a region of hydrophobic amino acids which could serve as 
structural basis of a hydrophobic effect. First support for this assumption came 
from an analogue of peptide 10-23 in which the two phenylalanine residues had 
been substituted by an isoleucine in position 19 and a glycine residue in position 
20 (residue numbers correspond to the entire f3A4 sequence). This analogue 
showed a markedly increased solubility under physiological conditions and did 
not form filaments in vitro (Hilbich et al. 1991a). 

However, the formation of a stable f3-sheet structure requires the inclusion of 
the C-terminal, hydrophobic residues 29 to 42 of f3A4 into model peptides (see 
above). As should have been expected, this sequence also leads to a further 
decrease in solubility compared to the 10-23 peptide (Hilbich et al. 1991b). To 
test whether the effects seen with analogues of the 10-23 sequence were also 
detectable in peptides comprising residues 10-42/43, we synthesized analogue 
pep tides corresponding to this f3A4 prototype sequence (Hilbich et al. 1992). 
Twelve different analogues were prepared, each bearing two amino acid substi
tutions within the region of residues Leu 17, Val 18, Phe 19 and Phe 20 (Fig. 5). 
Different types of amino acids were introduced: threonine (uncharged, polar), 
isoleucine (large, unpolar), and glycine or alanine (small, unpolar). 

The solubility of each analogue was determined in a set of different solvents. 
All of the purified analogues are soluble to 90-99% in 1 M acetic acid and in 
distilled water and only to about 5-15 % in PBS, pH 7.4. In these solvents, 
solubilities seem not to differ significantly between analogues and pep tides 
bearing the naturally occurring sequence. To find out whether such differences 
exist, solubilities were determined in solvents of varying ionic strength and 
weakly acidic pH values. Here, increasing salt concentrations also lead to 

10 1S 17 20 25 30 35 40 4243 

10-42 (43) Y E V H H Q K LV F FA E D V G S N KG A I I G L M V G G V V I A (T) 

10-431FF->AG L V A G ____________ _ 
10-431FF->IG L V I G ____________ _ 
10-431FF->GI LV G I ____________ _ 
10·431FF·>11 L V I 1 ____________ _ 
10·421FF->TG LV T G ___________ _ 
10-431FF·>GT LV G T ____________ _ 
10-431FF-> TT LV T T ____________ _ 
10-421LTTF L T T F ___________ _ 
10-421TTFF T T F F ___________ _ 
10-421LTFT L T F T ___________ _ 
10-421TVTF TV T F ___________ _ 
10-421TVFT TV F T ___________ _ 

Fig. 5. Sequences and designations of fJA4 analogues bearing substitutions of hydrophobic residues 
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precipitation of peptides, but in comparison to peptide 10-43, elevated solubili
ties could be demonstrated. Analogues FF ~ TT and TVTF showed the highest 
relative solubilities of all analogues in 200 mM NaCI (74,8 and 91,4%) and 
200 mM KCI (87,2 and 91,1 %). In contrast, variants FF ~ AG and TVFT were 
almost as insoluble as f3A4 pep tides bearing the natural sequence. 

f3A4 peptides aggregate even under the usually denaturing conditions of 
SDS-polyacrylamide gel electrophoresis (PAGE): the X-43 pep tides always 
show two bands of similar intensity, corresponding to a monomer and a tet
ramer. Among most of the analogues, the monomeric form strongly prevails: 
only at high peptide concentrations (40 ,Ltg/slot), the analogues give rise to very 
weak tetrameric bands, which are easily washed out from the gel. 

To test the tendency of the pep tides to aggregate in the absence of detergents, 
CD spectra of the analogues in distilled water were recorded. Here, peptide 
10-43 bearing the natural sequence adopted conformations consisting of 80% 
f3-sheet, 10% f3-turn of type I, and 10% random coil (Hilbich et al. 1991a). None 
of the analogues showed the same high degree of f3-sheet structure: f3-sheet 
contents did not even reach 60% and were as low as 34 % for L TTF and 28 % for 
TVTF. For most of the analogues, the addition of salts caused a further decrease 
of f3-sheet content. However, for L TTF and TVTF an increase of f3-sheet 
structure at NaF concentrations of 20-60 mM was detected. This is reminiscent 
of "normal" soluble proteins that require a certain ionic strength to fold into 
their native conformation. In the solid state, a reduced f3-sheet conformation of 
analogue peptides is demonstrated by IR spectroscopy of peptides dispersed in 
dry KBr. 

Increased solubility and reduced f3-sheet content result in a lack of aggrega
tion under the conditions of SDS-PAGE; they can, however, be compensated 
under conditions closer to physiological ionic strength and pH. The analogues 
still form filaments in PBS (pH 7.4). Like filaments of peptides bearing the 
natural sequence, they have diameters of about 5 nm. Their length distribution 
differs; the shortest ( < 50-100 nm) filaments are found in preparations of 
peptides L TTF and TVTF. These samples also lack the clustering of individual 
filaments that appears in most filament preparations of f3A4 peptides. Unex
pected results were obtained using mixtures of an analogue and an equimolar 
amount of peptide 10-43 or 10-42 bearing the natural sequence. Most of these 
mixtures also produce filaments, again showing diameters of about 5 nm and 
a length of more than 100 nm. But filamentous aggregates can scarcely be 
detected in mixtures of FF ~ GI and FF ~ TT with peptide 10-43. Besides 
some globular structures, again of about 5 nm in diameter, most of the peptide 
material precipitates in amorphous form. Obviously, these mixtures show an 
inhibition of filament formation. 

This must be due to an interaction between an analogue and a peptide 
bearing the natural sequence. One could envisage that such interactions are 
mediated by the C-terminal, hydrophobic sequence that has not been altered in 
the analogues. Within resulting mixed oligomers, the most hydrophobic se
quences might form a f3-sheet core structure flanked by the more hydrophilic 
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parts. In mixtures with variants FF --+ GI and FF --+ TT, oligomers have obvi
ously lost their ability to interact with another f3A4 peptide and prohibit an 
ongoing association. The globular structures appearing in these mixtures might 
correspond to such oligomers that are supposedly even unstable per se, since the 
bulk material forms amorphous precipitates. 

The variants FF --+ GI and FF --+ TT are the ones possessing the highest 
amounts of f3-sheet structure according to CD spectroscopy (59%). This correla
tion can be easily understood: an interaction between analogues and pep tides of 
the natural sequence would be impossible without a certain degree of structural 
similarity. 

All types of amyloid show a green birefringence under polarized light if they 
are stained with the dye Congo red. Synthetic f3A4 peptides show the same 
property that is also shared by several analogues described here. In contrast, 
variants FF --+ GI, FF --+ TT, L TTF, and TVTF can be stained by Congo red, 
but do not exhibit any change of colour when inspected under polarized light. 
Thus they have lost an essential feature of amyloid peptides. 

The peptides' birefringence can be correlated to their solubilities. The four 
analogues negative for birefringence show the highest solubilities in NaCI 
solutions and are the only ones that are solubilized significantly in KCI solu
tions. Since Congo red staining is done using suspensions of peptides in solu
tions of high salt concentration where all analogues are only poorly soluble (i.e., 
in PBS or 80% ethanol saturated with NaCl), birefringence cannot have been 
influenced directly by solubilization of a peptide. Instead, both solubility in 
NaCI and KCl solutions and the lack of birefringence obviously reflect alter
ations of three-dimensional structure which are effectively reducing amyloid 
properties of these f3A4 analogues. 

In all of the f3A4 variants described here, hydrophobic amino acid residues 
have been substituted by more hydrophilic ones, often by threonine. Yet it is not 
simply the overall hydrophobicity that governs the behaviour of f3A4 analogues, 
but their three-dimensional structure. This is illustrated by three pairs of 
analogues with identical amino acid composition and, hence, identical hydro
phobicities. Peptides FF --+ GI, LTTF and TVTF exhibit reduced 
amyloidogenicity, whereas their counterparts FF --+ IG, LTFT and TVFT show 
low solubilities and the typical green/yellow birefringence after Congo red 
staining. In the case of peptides FF --+ GI and FF --+ IG, inversion of the 
substituting residues even decides whether the resulting analogue can inhibit 
filament formation. 

In summary, the results clearly demonstrate that a well-preserved hydropho
bic core around amino acids 17 to 20 of f3A4 is crucial for the formation of both 
the f3-sheet structure and the amyloid properties of f3A4. In analogues FF --+ GI, 
FF --+ TT, LTTF and TVTF, substitutions of hydrophobic residues have lead to 
f3A4 variants with markedly reduced amyloidogenicity. If APP contained 
two threonine residues instead of phenylalanine in position 19 and 20 of the 
f3A4 region, Alzheimer's disease (being an amyloidosis) would presumably not 
be known. f3A4-homologue peptides would only form diffuse plaques or 
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preamyloid, and the disease would be halted at a stage where clinical symptoms 
are relatively rare and endurable. 

However, as this hydrophobic region is of high importance for the structure 
of f3A4, substitutions might also result in variants with increased amyloidogenic
ity. In a family suffering from Alzheimer's disease and cerebral hemorrhage, 
Hendrick et al. (1992) identified an APP mutation that leads to a substitution of 
alanine 21 by glycine. It might well be that this substitution results in a stabili
zation of the hydrophobic core and, consequently, of f3A4 aggregates. 

The synthesis of f3A4 analogue pep tides FF -+ GI and FF -+ TT which can 
inhibit filament formation in vitro opens a possibility for therapeutic ap
proaches. They may serve as lead substances in the design of analogues that 
should retain the ability to inhibit filament formation, but should be more 
soluble and less vulnerable towards protease digestion. They could thus repre
sent an opportunity for a rational therapy aimed at inhibiting amyloid forma
tion in Alzheimer's disease. 
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Production of Amyloid Jl Protein from Normal 
and Mutated Amyloid Jl Protein Precursors 

T. E. Golde*, X.-D. Cai, T.-T. Cheung, M. Shoji, and S. G. Younkin 

Introduction 

In patients with Alzheimer's disease (AD), large numbers of senile plaques are 
found throughout the neuropil of the cerebral neocortex and hippocampus. 
These senile plaques, which are present in small numbers in the brains of aged 
mammals and normal elderly individuals, are observed in large numbers only in 
AD and thus represent a change that is quite specific for this disorder. "Classic" 
senile plaques consist of a spherical cluster of abnormal neurites surrounding an 
extracellular amyloid core composed of 5-10 nm fibrils that can be visualized on 
light microscopy by staining with Congo Red or Thioflavin S (Terry 1985). In 
most cases of AD, amyloid fibrils are also found in the walls of cerebral vessels 
(Glenner 1983). 

The principal proteinaceous component of the amyloid deposited in AD is 
a '" 4 kDa (39-43 residue) polypeptide (amyloid f3 protein, Af3) that has been 
isolated both from plaque cores and meningeal blood vessels of AD brains 
(Glenner and Wong 1984; Prelli et al. 1988; Masters et al. 1985; Selkoe et al. 
1986; Kang et al. 1987; Mori et al. 1991). Using oligonucleotides based on the Af3 
sequence, several groups (Kang et al. 1987; Goldgaber et al. 1987; Tanzi et al. 
1987; Robakis et al. 1987) isolated cDNA clones that encode the Af3 as part of 
a much larger amyloid f3 protein precursor (f3APP) and, with these clones, they 
mapped the f3APP gene to the long arm of chromosome 21. 

AP is an Internal Peptide Located Close to the COOH Terminus 
of the PAPP 

The f3APP gene produces at least six different mRNAs (Kitaguchi et al. 1988; 
Ponte et al. 1988; Tanzi et al. 1988; Jacobsen et al. 1991; De Sauvage and Octave 
1989; Golde et al. 1990), all of which encode proteins that are identical in their 
amino terminal region. Two of these mRNAs encode proteins of 365 (Jacobsen 
et al. 1991) and 563 (De Sauvage and Octave 1989) amino acids that do not 
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Fig. 1. Major fJAPP isoforms containing AfJ (fJAP) 

contain the fJAP, peptide. The other four fJAPP mRNAs (Kitaguchi et al. 1988; 
Ponte et al. 1988; Tanzi et al. 1988; Golde et al. 1990), which encode proteins of 
695,714, 751, and 770 amino acids, are produced through alternative splicing of 
two adjacent exons. One of these exons encodes a 56-amino acid domain that is 
highly homologous to the Kunitz family of serine protease inhibitors; the other 
encodes a 19-amino acid domain with homology to the MRC OX-2 antigen 
found on the surface of neurons and thymocytes. fJAPP714 is produced in trace 
amounts only (Golde et al. 1990). In each of the three major fJAPP mRNAs 
(Fig. 1), the 43 residue AfJ is encoded as an internal peptide beginning 99 
residues from the carboxyl terminus of the fJAPP and extending from the 
extracellular/intraluminal region (28 amino acids) into the putative membrane
spanning domain (15 amino acids; Kang et al. 1987; Dyrks et al. 1988). It 
appears, therefore, that proteolytic cleavage of the fJAPP on both the amino and 
carboxyl sides of the AfJ is necessary to generate the AfJ found in amyloid 
deposits. 

The Pathologic Cascade that Produces AD: A Working Hypothesis 
Based on the Genetic Forms of AD (trisomy 21 and Familial AD) 

The central question with respect to amyloid deposition in AD has been whether 
amyloid deposition triggers the complex pathology observed in AD or is an 
end stage product of that pathology. The genetic forms of AD have been 
particularly helpful in resolving this issue. If amyloid deposition triggers the 
development of AD pathology, then the genetic defects that produce AD should 
be related to amyloid deposition. This has, so far, proven to be the case. 

Individuals with Down's syndrome (DS, trisomy 21) who are over the age of 
40 invariably develop central nervous system pathology that is essentially 
identical to that seen in AD (Ropper and Williams 1980; Mann et al. 1986). This 
observation is significant because it indicates that increased dosage of one or 
more of the loci on chromosome 21 is sufficient to cause AD. The finding that 
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the f3APP gene is located on chromosome 21 immediately indicates that the 
f3APP gene is likely to be the locus (or at least one of the loci) that is responsible 
for the AD pathology that develops in DS. This proposal is supported by the 
observation that, in DS brains, deposits labeled with antisera to the f3AP are 
observed before other aspects of AD pathology develop. 

In rare families, AD is inherited as an autosomal dominant trait. Analysis of 
a large number of familial AD (FAD) kind reds (St George-Hyslop et al. 1990) 
has shown them to be genetically heterogeneous. Some families with early onset 
of symptoms show linkage to chromosome 21 (St George-Hyslop et al. 1990; 
Pericak-Vance et al. 1988); whereas other early onset families (St George
Hyslop et al. 1990; Schellenberg et al. 1988; Goate et al. 1989) and late onset 
families (St George-Hyslop et al. 1990; Pericak-Vance et al. 1988) do not. 
A number of FAD kindreds have now been identified in which point mutations 
at f3APP 717 (resulting in substitution of isoleucine, phenylalanine, or glycine for 
valine717 in f3APP 77o) cosegregate with the disease (Go ate et al. 1991; Naruse et 
al. 1991; Yoshioka et al. 1991; Hardy 1991; Murrell et al. 1991; Chartier-Harlin 
et al. 1991). These mutations have been identified in many unrelated families on 
different continents, and they have not been detected in any controls despite 
exhaustive analysis. Thus there is excellent evidence that this mutation in the 
f3APP gene causes AD. Recently, another f3APP mutation has been shown to 
co segregate with the AD phenotype in two large Swedish kind reds (Mullan et al. 
1992a). In this case, the defect is a double mutation that converts the lysine
methionine located immediately amino to Af3I (lys67o-met671 in f3APP 77o) to 
asparagine-leucine. The location of these mutations in close proximity to the 
amino and carboxyl ends of Af3 (Fig. 2) immediately suggests that they cause AD 
by altering f3APP processing in a way that is amyloidogenic. 

On the basis of this genetic evidence it is reasonable to propose, as a working 
hypothesis, that AD is a heterogeneous disorder in which multiple initiating 
mechanisms alter f3APP processing in a way that results in amyloid deposition 
which, in turn, produces the complex pathology that characterizes this disorder. 
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Fig. 2. AfJ domain of fJAPP molecule (box) showing mutations associated with FAD 
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Recently mutations on chromosome 14 (Schellenberg et al. 1992; Van Broeck
hoven et al. 1992; Mullan et al. 1992b; St George Hyslop et al. 1992) and 19 
(Pericak-Vance et al. 1991) have been linked to FAD. These mutations are 
obviously not in the {3APP gene, but the affected genes may well encode 
proteins (e.g., proteases or protease inhibitors) that alter {3APP processing 
in a way that is amyloidogenic. Identifying these and other mutated genes 
that are linked to FAD and determining whether they alter {3APP processing 
in a way that is amyloidogenic is, therefore, an important way to continue 
to test the hypothesis that amyloid deposition plays a central role in the 
development of AD. 

Normal PAPP Processing Produces a Complex Set of 
Carboxyl-Terminal Derivatives 

It is well established that the {3APP is normally processed by a secretase in 
a constitutive secretory pathway. This processing cleaves full length {3APP at 
Af316 to generate a secreted derivative and an '" 8.7 kD carboxyl-terminal 
fragment that cannot produce amyloid because neither contains the entire Af3 
(Fig. 3). Recently we have shown that normal processing also generates a com
plex set of carboxyl-terminal derivatives (Fig. 3) that include a potentially 
amyloidogenic '" 11.4 kD form with Af3 at its amino terminus (Estus 1992; 
Golde et al. 1992). 
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Fig. 3. Schematic diagram of {3APP processing (note that the cellular origin of A{3 is uncertain) 
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Normal PAPP Processing Produces and Releases 4 kD AP 

To determine whether Af3 can be produced from Af3-bearing carboxyl-terminal 
f3APP derivatives (Shoji et al. 1992), we stably transfected human mononuclear 
leukemic (K562) cells with LC99 , a construct that begins with the 17 amino acid 
f3APP signal peptide, continues with the leucine that normally follows the f3APP 
signal peptide, and ends with the 99 amino acids at the carboxyl end of the 
f3APP, a sequence that begins with the Af3. To detect Af3 released from K562-
LC99 cells, we used SGY2134, a rabbit antiserum raised to synthetic Af31 - 40 

that recognizes primarily Af31 - 16, to immunoprecipitate the protein in medium 
conditioned with K562-LC 99 cells. The immunoprecipitated protein was sepa
rated on 10/16% tris/tricine gels, transferred to immobilon P, and labeled with 
4G8, a mouse monoclonal antibody to Af317 - 24. As a control, synthetic Af31 - 40 

was added to culture medium and analyzed identically. Using this approach, 
a 4 kD protein that comigrated with synthetic Af31 - 40 was identified in medium 
conditioned with K562-LC99 cells but not in medium conditioned with K562 
cells transfected with vector alone. This 4 kD protein was definitively identified 
as Af3 by isolating it from a large volume of culture medium and directly 
sequencing it. Thus cells transfected with a model Af3-bearing carboxyl-terminal 
derivative process that derivative to release Af3 into the medium. 

The same assay used to detect synthetic Af31 _ 40 and the Af3 released from 
K562-LC99 cells was employed to determine whether Af3 is also released into 
human CSF and by cultured cells expressing full length f3APP (Shoji et al. 1992). 
In our initial experiment on CSF, we analyzed 3-ml samples obtained at autopsy 
from seven AD patients and seven controls. Strong signals were obtained in five 
of the seven autopsy-confirmed AD cases, but considerable Af3 was also present 
in three of the seven controls. We also examined 3-ml samples of CSF from 
living patients, five from patients with probable AD and five from age-matched, 
non-AD patients. Again, there was considerable overlap in the amount of Af3 
observed in the AD and non-AD group. Thus our initial survey indicates that 
there is 1) readily detectable Af3 in the CSF of AD and control patients, 
2) considerable apparent interindividual variation in the amount of Af3 in CSF, 
and 3) no obvious correlation between AD and the amount of Af3 in CSF. 
Additional studies are needed, however, to determine whether the measurement 
of Af3 in CSF will be useful in the diagnosis or management of AD patients and 
to determine, in particular, if high levels of Af3 are a significant risk factor in the 
development of AD. 

To determine whether Af3 is released by cultured cells expressing full length 
f3APP, we analyzed medium conditioned with human neuroblastoma (M17) 
cells stably transfected with a f3APP 695 expression construct. In our initial 
experiments, the transfected M17 cells were differentiated for seven days with 
retinoic acid to induce the formation of long neurites. These differentiated 
M17-f3APP695 cells released readily detectable levels of a 4 kDa protein, and 
subsequent experiments showed the same to be true for undifferentiated M17 
cells. The 4 kD Af3 released by these cells was definitively identified as Af3 by 
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metabolically labeling them with [3H]-phenylalanine, isolating the 4 kD protein 
released into the culture medium. and radio sequencing it to demonstrate 
phenylalanine at the predicted 4, 19, and 20 positions. Remarkably, some 4 kD 
A{3 was even detected in the medium of M17 cells expressing only endogenous 
{3APP. 

Essentially identical results have been reported by Haass et al. (1992) and 
Seubert et al. (1992) in their studies of a variety of transfected cells and mixed 
human fetal brain cultures. Significantly, Seubert et al. (1992) showed by mass 
spectrometry that at least some of the 4 kD A{3 released by cultured cells is 
A{3I - 40· 

Taken together, the analyses of human CSF and transfected cells performed 
by our group (Shoji et al. 1992) and two others (Haass et al. 1992; Seubert et al. 
1992) provide compelling evidence that normal cellular processing of the {3APP 
produces significant amounts of a soluble extracellular 4 kD derivative essen
tially identical to the A{3 that forms amyloid in AD. Thus it now appears that 
amyloid deposition in human brain depends on 1) the rate at which soluble A{3 is 
produced and released into the extracellular fluid, 2) the rate at which soluble, 
extracellular A{3 is removed from the extracellular fluid, and 3) the rate at which 
soluble, extracellular A{3 is converted into insoluble amyloid deposits. 

Processing of FAD-Linked Mutant PAPPs 

To evaluate production of A{3 and A{3-bearing COOH-terminal derivatives in 
cells expressing the FAD-linked mutant {3APPs, we compared human neuro
blastoma (MI7) cells stably transfected with mutant (,11, ,1NL) or wild type 
(WT) {3APP 694 (Cai et al. 1993). In our initial experiment, two ,1NL lines, a ,11 
line, a WT line, and a line transfected with vector alone (CEP4{3) were metaboli
cally labeled with [ 35S]-methionine for 20 min to assess {3APP synthesis, and for 
12 hours to analyze the COOH-terminal {3APP derivatives accumulating in cells 
and the A{3 released into the medium. After 12 hours of continuous labeling, the 
WT and ,11 lines were similar with respect to the COOH-terminal {3APP 
derivatives that accumulated and the A{3 that was released. In contrast, the 
8-12 kD COOH-terminal derivatives accumulating in the two ,1NL lines were 
completely different, showing a marked increase in the relative amount of the 
11.4 kD derivative, a derivative that has A{3 at its amino terminus. In addition, 
the medium conditioned by the two ,1NL lines contained, on average, 15-fold 
more 4 kD A{3 than the medium conditioned by the WT and ,11 lines. After pulse 
labeling for 20 min, the two 695,1NL lines contained five fold more full length 
{3APP than the WT and ,11 lines, but this increased expression did not account 
for the 15-fold increase in A{3. 

To pursue this observation, we retransfected M17 cells producing new stably 
transfected 695WT, 695,11, and 695,1NL lines. During pulse labeling for 20 min, 
the three new ,11 and the three new ,1NL lines accumulated comparable amounts 
of full-length {3APP, but the three new WT lines accumulated 3.3-fold more 
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{3APP, indicating that expression was 3.3-fold higher in these lines. Despite 
{3APP expression less than one third that of the WT lines, the JNL lines 
accumulated considerably more of the 11.4 kD A{3-bearing COOH-terminal 
derivative after eight hours of continuous labeling, and medium conditioned 
with the JNL lines contained considerably more 4 kD A{3. Quantitative analysis 
of these results using phosphorimaging technology showed that, in cells pulse 
labeled for eight hours, the ratio of the 11.4 to 8.7 kD cell-associated derivatives 
was over five-fold higher in the JNL as compared to the WT or JI lines. When 
the amount of A{3 in medium was normalized to the full-length {3APP present 
after pulse labeling for 20 min, A{3 was over six times higher in the JNL than in 
the JI or WT lines. Recently, Citron and colleagues (1992) have reported that 
293 cells expressing {3APP 4NL show a similar increase in A{3 release. 

The observation that M17 cells expressing {3APP 4NL show a marked increase 
in A{3-bearing COOH-terminal derivatives and release increased amounts of 
4 kD A{3 provides strong evidence that {3APP ANL causes AD because its process
ing is altered in a way that releases increased amounts of A{3, thereby fostering 
amyloid deposition. More generally, the linkage of this form of FAD to 
a {3APP ANL mutation demonstrated to increase A{3 production in cultured cells 
1) provides strong evidence that the pathway producing A{3 in cultured cells is 
highly relevant to AD and 2) greatly strengthens the hypothesis that amyloid 
deposition plays a central role in the development of all forms of AD. 

If amyloid deposition is invariably pivotal in the development of AD, then 
one would also expect the {3APP717 mutations (JI, JF, and JG) to alter {3APP 
processing in a way that is amyloidogenic. Our data provide no indication, 
however, that the processing of {3APP AI in M 17 cells is altered in a way that 
would obviously promote amyloidogenesis. In fact, our data suggest that, if 
anything, M 17 cells expressing {3APP AI produce less secreted 4 kD A{3 than 
those producing wild type {3APP. Isolation of A{3 from AD amyloid has revealed 
COOH-terminal heterogeneity with A{3s ranging in size from A{31 - 39 to 
A{31 - 43 (Tanzi et al. 1988; Jacobsen et al. 1991; De Sauvage and Octave 1989; 
Golde et al. 1990; Dyrks et al. 1988). Although some secreted 4 kD A{3 is A{31 - 40 

(Seubert et al. 1992), our working hypothesis is that the A{3 normally secreted by 
cultured cells shows COOH-terminal heterogeneity similar to that observed in 
AD amyloid. Our data indicate that the JNL mutation increases A{3 production 
by augmenting cleavage at the site of mutation on the amino side of A{3, and we 
propose that this mutation increases all A{3 in a way that does not alter the 
specific site(s) of COOH-terminal cleavage. Although the {3APP717 mutations 
do not increase overall A{3 production, our working hypothesis is that these 
mutations on the COOH-side of A{3 shift cleavage to favor generation oflonger 
A{3s such as A{31 - 42 or A{31 - 43, forms that are specifically associated with 
senile plaque amyloid and not with vascular amyloid (Prelli et al. 1988; Masters 
et al. 1985; Selkoe et al. 1986; Kang et al. 1987). Since these longer A{3s have 
biophysical properties that favor amyloid deposition (Burdick et al. 1992; 
Hilbich et al. 1991), shifting the site of cleavage could result in amyloid depo
sition without increasing the overall amount of A{3 produced. 
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Mechanism of Cerebral Amyloidosis in 
Alzheimer's Disease 

D. Allsop*, A. Clements, H. Kennedy, D. Walsh, and C. Williams 

Summary 

The detailed molecular mechanisms involved in the release of the f3/A4 
peptide from its precursor (APP), and the particular isoform(s) of APP involved, 
are still unclear. Western blots of secreted APP from CSF and brain have 
suggested that f3/A4 maybe derived from the brain-specific APP-695 isoform. 
Antibodies to the initial part of 13/ A4 detected only those bands that reacted 
with antisera to the Kunitz-type protease inhibitor (KPI). Thus, secreted forms 
of APP with KPI seemed to retain the initial part (residues 1-15) of the 
f3/A4 sequence, whereas those of APP-695 did not. This may be due to a poten
tially amyloidogenic cleavage of APP-695 on the N-terminal side of f3/A4. It 
has been reported recently that secreted APP lacking the f3/A4 sequence (pre
dominantly APP-695) is released by primary cultures of brain tissue. 
Evidence was presented for cleavage of the Met-Asp bond on the immediate 
N-terminal side of f3/A4. 

Despite a plethora of studies, little is known about the enzymes involved in 
APP processing. Since these are a potential target for therapeutic intervention, 
they remain an area of great interest. 

Several mutations in the APP gene have been found to segregate with 
familial Alzheimer's disease or cerebrovascular amyloidosis. One likely effect of 
pathogenic mutations within the amyloid region is to promote aggregation of 
the f3/A4 peptide after its release from APP. We have examined the fibrillogenic 
properties of synthetic peptides corresponding to residues 13-26 of f3/A4 con
taining the normal sequence, or the mutations E22 to Q (Q22) or A2l to G (G21). 
All of the peptides formed fibrils in solution at 37°C and pH 7.4, but the peptide 
with the Q22 mutation showed greatly accelerated fibril formation compared to 
the other two. The results suggest that the Q22 mutation confers increased 
amyloidogenic properties on the f3/A4 peptide, whereas the G21 mutation acts 
by a different pathogenic mechanism. 
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Introduction 

The 39-43 residue peptide referred to here as /3/A4 is the major constituent of 
senile plaque and vascular amyloid in the brain in Alzheimer's disease (AD) (for 
reviews see Hardy and Allsop 1991; Multhaup et al. 1993). This peptide does not 
appear to be an integral component of paired helical filaments (PHF), although 
amyloid-like fibrils composed of /3/ A4 can be deposited on the surface of PHF in 
extracellular "ghost" tangles (Allsop et al. 1990; Yamaguchi et al. 1991). The 
/3/A4 peptide is thought to be derived by proteolysis from its membrane
spanning precursor, APP (Kang et al. 1987). Multiple isoforms of APP are 
produced by alternative mRNA splicing from a single gene on human chromo
some 21, and some of these contain a Kunitz-type protease inhibitor (KPI) 
sequence (Multhaup et al. 1993). The most abundant form of APP mRNA in 
brain encodes APP-695 (Kang and Muller-Hill 1990) which lacks KPI. How
ever, the predominance of APP-695 mRNA in brain is not necessarily reflected 
at the protein level (Van Nostrand et al. 1991). The recent discovery of several 
presumed pathogenic APP gene mutations in familial forms of AD or cerebro
vascular amyloidosis has highlighted the central role played by amyloid in 
the pathogenesis of these conditions (Hardy and Allsop 1991). This chapter 
is concerned with the molecular mechanisms responsible for amyloid forma
tion, the particular isoform(s) of APP involved, and the pathogenic effects of 
the various APP gene mutations, all of which require considerable further 
clarification. 

Proteolytic Processing of APP 
and Release of the fJIA4 Peptide 

Soluble, secretory derivatives of APP have been detected in cerebrospinal fluid 
(CSF; Palmert et al. 1989a), brain (Moir et al. 1992), and serum (Bush et al. 1990; 
Podlisny et al. 1990), and in the conditioned media of various cells in culture 
(Weidemann et al. 1989). In early studies on the proteolytic processing of APP 
by cultured cells, a large N-terminal fragment was found to be released by an 
unknown APP "a-secretase" acting at the Lys16_Leu17 bond in the middle of 
the /3/A4 sequence (Esch et al. 1990; Anderson et al. 1991). Palmert et al. (1989b) 
reported the presence of two different secretory APP derivatives in brain and 
CSF with molecular masses of approximately 125 and 105 kDa (with and 
without KPI, respectively), both of which reacted with antibodies to residues 
1-13, 1-15, or 1-17 of /3/ A4. It was concluded that APP in brain is invariably 
cleaved at the Lys16_Leu17 site, thus precluding the secretory pathway as 
a route to amyloid formation. 

The first indication that the situation may not be as simple as this came from 
the finding that brain tissue contains not one, but several small, membrane
bound, C-terminal fragments of APP, some of which encompass the entire /3/A4 
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Table 1. Summary of immunoreactivities of 93-123 k bands in cerebrospinal fluid 

Region of APP used Extracellular Kunitz-type Initial part Z31 
for anti-peptide antisera domain inhibitor of fJ/A4 

123 k + + + + 
105-112 k top + + + + 

middle + faint + 
bottom + smear + 

97 k + 
93 k + 

For further details of antibodies see Kennedy et al. (1992) and Allsop et al. (1993). Anti-Z31 reacts 
with residues 577-596 of APP-695 (immediately prior to.the fJ/A4 sequence) and was a gift from 
Dr Yamaguchi. + strongly positive; - negative. 

sequence (Estus et al. 1992). Formation of these potentially amyloidogenic 
fragments was initially attributed to the re-uptake and lysosomal degradation of 
intact APP (Golde et al. 1992; Haass et al. 1992) rather than any alternative 
cleavages at the cell surface. However, our own work points to a different 
interpretation (Kennedy et al. 1992; Allsop et al. 1993; Kametani et al. 1993). We 
have examined normal, orthopaedic CSF by Western blotting using a wide 
range of antibodies of various parts of APP, and have obtained clear evidence 
for six immunoreactive bands of molecular mass 123 kDa, 105-112 kDa (triplet) 
and 93-97 kDa (doublet; Kennedy et al. 1992). We reconcile our results with 
those ofPalmert et al. (1989b) by suggesting that the broad 105 k band described 
by these authors actually contains more than one component. In our experi
ments, several different antibodies to the initial part of PI A4 detected only those 
bands (123 and 112 k) that were found to react unambiguously with antisera to 
KPI (Table 1). The other APP-immunoreactive bands were not detected by 
anti-KPI or anti-PIA4 antibodies. Immunoreactive polypeptides with the same 
molecular weights were found in soluble extracts of human brain tissue. In this 
case the identity of the 105-112 k and 93-97 k components was confirmed by 
N-terminal amino acid sequencing (Kametani et al. 1993). This pattern of bands 
looks identical to that described by Moir et al. (1992) for soluble APP purified 
from brain. The immunoreactivities of the 105-112 k triplet components in CSF 
and brain did appear to be slightly different (Kametani et al. 1993), but in each 
case we could find no clear evidence for a secreted form of APP-695 retaining 
residues 1-15 of PI A4. Thus we postulated that this isoform might be secreted 
predominantly by cleavage on the N-terminal side of PIA4, and not at 
Lys16_Leu17 (Kennedy et al. 1992). This would leave the whole of the amyloid 
sequence behind on a small, membrane-bound fragment, which could be further 
processed to release the PI A4 peptide. This could explain the location of amyloid 
fibrils only in brain, since significant amounts of APP-695 are not found in other 
tissues throughout the body (Spillantini et al. 1989). However, an alternative 
possibility remains, namely that following the action of the IX-secretase, residues 
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1-15 of fJIA4 are selectively removed from secreted APP-695 by limited pro
teolysis at the C-terminal end. 

Recently, a group at Athena Neurosciences has confirmed that C-terminally 
truncated forms of secreted APP, lacking the fJI A4 sequence, are indeed present 
in CSF (Seubert et al. 1993). Furthermore, these truncated forms were also found 
to be released by primary cultures of human foetal brain tissue, apparently via 
a putative "fJ-secretase" acting at the Met-Asp bond on the immediate N
terminal side of fJIA4. This was demonstrated by immunoreaction of secreted 
APP with antibody "92" which appears to detect residues 591-596 of APP (695 
numbering) only in the presence of a free carboxy-terminal methionine. Within 
the brain itself, the relative proportions of the various APP isoforms that are 
processed at the C(- and fJ-secretase sites has not been established. With primary 
brain cultures, Seubert reported that "the alternative processing of KPI-con
taining APP forms to produce antibody 92-reactive material is less apparent 
.... " Embryonic 293 kidney cells transfected with APP-695 or APP-751 both 
secreted small amounts of 92-reactive material (Seubert et al. 1993). However, 
this may not reflect the actual situation in the brain itself (see "Concluding 
Comments" below). We have found that the 92 antibody (kindly supplied by 
Athena Neurosciences) detects only a single band in cerebrospinal fluid with 
a molecular mass of 108 kDa (Kennedy and Allsop, unpublished observation). 
This band migrates at the centre of the 105-112 k triplet (Kennedy et al. 1992), 
but it is not clear yet whether it is a KPI-containing form or not. However, if 
both APP-695 and APP-751/770 are processed at the fJ-secretase site in brain, 
and both of the secreted derivatives are reasonably stable, then the 92 antibody 
should have revealed two corresponding immunoreactive bands in CSF. Obvi
ously, it will be very important for an understanding of APP processing in brain 
to determine the nature of this 92-reactive protein. 

Recently it has been found that transfected cells overexpressing APP secrete 
fJIA4 into the culture medium (Shoji et al. 1992; Busciglio et al. 1993). This fact, 
together with the presence of fJI A4 in the CSF of individuals without AD 
(Seubert et al. 1992; Shoji et al. 1992), suggests that this peptide is a normal 
product of APP processing. Two alternative pathways for the production of 
fJIA4 have been put forward: 1) the re-uptake of intact cell-surface APP and its 
degradation in lysosomes (Golde et al. 1992; Haass et al. 1992); and 2) cleavage 
of APP, at or en route to the cell surface, by the putative fJ-secretase (Seubert 
et al. 1993) followed by further processing to remove the C-terminal tail. The 
lack of effect of the lysosomal inhibitors chloroquine, ammonium chloride, and 
leupeptin on the secretion of fJI A4 by transfected cells (Busciglio et al. 1993) 
favours the latter as the correct explanation, although the mechanism of cleav
age within the membrane at the C-terminal end of fJIA4 remains difficult to 
explain. Busciglio et al. (1993) found that human astrocyte primary cultures 
produced larger amounts of fJIA4 than primary neuronal cultures. Astrocytes in 
primary cultures from rat brain apparently produce mainly APP subtypes 
which lack KPI (Berkenbosch et al. 1990). These results are compatible with the 
derivation of brain amyloid predominantly from APP-695 (Kennedy et al. 1992). 
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Transfected cells also secrete N-terminally extended forms of P/A4 commencing 
3 or 6 residues prior to the usual N-terminal aspartate (Busciglio et al. 1993). Thus, 
further corresponding APP secretory cleavage sites may remain to be discovered. 

Proteolytic Enzymes Involved in APP Processing 

The identity of neither (1.- nor p-secretase has been determined unequivocally. 
A number of proteolytic enzyme activities have been shown to cleave appropri
ate short synthetic peptide substrates at the correct position (Abraham et al. 
1991; Ishiura 1991; McDermott et al. 1992; McDermott and Gibson 1991; 
Razzaboni et al. 1992; Small et al. 1991), but demonstrating physiologically 
relevant cleavage of intact APP at the same peptide bond has been a much more 
difficult proposition. 

It has been claimed that (I.-secretase has an unusually broad specificity 
(Sisodia 1992). This enzyme activity does not appear to be inhibited by the 
addition of general inhibitors of serine-, aspartyl- or cysteine-proteinases to the 
media of differentiated PC-12 cells (Walsh et al. 1993), suggesting that it may be 
a metalloproteinase. Indeed, the most recent candidate for (I.-secretase is the 
metalloproteinase gelatinase A (Miyazaki et al. 1993). This enzyme cleaves 
synthetic P/A41O-20 at the Lys16_Leu17 bond and is also inhibited by secretory 
forms of APP. These observations raise the intriguing possibility that APP 
processing could be subject to autoregulation via the putative APP inhibitory 
domain for gelatinase A. Miyazaki et al. (1993) could find no homology between 
APP and other naturally occurring inhibitors of collagenases/gelatinases known 
as TIMPS (tissue inhibitors ofmetalloproteinases), but we have noticed a small 
homologous motif between residues 407-417 of APP-695 and Cys3_Cys13 of 
TIMP (Fig. 1). The latter region has been implicated as being important for the 
inhibitory properties of TIMP (O'Shea et al. 1992). This potential inhibitory 
sequence in the APP molecule deserves further investigation. However, as noted 
above, gelatinase A cannot be considered a strong contender for being (1.

secretase until it has been shown to cleave full-length, membrane-bound APP at 
the P/A4 Lys16_Leu17 bond. 

There are presently no strong candidates for p-secretase. 

3 13 
TIMP-C-V-P-P-H-P-Q-T-A-F-C-

APP -A-V-P-P-R-P-R-M-V-F-N-
407 417 

Fig. 1. Close homology between APP (695 numbering) and a small region of TIMP (O'Shea et al. 
1992) thought to be important for the inhibition of gelatinases. Five of the nine amino acids between 
the two Cys residues in TIMP are identical in the APP sequence. Of the remaining four residues, 
only one (R413) is non-conservative 
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Pathogenic Effects of APP Gene Mutations 

In familial AD, APP mutations outside of the P/A4 sequence include the KM to 
NL double mutation on the immediate N-terminal side of P/A4 (Mullan et al. 
1992) and the V to I, G or F point mutations on the C-terminal side of P/A4 
(Go ate et al. 1991; Chartier-Harlin et al. 1991; Murrell et al. 1991). Kidney or 
neuroblastoma cells transfected with APP-695 containing the former double 
mutation produce 6- to 8- fold more P/ A4 than cells transfected with the normal 
sequence, suggesting that the mutant APP is more susceptible to cleavage at the 
p-secretase site (Citron et al. 1992: Cai et al. 1993). The pathogenic effects of the 
V to I, G or F point mutations are unknown. One hypothesis has been that they 
destabilize the stem of a putative iron-responsive element in ex on 17 of the APP 
mRNA (Tanzi and Hyman 1991). However, the finding of a silent, but non
pathogenic mutation that should also disrupt this same stem loop structure 
makes this unlikely (Zubenko et al. 1992) Another possible effect of these 
mutations is to enhance cleavage of APP at the C-terminal end of the amyloid 
peptide, but there is no evidence to support this idea. A more remote possibility 
is that the mutant amyloid is extended beyond the normal 39-43 residues so 
that the subsituted amino acid is included. If this extended mutant form of P/ A4 
is a highly amyloidogenic intermediate in the proteolytic processing of APP, 
then the first pathogenic mechanism described below would be feasible. 

Additional APP mutations found within the amyloid region include E22 to 
Q (Q22) in Dutch cerebral amyloid angiopathy, and A2l to G (G21) in a Dutch 
family with a history of cerebrovascular amyloidosis and AD (Hendriks et al. 
1992; Levy et al. 1990). These mutations might act by a number of additional 
mechanisms, including: 1) an increased propensity of the mutant P/A4 peptide 
to aggregate into amyloid (Wisniewski et al. 1991); 2) increased stability of 
amyloid formed from the mutant peptide (Fraser et al. 1992); 3) a decrease in the 
rate of cleavage at the IX-secretase site, diverting more APP through an alterna
tive amyloid-forming pathway; and 4) reduced susceptibility of the mutant P/A4 
peptide to proteolytic degradation. Since the P/A4 peptide presumably has some 
important physiological function in the brain, it is probable that specific pro
teolytic mechanisms exist to inactivate it. If the mutations conferred increased 
resistance to such proteolysis, amyloid fibril formation might be enhanced. 

Synthetic peptides corresponding to the full-length sequence and also smaller 
fragments of P/A4 are known to aggregate in vitro to produce fibrils with similar 
ultrastructural and Congo red tinctorial properties as native amyloid (see for 
example Castano et al. 1986; Kirschner et al. 1987). The C-terminal hydrophobic 
region of P/A4 is thought to be important in promoting fibrillogenesis (Burdick 
et al. 1992; Halverson et al. 1990). However, Wisniewski et al. (1991) showed that 
short peptides lacking this region will still aggregate. Moreover, those contain
ing the Q22 mutation formed fibrils much more readily than the corresponding 
normal sequences. This could be due to their increased p-pleated sheet content 
(Fabian et al. 1993) and supports mechanism 1 (above) for the pathogenic effects 
of this mutation. 
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Fig. 2. Effects of concentration on the kinetics of 
aggregation of (a) P13-26, (b) P13-26 Q22 and (c) 
P13-26 G21. Peptide solutions (200-300 Jll) were 
incubated at 37°C and centrifuged (17,500 x g for 
10 min) after 1,4, 8, 12 and 24 hr. Samples (10 Jll) 
of each supernatant were analysed by reverse 
phase HPLC. The amount of peptide remaining 
in solution was calculated from peak areas. Three 
independent experiments were carried out (results 
show mean ± SD) 
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We assessed the fibrillogenic properties of synthetic peptides corresponding 
to residues 13-26 of f3/A4, containing either the normal sequence (f313-36) or 
each of the mutations Q22 and G21 (peptides f313-36 Q22 and f313-36 G21, 
respectively; Clements et al. 1993). The aggregation of the peptides was 
monitored at different time points over a period of 24 hours. This was achieved 
by centrifugation to remove insoluble fibrils, followed by reverse-phase HPLC 
analysis of the amount of peptide remaining in solution. The rates of aggrega
tion of the three pep tides at concentrations of 0.2-1 mg/ml in 50mM Tris-HCI, 
pH 7.4 at 37°C are shown in Figure 2. At an initial concentration of 1 mg/ml, 
approximately 60% of f313-26 and 75% of f313-26 G21 remained in solution after 
24 hours, whereas by this time f313-26 Q22 has completely aggregated. In 
marked contrast to the behaviour of the other two pep tides, the aggregation of 
f313-26 Q22 accelerated considerably as the initial concentration was increased 
from 0.2-0.8 mg/ml. 

The pellets obtained at the end of each of the 24-hour incubations were 
transferred to carbon-coated formvar grids and observed by negative stain 
electron microscopy (Fig. 3). Fibrils closely resembling amyloid were formed by 

Fig. 3. Negative-stain electron micrographs of fibrils formed by (a) f313-26, (b) f313-26 Q22 and (c) 
f313-26 G21. Pellets obtained after 24-hr incubations at 1 mg/ml were resuspended in distilled water, 
applied to carbon-coated formvar grids, and stained for 2 min with 2% (aq.) uranyl acetate. In each 
case magnification = 100,000 

b 

c 
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Fig.4. Results with mixtures of two peptides (0.5 mg/ml fJ13-26 + 0.5 mg/ml fJ13-26 Q22 or fJ13-26 

G21). (a) Effects of fJ13-26 Q22 (triangles) or fJ13-26 G21 (circles) on the aggregation of fJ13-26 (b) 
Effect of fJ13-26 on the aggregation of fJ13-26 Q22 (triangles) or fJ13- 26 G21 (circles conditions as for 
Fig. 2) 

the peptides 1313-26 and 1313-26 G21. Although the 1313-26 Q22 peptide assem
blies were of similar diameter (7-15 nm) to fibrils from the other peptides, they 
were shorter in length and showed more evidence of clumping. When stained 
with Congo red, the fibril pellets all exhibited the characteristic green-red 
birefringence of amyloid. 

Both of the Q22 and G21 mutations exhibit autosomal dominance, so 
affected individuals will usually be heterozygous and produce both normal and 
mutant forms of APP. Furthermore, in the case of Q22, both the normal and 
mutant sequences have been identified in the deposited amyloid (Prelli et al. 
1990). It is important, therefore, to study potential interactions between normal 
and mutant peptides during aggregation. A mixture of 1313-26 and 1313-26 Q22 
(0.5 mg/ml of each in 50mM Tris-HCI; pH 7.4) was incubated at 37°C and the 
rate of fibril formation was followed by HPLC as before (Fig. 4). The two 
peptides were clearly resolved, allowing them to be monitored separately. Each 
peptide disappeared from solution at an almost identical rate. This rate was 
much slower than that observed with 1.0 mg/ml of 1313-26 Q22 on its own, but 
marginally faster (only evident at the earlier time points) than that obtained with 
1.0 mg/ml of 1313-26 on its own. These results demonstrate that the two pep tides 
do interact with each other, the most notable effect being the decreased rate of 
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aggregation of f313-26 Q22 in the presence of f313-26. Under these circum
stances, fibrillogenesis might proceed via formation of an oligomeric inter
mediate (possibly a heterodimer) containing both normal and mutant peptide 
molecules. 

A mixture of 0.5 mg/ml f313-26 and 0.5 mg/ml f313-26 G21 was also examined 
(Fig. 3). For each peptide, the rate of aggregation remained low, showing that 
even if the f313-26 and f313-26 G21 peptides interact in some way, this does not 
increase the rate of fibril formation. 

Our observations support the findings of Wisniewski et al. (1991) that 
pep tides with the Q22 mutation show increased fibrillogenic properties, al
though the experiments with the peptide mixtures do not fully support this as 
a mechanism of accelerated amyloid formation in heterozygous individuals. We 
failed to find accelerated fibril formation for the more recently described G21 
mutation, suggesting that it operates by a different pathogenic mechanism 
(possibly mechanisms 2, 3, or 4, above). 

Concluding Comments 

While great advances in understanding the processing of both normal and 
mutant APP have undoubtedly been made, many fundamental questions 
remain unanswered, such as the identity of the a-and f3-secretases. Experi
ments with cultured cells (especially cells transfected with APP) have produced 
much valuable information on APP processing, but it should be stressed that 
caution is required in applying these results to the brain itself. There is 
evidence that overexpression of APP in transfected cells can lead to alterations 
in its proteolytic processing (Fukuchi et al. 1992). Also Lahiri (1993) has 
reported that APP is processed differently in various cell types. It would not 
be surprising, therefore, if transfected kidney cells (which have been widely 
used to study APP processing) do not turn out to be a good model for the 
brain. APP processing in brain is almost certainly regulated by complex 
physiological control mechanisms (possibly involving interactions between 
neurons and glia) that cannot operate in homogeneous cell cultures. For 
example, it is perfectly possible that in the brain cell-surface APP is produced 
by one type of cell and cleaved by an enzyme produced by another. We believe 
that future studies should concentrate more on APP processing in the brain 
itself and/or primary cultures derived from brain, and less on monocell cultures 
of permanent cell lines. 
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Effects of Fragments of the fJ-Amyloid Protein on 
Hippocampal Neurons in Young and Aged Rats: 
An Electrophysiological Study 

B. Potier*, P. Dutar, and Y. Lamour 

Introduction 

The deposition of the polypeptide p-amyloid protein (PAP or A4), the 
primary constituent of the dense core of senile plaques and cerebro
vascular deposits in Alzheimer's disease and Down's syndrome (Masters 
et al. 1985, Selkoe 1991; Hardy and Higgins 1992), plays an important role 
in Alzheimer's disease pathogenesis (Hardy and Allsop 1991; Yankner et al. 
1990). A number of studies of the possible toxicity of p-amyloid protein 
(P-AP) fragments are available in the literature, but their conclusions are 
generally conflicting. 

Neurotrophic (Whitson et al. 1989, 1990; Yankner et al. 1989) as well 
as neurotoxic (Pike et al. 1991, 1992; Yankner et al. 1989, 1990) effects of 
PAP have been reported on neurons (especially hippocampal neurons) main
tained in monolayer culture. In vivo experiments have also showed a neuro
toxic effect of PAP fragments (Kowall et al. 1991, 1992). However, recent 
reports could not demonstrate a neurotoxic effect of PAP after incubation 
with rat hippocampal neurons in slices cultures (Malouf 1992) or after direct 
infusion of the peptide in rat hippocampus or cortex in vivo (Frautschy 
et al. 1991; Games et al. 1992; Stein-Behrens et al. 1992; Clemens and 
Stephenson 1992) or in rhesus monkey cortex (Podlisny et al. 1992). The 
methods used to test PAP effects (cell cultures versus in vivo applications), 
the structure studied (hippocampus, cortex, etc.) and the species used (rodent, 
primates) were different. In light of these different results it is difficult to 
draw definite conclusions about P-AP action. 

We used a different approach, searching for an early effect which could 
predict PAP neurotoxicity. For instance, if P-AP induces a change in neuronal 
calcium homeostasis (Mattson et al. 1992), some early modifications in calcium
dependent events must occur and should be recorded using electrophysiological 
techniques such as intracellular recordings. 
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Protocol 

The protocol we used was the following: 

1) Intracellular recordings were obtained from CAl pyramidal neurons in 
the rat in vitro hippocampal slice. We tested two fragments of the protein, Pl-28 
and P25-35, since these two fragments may have different properties. The P1-28 
fragment is a portion of the extracellular domain of the amyloid precursor; it has 
neurotrophic rather than neurotoxic activity (Whitson et aI. 1989). In contrast, 
the P25-35 fragment includes an extracellular and a transmembrane hydropho
bic sequence (Pike et aI. 1993) and is supposed to be neurotoxic (Yankner et aI. 
1990). 

2) Two different modes of application were used. In the first set of experi
ments, Pl-28 or P25-35 (1-10 ,uM) was applied in the superfusion bath during 
intracellular recordings (applications for up to two hours). Neuronal properties 
were studied before, during and after application of pAP. In the second set of 
experiments, slices from hippocampus were incubated for 10 to 16 hours in 
a solution of Ringer containing P25-35 (5-30,uM). The properties of the 
neurons were compared to those of control neurons incubated in a solution of 
Ringer plus DMSO. 

3) We also hypothesized that neurons from aged animals might be more 
sensitive to the effect of PAP than neurons of young animals. Therefore, the 
effects of PAP were compared in young (3- to 4-month-old) and aged (25- to 
32-month-old) male Sprague-Dawley rats. 

4) In some experiments, electro physiological techniques were combined 
with an immunohistochemical approach to study the effect of P-AP on the 
distribution of the calcium-binding protein calbindin (CaBP). It has been sug
gested that the distribution of CaBP in hippocampus depends on the intracellu
lar Ca2 + concentration (see Dutar et aI. 1991 for experimental details). 

5) Electrophysiological events recorded include: a) the membrane input 
resistance, defined as the value of the slope of the regression line of the 
current-voltage curve, measured at resting membrane potential, in its linear 
portion; b) the amplitude and duration of the Na + spike; c) the after-hyper
polarization (AHP), driven by the activation of a Ca-dependent potassium 
conductance, induced by applying a depolarizing pulse to the neuron through 
the recording electrode; d) the calcium spike, induced by applying a de
polarizing pulse into the neuron (100-120 ms) in the presence of the voltage
dependent Na + channel blocker TTX and the K + channel blocker TEA; and e) 
the synaptic events elicited by electrical stimulation of the Schaffer collat
eral/commissural fibers which reflect the release of endogenous neurotransmit
ters. These include the fast EPSP, due to the release of excitatory amino-acids, 
and the biphasic IPSP following the fast EPSP, due to the action of GABA 
which acts on GABAA and GABAB receptors to induce the fast and the slow 
IPSP, respectively. 

Additional details are given elsewhere (Dutar et aI., in press). 
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Effect of fJ-AP in Neurons from Young Rats 

Electrophysiology 

Peptides fJl-28 or fJ25-35 (1-10 IlM) were applied in the superfusion medium 
during intracellular recordings of CAl pyramidal neurons. Membrane potential, 
membrane resistance, spike amplitude and duration, after-hyperpolarization, 
and synaptic events (EPSPs and IPSPs) were not significantly modified by the 
application of fJAP (up to two-hour applications). 

We hypothesized that a two-hour application may be too short to modify 
membrane parameters. Therefore, we incubated hippocampal slices for eight to 
16 hours in a solution of Ringer containing fJ25-35 (5-30 IlM). The properties of 
the neurons were compared to those of control neurons incubated in a solution 
of Ringer plus DMSO. The same parameters as above, and the calcium spike, 
were studied. We observed a decrease in the spike and EPSP amplitudes and 
a decrease in the IPSP duration. However, the differences were only marginally 
significant (p = 0.05). The amplitude and duration of calcium spikes were not 
statistically different in control and incubated slices (Table 1). 

Immunohistochemistry 

The distribution pattern of calbindin D-28k immunoreactivity (CaBP-IR) in 
hippocampal neurons is dependent on intracellular Ca 2 + concentration (Dutar 
et al. 1991). We tested the hypothesis that fJ25-35 could modify the intracellular 
Ca2 + concentration and as a consequence, could change CaBP-IR distribution. 
In young rats, dendritic alterations in the CAl field were observed in sections 
incubated in fJ25-35 for eight to 16 hours. The main morphological alteration 
was the presence of beaded, swollen varicose profiles and a fragmentation of the 
CaBP-IR dendrites in stratum radiatum. The number of slices having such 
dendritic alterations was low in control slices from young rats (seven slices 

Table 1. Changes in CAl hippocampal pyramidal neuron properties induced by 
fJ25-35 application 

Young Aged 

Membrane potential and resistance ncO nc 
After-hyperpolarization (AHP) nc nc 
Sodium spike '" (amplitude) nc 
EPSPs '" (amplitude) nc 
IPSPs '" (duration) nc 
Calcium spike nc nc 
Dystrophic dendrites 1'(++) I' (+) 

• nc, no change. 
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among 90 studied; 7.7%}, but the proportion rose to 34% in the presence of 
{325-35. The difference between control and incubated slices was statistically 
significant (p < 0.05, t-test). 

Effects of fJ-AP on Neurons from Aged Rats 

Electrophysiology 

The same protocol was applied to the aged rats. No changes in elec
trophysiological parameters were observed in neurons from aged rats following 
application of {325-35 or {3l-28, whatever the mode of application (short-term 
application or long-term incubation). 

Immunohistochemistry 

In aged rats, the proportion of slices having "dystrophic" dendrites was 22% in 
control, non-incubated slices and 39% in slices incubated in the presence of 
{325-35 (55 slices among l43). However, the difference was not statistically 
significant. 

Conclusion 

No consistent, short-term modifications of the membrane properties of CAl 
hippocampal neurons were observed following {3l-28 or {325-35 application. 
Spike duration and synaptic events were only slightly altered in young rats. If 
{3AP had a neurotoxic effect through an increased calcium entry into the cell, 
one would expect an effect on the calcium-dependent events within a few 
minutes or hours. This was not the case, even after l6-hour applications of {3AP. 
Immunohistochemical studies of slices after {3AP incubation revealed alterations 
of CAl pyramidal cells dendrites immunoreactivity. We observed swollen 
varicosities and fragmentation of dendrites more frequently in stratum radiatum 
after 8-16 hours incubation in the presence of {325-35. Interestingly, these 
morphological alterations seemed to occur spontaneously in aged rats since 
a larger proportion of control slices in the aged rat displayed an altered 
dendritic morphology. Thus, if toxic effects occur in those cells they are prob
ably limited to dendrites of CAl neurons and spare the cell bodies, whose 
membrane properties seem unaltered. However, the changes in dendritic CaBP
IR do not imply a toxic effect and could be simply due to changes in CaBP 
distribution within the dendrites. We also hypothesized that neurons in the aged 
rat could be more sensitive to the effect of {3AP than in the young rat, since 
amyloid deposits are observed in aged brains even during "physiological" aging. 
However, in our experimental conditions, neurons from aged rats do not appear 
more sensitive to {3AP than neurons from young rats. 
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The Role of the Extracellular Matrix in Regulating 
the Function of the Amyloid Protein Precursor 
of Alzheimer's Disease 

D. H. Small*, V. Nurcombe, G. Reed, H. Clarris, K. Beyreuther, and 
C. L. Masters 

Summary 

Studies on rare autosomal dominant mutations affecting the amyloid protein 
precursor (APP) gene have highlighted the importance of APP in the pathogen
esis of Alzheimer's disease (AD). However, the link between the observed 
changes in APP processing and the pathogenic mechanism remains unclear. We 
have examined the possibility that disruption of the normal function of APP 
may underlie the neurodegenerative changes. The presence of APP in cells 
important for tissue repair following injury (platelets and fibroblasts) and the 
observation that APP expression is increased during early development suggest 
that APP has a function in cell growth and regeneration. We have found that 
APP promotes neurite outgrowth from PC12 cells when added directly to the 
cell growth medium. APP was also found to stimulate neurite outgrowth from 
primary cultures of central and peripheral neurons. The effect of APP on neurite 
outgrowth from primary cultures was most marked when APP was in substra
tum-bound form, and was dependent upon the presence of heparan sulphate 
proteoglycans (HSPGs). The binding of APP to HSPGs in vitro may mimic 
certain aspects of the binding of APP to the extracellular matrix (ECM) in vivo. 
Thus the interaction of secreted APP with ECM may be an important step in the 
activation of APP. Basement membrane ECM regulates the guidance of neurites 
towards their targets in the developing nervous system. Major protein compo
nents of ECM include collagen, laminin and the HSPGs, which have all been 
reported to interact with APP. APP interacts with HSPGs by binding to the 
hepar an sulphate moieties. APP also binds heparin, an analogue of heparan 
sulphate. Molecular modelling and site-directed mutagenesis experiments sug
gest that at least one heparin-binding site exists close to the N-terminus of APP 
between amino acid residues 96 and 110. A peptide homologous to this region of 
APP blocked the action of APP on neurite outgrowth. 

Our data indicate that secreted APP acts as a neurite outgrowth-promoting 
factor and that it has important functions in regulating growth and development 
in the embryonic brain. It seems likely that APP binds to ECM components in 
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the ageing brain as well. As ECM proteins undergo degenerative changes during 
ageing, a defective interaction of APP with the ECM (due to an alteration in 
APP or in an ECM component) may underlie the pathogenesis of Alzheimer's 
disease (AD). The synaptic loss that occurs in certain regions of the AD brain 
may be related to a loss of the neurite outgrowth-promoting action of APP. 

Introduction 

Studies on rare cases of familial AD (Levy et al. 1990; Goate et al. 1991; Chartier
Harlin et al. 1991; Mullan et al. 1992) have demonstrated that the amyloid protein 
precursor (APP) is directly involved in the pathogenic mechanism which causes 
Alzheimer's disease (AD). However, despite intensive research since APP was first 
cloned (Kang et al. 1987), the precise relationship between APP and AD has 
remained unexplained. Although amyloid has been reported to exacerbate the 
neurotoxic effects of glutamate (Mattson et al. 1992), and although the extent ofthe 
clinical deficit correlates roughly with the number of amyloid plaques found in the 
brain upon autopsy (Blessed et al. 1968), it is not known whether the production of 
amyloid plaques is the direct cause of AD. A defect in the normal function of APP 
might also contribute to the pathogenesis of AD (Fig. 1). 

Several studies (DeKosky and Scheff 1990; Terry et al. 1991; Lassman et al. 
1992) have demonstrated that the cognitive deficit in AD correlates better with 
the extent of synaptic loss than with the density of amyloid plaques. We have 
examined the possibility that this synaptic loss is a direct consequence of 
a disturbance in the normal function of APP. 

Down's BYlldrome ~ APP Gilne ~ FAD mutatioOJl 

I 
APPmRNA 

I 
b-auma~ I ~ age 

Defective proceeaing of APP 

/ 
U-7/'''~ 

Alzheimer's disellB8 < Amyloid plaques 

Fig. 1. Schematic representation of the etiology of AD. The figure shows the central importance of 
defective processing of APP in the pathogenic mechanism. Various risk or causative factors have 
already been identified (trisomy 21, familial AD (FAD) mutation, trauma, age). These factors can 
influence the processing of APP at various steps in the pathway. Defective processing of APP could 
cause AD either through the increased production of the PA4 protein or through the loss of a normal 
trophic function associated with APP 
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The Function of APP 

Several lines of evidence indicate that APP may playa role in cell growth, repair 
or adhesion mechanisms. The expression of APP is high in cells associated with 
wound healing such as fibroblasts (Van Nostrand and Cunningham 1987) and 
platelets (Bush et al. 1990). APP is stored in the ex-granules of platelets and is 
released in response to activating stimuli (Bush et al. 1990). Roch et al. (1992) 
found that APP has mitogenic actions on a fibroblast cell line (AG2804). This 
mitogenic effect has been localised to a domain close to the Kunitz protease 
inhibitor (KPI) region. Studies on hippocampal neurons suggest that APP can 
inhibit the excitotoxic effects of glutamate (Mattson et al. 1993). This protective 
activity has been localised to a domain close to the f3A4 region. 

The level of APP expressed in tissues correlates well with changes in cellular 
differentiation or growth. Studies by Abe et al. (1991) have shown that APP is 
increased in response to focal ischemia, an observation consistent with the 
presence of acute phase elements in the APP gene promoter (Salbaum et al. 
1988). The expression of APP also correlates with the extent of cellular differen
tiation of SY5Y neuroblastoma cells after treatment with retinoic acid (Konig 
et al. 1990). 

Role of APP in Neurite Outgrowth 

There is strong evidence that APP is involved in regulating neurite outgrowth. 
First, the level of APP expression correlates with the extent of neurite out
growth. In the developing chick brain, APP expression is increased precisely 
during the developmental period (E7-ElO) when neurite outgrowth is maximal 
(Small et al. 1992). In PC12 cells, NGF concomitantly stimulates neurite out
growth and APP expression (Refolo et al. 1989). In the central nervous system, 
the level of APP also correlates with NGF -stimulated neurite outgrowth. We 
have found that explants of E18 (but not PO) mouse hippocampus extend 
neurites in response to NGF (Clarris et al. 1994). Concomitant with its effects 
on hippocampal neurite outgrowth, NGF also increases the secretion of APP. 

Several studies have shown direct effects of APP on neurite outgrowth. We 
have found that neurite outgrowth is increased when PC12 cells are grown in the 
presence of recombinant APP (Milward et al. 1991). Other groups have reached 
similar conclusions. Studies by Schubert et al. (1989), Whitson et al. (1989, 1990), 
and Breen et al. (1991) have implicated APP in neuronal adhesion and survival, 
while studies by Yankner et al. (1990) suggest that the f3A4 region of APP may 
have direct effects on neurite outgrowth. 

The effect of APP on neurite outgrowth from chick sympathetic or mouse 
hippocampal neurons can be greatly increased if the cells are cultured on 
a substrate of APP (Small et al. 1993, 1994). The effect of substratum-bound 
APP on neurite outgrowth is dependent upon the presence of hepar an 
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sulphate proteoglycan (HSPG), which must also be present as part of the 
substrate upon which the cells are grown. We have found that the type ofHSPG 
is important. HSPG purified from P3 mouse brain (a developmental period 
during which neurite outgrowth occurs and the HSPG composition is complex) 
supports the effect on neurite outgrowth. However, HSPG from ElO mouse 
brain (prior to the major phase of neurite outgrowth) does not support the effect 
of APP. Therefore, we conclude that specific, developmentally regulated HSPGs 
may be important for the function of APP in neurite outgrowth. 

APP Binds to Components of the Extracellular Matrix 

The effect of substratum-bound APP on neurite outgrowth may mimic signifi
cant aspects ofthe interaction of APP with the extracellular matrix (ECM). APP 
can bind saturably and with high affinity to purified ECM (Small et aI. 1992). 
APP can bind to heparin, an analogue of heparan sulphate, the carbohydrate 
component ofHSPGs. Studies by Narindrasorasak et aI. (1991) have shown that 
APP can bind with high affinity to a basement membrane form of HSPG. APP 
may also bind to other ECM components such as laminin (Narindrasorasak 
et aI. 1992; Multhaup et aI., in preparation) and collagen (Breen 1992; Multhaup 
et aI., in preparation). 

To determine which ECM proteins bind APP, we have purified ECM from 
cultures of embryonic chick brain neurons and have examined the effect of 
agents which disrupt ECM on the binding of 125I_APP to purified ECM 
(Table 1). We found that APP binds less to ECM prepared from cells pre-treated 

Table 1. Effect of pre-treatment with xyloside, chlorate and enzymes on the binding of 
125I_APP to chick brain ECMa 

Treatment 

Control 
Xyloside (1 mM) 
Chlorate (10 mM) 
Heparitinase (10 mIUjml) 
Collagenase (100 jlg/ml) 

Amount bound to ECM (cmp/well) 

125I_APP 

676 ± 34 
136 ± 8* 
126 ± 13* 
132 ± 24* 
842 ± 27* 

125I_basic FGF 

1262 ± 113 
519 ± 87* 
642 ± 42* 
600 ± 52* 

1368 ± 94 

a Adapted from Small et al. (1992). Chick brain neurons were cultured in 24-well dishes in 
the presence or absence of xyloside or chlorate. ECM was prepared from confluent 
cultures and then incubated with heparitinase or collagenase, followed by 125I-labelled 
APP or 125I-labelled basic FGF (1.0 nCi/well) for 1 hour as described (Small et al. 1992). 
The amount of bound radioactivity was then measured. Values are means ± SEM 
(n = 4). Asterisks, significantly different from controls (P < 0.05). 
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with xyloside, an inhibitor of proteoglycan biosynthesis. This suggests that APP 
binds to one or more proteoglycans in the ECM. The conclusion is supported by 
the observation that chlorate, an inhibitor of proteoglycan sulphation, and 
heparitinase, an enzyme which digests the heparan sulphate moieties of HSPG, 
both decreased the number of APP binding sites on the ECM. The relative 
amount of APP bound to the ECM after each treatment was found to be similar 
to that of basic fibroblast growth factor (FGF), which is known to bind 
principally to HSPG. In contrast, incubation of ECM with collagenase in
creased the total number of APP binding sites. This finding suggests that APP 
does not bind to collagen in intact ECM. 

There is increasing evidence to suggest that the ECM plays a complex role in 
regulating neurite outgrowth during early development. The ECM protects 
growth factors from proteolytic digestion (Saskela et ai. 1988) and provides 
a storage compartment for factors, which can be rapidly mobilised by the action 
of specific ECM -degrading proteases (Saskela and Rifkin 1990). The ECM also 
regulates the binding of molecules to specific high affinity cell surface receptors 
(Klagsbrun and Baird 1991). ECM proteins such as laminin and fibronectin 
have neurite outgrowth-promoting effects (Lander 1987). Although HSPGs 
have an important function in acting as an intermolecular "glue" between ECM 
components (Reichardt and Tomaselli 1991), specific developmentally regulated 
HSPG may also be involved in the activation of ECM-associated growth factors 
(Nurcombe et ai. 1993). 

A Heparin-Binding Domain of APP 

Previous studies have demonstrated the importance of basic residues in heparin 
binding (Villanueva 1984; Cardin and Weintraub 1989; Jackson et ai. 1991). 
APP possesses three regions within its extracellular domain which are rich in 
basic residues and which might therefore form heparin-binding domains. The 
regions of APP 695 include residues 99-110, residues 411-447, and a previously 
defined region encoded within exon 9 (residues 318-330; Multhaup et aI., 
manuscript in preparation). 

We have identified a domain close to the N-terminus of APP which proves 
to be necessary for the neurite outgrowth-promoting function of substratum
bound APP. Secondary structure prediction and molecular modelling studies 
suggest that a region of APP rich in basic amino acids (residues 96-110) could 
form a loop domain that is stabilised by a disulphide bond between two cysteine 
residues at positions 98 and 105 (Fig. 2). This domain has homology to the 
heparin-binding domains of other proteins, and contains the consensus se
quence for heparin binding proposed by Cardin and Weintraub (1989; Table 2). 
The importance of this domain is also highlighted by the fact that its sequence is 
conserved in both rat and mouse APP. Interestingly, although the amino acid 
sequence is not highly conserved in other APP-like proteins such as the 
Drosophila APPL, APLP and APLP-2, a cluster of basic residues at 
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Fig. 2. Structure of a heparin-binding domain on APP. The amino acid sequence of the heparin
binding domain from residues 96-110 is represented by the standard one-letter code for amino acids. 
The domain contains seven positively charged basic amino acid residues. Based on a secondary 
structure prediction algorithm, a disulphide bond is predicted between the cysteine residues at 
positions 98 and 105. The figure also shows the results of computer-assisted molecular modelling of 
the heparin-binding domain. The polypeptide backbone and amino acid side chains are shown in 
this model as well as a disulphide bond between the two cysteine residues (dashed line). Three 
residues in particular (lysine-99, arginine-IOO and arginine-1Ol) are predicted to be critical for 
binding to heparan sulphate 

approximately the same position is found in all sequences. The two cysteine 
residues predicted to be important for stabilising a loop domain are also 
conserved (Table 2). 

Biochemical and cell culture studies demonstrate that this N-terminalloop 
domain is a heparin-binding site (Small et aI., submitted for publication). 
A peptide homologous to the putative heparin-binding domain was found to 
bind heparin with an affinity similar to that of APP itself. Molecular modelling 
studies suggested that three amino acid residues of APP (lysine-99, arginine-100 
and arginine-102) were important for the interaction of APP with heparin. 
Mutation of these residues using a peR-based approach was found to decrease 
the affinity of APP for binding to heparin. 

To determine whether the binding of APP to HSPG was necessary for the 
neurite outgrowth-promoting effect of APP, we tested the effect of the heparin
binding peptide on neurite outgrowth from dissociated cultures of chick 
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Table 2. Amino acid sequence of a heparin-binding domain of APP and other proteins 

Protein Amino acid sequence of heparin-binding domain 

Consensus sequence B B X B 

95 100 105 110 115 

Human APP QNWCI5B. G- B. I5QC KTHPH- F V I PYR - - -
Mouse APP QNWCI5B. G - B. I5QC KT lfTlf- V I PYB. 
Rat APP QNWCI5B. G- B.I5QC I5T lfTlf- I V I PYB. 
APLP-2 DNWCB.B. 0- I5I5QC KS R - - - F VT PFK 
APLP EB.WCGG T - B. S GB. CAlfPlflf E VV PFlf 
APPL GGWCB.Q GALNAK CI5 GS lfB. WI I5PFB. 

Amino acid residues are shown using standard one-letter code. Spaces have been introduced in the 
sequences to obtain optimal alignment. Basic residues are shown underlined. Note the position of the 
conserved cysteine residues (C) shown in bold. Sequences: human APP (Kang et al. 1987), mouse APP 
(Yamada et al. 1987), rat APP (Shivers et al. 1988). APLP-2 (Sprecher et al. 1993), APLP (Wasco et al. 
1992), and APPL (Rosen et al. 1989). Consensus sequence is from Cardin and Weintraub (1989). 

sympathetic and mouse hippocampal neurons. The concentration of peptide 
(10- 7 M) required to inhibit the neurite outgrowth-promoting effect was 
identical to the concentration required to inhibit the binding of APP to 
heparin. 

Our studies demonstrate that APP is involved in the regulation of neurite 
outgrowth and that the binding of APP to HSPG is an important step in this 
process. A mechanism whereby APP may regulate neurite outgrowth is depicted 
(Fig. 3). APP may act similarly to other heparin-binding molecules which 
become activated when bound to heparin or HSPGs. For example, basic FGF 
must first bind to HSPG before it can bind to a specific high affinity cell surface 
receptor (Klagsbrun and Baird 1991; Rapraeger et al. 1991). Heparin-binding 
proteins such as glia-derived nexin (GDN) and antithrombin III are activated by 
binding to heparin (Craig et al. 1989; Wallace et al. 1989). Our studies suggest 
that a major site of ECM attachment is within the cysteine-rich region of APP. 
This domain was predicted to have a "receptor" function because of its highly 
folded conformation (Kang et al. 1987). The cell attachment domain associated 
with the neurite outgrowth effect in our studies has not yet been mapped. This 
domain could reside within a region previously characterised by Roch et al. 
(1992) or,alternatively, it could be associated with a domain close to the fJA4 
sequence, which several studies (Whitson et al. 1989,1990; Yankner et al. 1990) 
have implicated in the regulation of neurite outgrowth. 

The observation that, under certain culture conditions, APP stimulates 
neurite outgrowth but, under other conditions, is toxic to cells suggests that 
APP may have complex actions on cells. In this regard, APP may function like 
thrombospondin, another ECM-associated molecule, which has subtle modula
tory roles in altering the total cellular environment (Sun et al. 1992). 
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r HSPG 

\ Collagen Type IV 

Fig. 3. Model of mechanism by which the binding of APP to ECM regulates neurite outgrowth. 
APP is anchored to HSPG through a heparin-binding site in the cysteine-rich region. The binding to 
HSPG sequesters APP and allows it to be delivered to a specific high affinity cell surface receptor 
(Rec) on the growing neurite. The binding of APP to this receptor triggers specific intracellular 
events which promote neurite outgrowth 

A Role for APP in the Pathogenesis of AD 

The interaction of APP with HSPG has implications for the pathogenesis of 
AD. HSPGs have been identified in amyloid plaques (Snow et al. 1988). The loss 
of synapses, known to occur in specific regions of the AD brain, could be related 
to the loss of the normal trophic or neuroprotective effect of APP (Mattson et al. 
1993). It is well known that ECM proteins undergo changes during aging (Hall 
1976). The localisation of ECM-associated proteins (HSPG, laminin, FGF, 
acetylcholinesterase) in amyloid plaques suggests that there may be a distur
bance in the underlying ECM in the brain of patients with AD. Such a distur
bance could lead to an alteration in APP function, perhaps resulting in an 
abnormal neuritic response around the plaque. 

It would be worthwhile examining whether APP processed via an 
amyloidogenic pathway can exert the same trophic or neuroprotective influence 
on cells as forms of APP produced from the action of a normally functioning 
APP secretase. Altered interactions of APP with HSPGs might contribute to the 
biochemical or pathologic changes that occur in AD. 
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Studies of the Amyloid Precursor Protein (APP) in Brain: 
Regulation of APP-Ligand Binding 

G. Multhaup* 

Summary 

The specific binding of the amyloid precursor protein (APP) to glycosamino
glycans (GAG) suggests that APP is a cell adhesion molecule (CAM) and/or 
substrate adhesion molecule (SAM). In order to characterize this activity of APP 
in the brain at the molecular level, we have purified and characterized the major 
APP species from rat brain. The major isoform isolated was sequenced and 
found to be APP 695' In a solid-phase binding assay, the specificity of this 
brain-specific APP isoform-GAG interaction was assessed. The binding of APP 
to the glycosaminoglycan heparin was found to be time dependent and satur
able. A strong heparin binding site within a region 'conserved in rodent and 
human APP was identified. Saturable binding to heparin through this binding 
site was found to occur at nanomolar concentrations of APP. This putative 
high-affinity site was then located within a sequence of 22 amino acids in length 
corresponding to amino acids 316-337 of APP 695' This sequence is encoded by 
APP exon 9 and the first three codons of ex on 10. Since all APP and L-APP 
isoforms so far described include these exons, the strong heparin binding site is 
a ubiquitous feature of all APP and L-APP isoforms, strongly suggesting that 
the brain-specific and neuronal as well as the non-neuronal and peripheral 
APPs and L-APPs do have CAM- and SAM-like activities. 

Certain metal ions including zinc(II) have been proposed as risk factors in 
Alzheimer's disease (AD). Recently we showed that APP binds zinc(II) at higher 
nanomolar concentrations. We identified this zinc binding site to be located 
within the sequence of APP encoded by exon 5. Because zinc ions are involved in 
tissue repair and because of the CAM and SAM activity of APP, the mecha
nisms by which zinc(II) may exert an influence on the pathogenesis of AD were 
sought by studying the binding of APP to heparin in the presence of varying 
zinc(II) concentrations. We found that zinc(II) is a modulating factor for the 
CAM and SAM activity of APP that is exerted through the heparin-like GAG 
side-chains of heparan sulfate proteoglycans (HSPGs). Because the binding of 
APP to GAG in the presence of zinc(II) resembles an allosteric interaction, the 
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proposed disturbance of zinc(II) homeostasis in AD may have an effect on 
conformation and stability of APP and thus influence the processes leading to 
amyloid f3A4 protein generation. 

Introduction 

Alzheimer's disease (AD) is the most prevalent cause of dementia, affecting 5% of 
the population over the age of 65 (Terry and Katzman 1983). The structural 
lesions in the brain are characterized by several neuropathological changes, 
including neurofibrillary tangles, amyloid plaques and amyloid accumulation 
around blood vessels. Protein sequencing of amyloid from brains of patients with 
AD as well as Down's syndrome (DS) revealed the f3A4 protein as the subunit of 
amyloid fibrils, having a length of up to 39 to 43 residues (Glenner and Wong 
1984a, b; Masters et al. 1985a, b; Kang et al. 1987). The f3A4 protein is derived by 
unidentified proteolytic processes from larger membrane-bound glycoproteins 
collectively known as the amyloid precursor proteins (APP; Glenner and Wong 
1984b; Masters et al. 1985b; Kang et al. 1987; Sisodia et al. 1990a). This precursor 
of the amyloid f3A4 protein is encoded by a single-copy gene on chromosome 21 
(Kang et al. 1987; Goldgaber et al. 1987; Salbaum et al. 1988). 

The APP gene gives rise to a range of APP products of various length. 
Alternative splicing of exons 7, 8 and 15 leads to primary translation products of 
770, 752, 751, 733, 714, 696, 695 and 677 amino acids, respectively (for a review, 
see Multhaup et al. 1993a). The two largest isoforms contain a 56 amino acid 
domain, similar to the Kunitz family of proteinase inhibitors (KPI). In addition 
to APP which include the f3A4 sequence, there exist amyloid precursor-related 
(APrP) and amyloid precursor-like proteins (APLP) with varying degrees of 
relatedness. APrP are derived by alternative splicing from the APP gene on 
chromosome 21 with 365 and 563-amino-acid products, whereas the APLP 
have been mapped to different chromosomes (Sprecher et al. 1993; Wasco et al. 
1992). None of them contains the f3A4 amyloidogenic region encoded within 
exons 16 and 17 of the APP gene. 

After synthesis, APP undergoes post-translational modifications that in
clude signal peptide removal, N-glycosylation, O-glycosylation, sulfation of 
tyrosine residues, phosphorylation and proteolytic cleavage (Ghiso et al. 1989; 
Buxbaum et al. 1990; Oltersdorf et al. 1990; Weidemann et al. 1989; Dyrks et al. 
1988; Bunke et al. 1991). This proteolytic cleavage within the f3A4 sequence 
prevents amyloid formation and dissects the extracellular domains of the APP 
from the transmembrane and cytoplasmic domains. Secreted forms of APP have 
been identified as protease nexin II, a serine protease inhibitor (Oltersdorf et al. 
1989; Van Nostrand et al. 1989). The precise site of cleavage by IX-secretase (Esch 
et al. 1990) was determined to be C-terminal to the f3A4-lysine residue 16 
(APP 695 residue 612). The two fragments produced are secreted APP and an 
83-amino acid fragment that remains associated with the membrane 
(Weidemann et al. 1989; Esch et al. 1990; Sisodia et al. 1990b; Younkin 1991). 
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An alternative pathway, in contrast, generates N-terminal fragments of APP 
lacking f3A4 and C-terminal peptides containing f3A4 (Seubert et al. 1993; Estus 
et al. 1992). Additionally, soluble f3A4-like peptides have been identified in cell 
cultures, cerebrospinal fluid and plasma obtained from normal and AD patients 
(Shoji et al. 1992; Haass et al. 1992; Seubert et al. 1992). Primary structure 
analysis indicated that this f3A4-like peptide resembles the amyloid protein 
extracted from amyloid depositions around blood vessels, identified as f3A4 
1-40 (Prelli et al. 1988; Busciglio et al. 1993). The significance of soluble f3A4-like 
peptides for an understanding of the mechanism and the pathogenesis of 
amyloid formation within the neuropil, the perikarya of neurons and their 
neuritic processes remains to be elucidated. At these sites the release of sponta
neously aggregating f3A4 from its precursor is likely to occur having a length of 
up to 39-43 residues. One proposed mechanism of amyloid deposition includes 
an as yet unidentified chymotrypsin-like mast cell protease that generates the 
N-terminus of f3A4 as the initiating step (Nelson et al. 1993). After membrane 
damage a second proteolytic event yields the variable C-terminus of f3A4 (Dyrks 
et al. 1988, 1992). 

Until now, neither the processing of APP to f3A4 nor the genesis of the 
amyloid deposits has been precisely defined, so that the characteristics and the 
risk factors affecting the deposition of f3A4 remain key questions in the 
pathogenesis of AD. Compelling evidence for the central role that APP and its 
pathologic breakdown product f3A4 must play in the pathogenesis of AD has 
been provided by mutations at different positions of the f3A4 region. These 
pathogenic mutations in the APP locus cause familial AD (St George-Hyslop 
et al. 1987). 

Functional Association Between APP 
and the Extracellular Matrix (ECM) 

Because it has been suggested that APP is a cell surface receptor (Kang et al. 
1987; Dyrks et al. 1988) involved in cell (CAM) and substrate adhesion (SAM; 
Schubert et al. 1991; Shivers et al. 1988), and thus crucial in the brain for 
neuronal plasticity, we began to analyze which part of APP might be responsible 
for this CAM and SAM activity. 

The first binding site that we searched for was that for heparin because APP 
secreted from PC12 cells is able to bind to heparin. Since heparin and its 
functional equivalent hepar an sulfate are quite similar, APP may be able to 
interact with heparin-like heparansulfateproteoglycans (HSPGs), a property 
common to adhesion molecules belonging to the CAM and SAM families 
(Schubert et al. 1989; Narindrasorasak et al. 1991). Before describing the experi
ments that led to the discovery of a very strong heparin binding site within the 
APP sequence, I will discuss why I consider this binding to be of interest in 
regard to APP function and AD. 
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First, the earliest and diffuse or amorphous {JA4 amyloid depositions 
co localize with heparan sulfate accumulations, suggesting an interation between 
HSPGs and {JA4 or, more likely, between HSPGs and APP (Snow et al. 1990). 
APP-HSPG complexes in neuronal cell interactions would be expected to play 
an integral role in development of the nervous system, similar to laminin-HSPG 
complexes (Sandrock and Metthew 1987; Davies et al. 1987). 

Second, heparin of HSPGs are obligatory for the activity of the heparin
binding fibroblast growth factor (FGF) family (Kan et al. 1993). Consistent with 
the function of binding of heparin of FGFs it could well be that the binding of 
proteoglycans protects APP from degradation (Damon et al. 1989). Moreover, 
binding to proteoglycan has been thought to be important in providing 
a matrix-bound or cell surface-bound reservoir of growth factors (Yayon et al. 
1991). Additionally, binding to glycosaminoglycan might change the conforma
tion of APP, resulting in binding to molecules that are not recognized in the 
absence of heparin, as has been previously reported for bFGF (Yayon et al. 
1991). 

Third, further evidence for the physiological importance of heparin binding 
is given by the demonstration that heparin or heparan sulfate regulate N
CAM-mediated cell-cell or cell-substratum interactions through a heparin 
binding domain (Cole and Glaser 1986; Cole et al. 1986; Kallapur and Akeson 
1992). Specific and high affinity interactions between heparin binding domains 
of proteins and the matrix HSPG may regulate the anchoring of heparin binding 
proteins in the matrix (Heremans et al. 1990). In regard to APP, its involvement 
in the mediation of cell adhesion is supported by reports of treatment of primary 
cortical cell cultures with heparin; their cellular adhesiveness decreases while 
mRNA level for APP increases as a compensatory effect (Octave et al. 1989). 

Fourth, APP has been localized to the extracellular matrix of R14 cells when 
examined by immunoelectron microscopic techniques (Klier et al. 1990). There 
is also increasing evidence that APP may be involved in the formation and 
maintenance of synapses (Schubert et al. 1991; Shivers et al. 1988; Doyle et al. 
1990). In analogy to fibronectin, I postulate that one possible role of an APP 
interaction with heparin could be in mediating the transduction of the signals 
that neurites are able to bind free sites on HSPG components of the extracellular 
matrix (Doyle et al. 1990). 

Identification of the Major APP Species 
in Rat Brain as APP 695 

To identify the major neuronal APP isoform, an efficient method to purify APP 
from rat brain was established. Affinity chromatography on heparin Sepharose 
CL6B and lentil lectin-Sepharose after differential centrifugation and ion ex
change chromatography on DEAE-Sepharose represent the four-step procedure 
that was worked out to isolate sufficient amounts of homogeneous protein for 
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min 

Fig. 1. N-terminal amino acid sequence analysis of APP purified from rat brain. HPLC chromato
grams of the standard and the N-terminal 26 amino acid residues of APP represent 50 pmol of rat 
APP in Edman degradation in step 1. The cysteine in step 21 predicted by the c-DNA sequence 
(Kang et al. 1987) could not be detected under the conditions used 
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Fig.2. Identification of the rat brain APP as APP 695 by sequence analysis of en do glu-C fragments. 
HPLC elution and sequence of the junction peptide representing APP695 residues 286-305, with 
a list of theoretically expected endo glu-C fragments of APP 695 with more than 9 amino acids 

amino acid sequence analyses, molecular weight determinations and binding 
study analyses subsequent to radio-iodination. 

To document the purity of a typical preparation, the chromatograms of 
the N-terminal amino microsequence analysis of rat brain APP are shown in 
Figure 1. The apparent molecular weight of these transmembrane APP mole
cules was determined to be 105 kd. 

The following experiments identified the purified rat brain APP as trans
membrane APP 695. Sequencing of APP pep tides obtained by digestion of 
purified rat brain APP with endo glu-C (Fig. 2) reveals the presence of a peptide 
(junction peptide) corresponding to residues 286-305 of APP695 , which is only 
expected to be generated from APP 695. Because this peptide, which can only be 
generated from APP695 and not from APP 751 and APP770, is found in roughly 
equal molar amounts to pep tides derived from regions common to all known 
forms of APP, the majority of rat brain APP is likely to be APP 695. 

This conclusion is also supported by the fact that we did not find peptides 
derived from the domains which are only present in APP751 and APP770 and 
are absent in APP695 . We were also able to isolate a tryptic peptide derived from 
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Fig.3. Equilibrium measurement of binding of APP to heparin. Specific binding was determined by 
the incubation of increasing concentrations of radioiodinated APP with heparin-Sepharose. Values 
are corrected for non-specific binding to Sepharose CL-6B. Data represent mean values of indepen
dent experiments 

the transmembrane domain starting with residue 625 of APP 695' Because this 
peptide was present in roughly equimolar amounts to the junction peptide, we 
conclude that the APP purified from rat brain corresponds to the transmem
brane form of APP 695' 

Characterization of a Strong Heparin Binding Site of APP 695 

A solid phase binding assay based on heparin Sepharose was used to study the 
properties of heparin binding to APP. The binding occurs very rapidly with 
a half-life of about 8 minutes at 4°C and maximal binding is reached after 
approximately 30 minutes. Equilibrium measurements of APP binding show 
a concentration dependency over a range of 10 - 9 to 10 - 11 M (Fig. 3). 

The dissociation constant derived from Scatchard transformation is 
3 x 10- 10 M for heparin binding to APP. This is in good agreement with Kd 
values obtained by analysis of the binding of heparin to membranes isolated 
from LX-l cells (Bilozur and Biswas 1990). 

Based on the primary amino acid sequence of the heparin binding domain of 
N-CAM (Cole and Akeson 1989), a putative region of APP for heparin binding 
was identified in the carbohydrate domain of APP. The carbohydrate domain of 
APP corresponding to amino acid residues 290 to 596 of APP 695 (Kang et al. 
1987) includes a basic region of 22 amino acids (aa 316-337 in APP695) with 
homology to the heparin binding site of NCAM. A synthetic peptide covering 
residues 316-337 of APP695 was prepared and named HP-l. This stretch of 
amino acids is conserved between human, mouse and rat APP and shares strong 
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APLP2 hs 390 

APLP2mm 150 
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Fig. 4. Homology of the heparin binding region of APP. APP sequence is conserved between human 
(hs), mouse (mm) and rat. Residues 316-337 represent the heparin binding peptide in comparison to 
the homologous regions of the APLPI and APLP2 sequences (Sprecher et al. 1993; Wasco et al. 
1992; Vidal et al. 1992). Amino acid identity is boxed, and single letter abbreviations are used for the 
derived heparin binding consensus sequence (Cole and Akeson 1989), where B denotes the positively 
charged residues and X all others. APLPI and Drosophila APPL might show less strong heparin 
binding because of the reduced homology to the consensus sequence 

homology with human and mouse APLP2 (Kang et al. 1987; Sprecher et al. 
1993; Shivers et al. 1988; Yamada et al. 1987; Vidal et al. 1992), but is only 
partially conserved in the APPL Drosophila homologue as residues 411-432 
(Rosen et al. 1989) and in the APLP-1 mouse homologue as residues 313-334 
(Wasco et al. 1992; Fig. 4). 

Binding of [35S] heparin to APP and HP-1 containing the putative binding 
site was demonstrated under isotonic conditions in dot blot assays. Heparin 
binding could be inhibited in the presence of a 50-fold molar excess of unlabelled 
heparin added prior to application of labelled heparin to the incubation buffer, 
as well as by adding the same molar excess of peptide HP-1 to the incubation 
buffer. 

Zinc (II) Modulates Heparin Binding of APP 695 

APP purified from rat brain was found to bind zinc(II) and a putative Zn2 + 

binding site was identified by endoproteinase Lys-C digestion of a fusion protein 
of APP expressed in E. coli (Multhaup et al. 1993b). The digestion fragment 
eluting from zinc(II) charged chelating Sepharose revealed that the zinc binding 
commenced at residue 179 of APP 695. Further studies of synthetic peptides 
showed the zinc binding site to be confined to amino acid residues 181-188 
encoded by ex on 5. This sequence represents one of the consensus patterns of 
amyloidogenic glycoprotein signatures given by the computer program 
"Prosite" (Bairoch 1992). It is highly evolutionary conserved among all members 
of the APP and APLP family. 

One of the functional significances of zinc (II) binding was found to lie in the 
modulation of APP heparin affinity. Surface plasmon resonance revealed this 
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Fig. 5. Analysis of APP heparin binding by surface plasmon resonance (Malmquist 1993). Binding 
of increasing heparin concentrations was analyzed at fixed zinc (striped bars) and cobalt (black bars) 
concentrations. Results are expressed as an increase of relative response units (RU) in heparin 
binding upon addition of heparin and metal ions. The effect induced by calcium and magnesium did 
not result in an increase of response units in comparison to controls 

effect to be specific for zinc compared to Ca2 +, Mg2 +, and Co2 + and was most 
evident at low heparin concentrations (Fig. 5). 

Discussion 

The described location of a heparin binding site of APP in an exposed 
hydrophilic domain with carbohydrate attachment sites is consistent with a 
role of APP in mediating the interaction of cells to matrix and between 
cells. Such a function for APP would be consistent with the biological effects 
of heparin, which include regulation of receptor function, regulation of growth 
and differentiation, regulation of proteinase and growth factors and modulation 
of cell-cell and cell-matrix adhesion (Ruoslahti 1988). Because structur
ally, heparin and heparan sulfate are components of glycosaminoglycan chains 
with proteoglycans which are present in cell membranes, extracellular 
matrices and basement membranes, binding of APP to heparin-like molecules 
would be expected to regulate APP bioavailability and distribution on these 
sites. Any alteration in this heparin binding could affect the biological activity 
of APP. 
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The functional significance of APP binding to heparin may therefore be 
related to the adhesion of the cell expressing APP to other cells and to 
glycosaminoglycans of the extracellular matrix. Because the extracellular matrix 
not only serves a mechanical role in supporting and maintaining tissue structure 
but also modulates a multitude of cell functions such as development, migration 
and proliferation, APP as a heparin-binding molecule may act as a mediator of 
these functions. 

In brain, in the early stages of development, APP 695 is predominant (Tanzi 
et al. 1987; Neve et al. 1988). While cell migration and neurite extension is taking 
place, one of the major functions of APP 695 could be performed by the heparin 
binding site interacting with the extracellular matrix and membrane-bound 
hepar an sulfate proteoglycans of target cells. 

In regard to the amyloid pathology of AD, it is interesting that presence of 
immunoreactive markers for proteoglycans in deposits of amyloid {3A4 protein 
(Snow et al. 1990) may suggest a disturbance of the cell--cell and cell-matrix 
adhesion events mediated through APP. Such a disturbance could result in 
a constitutive signal to neuronal cells towards, for example, neurite extension, 
which may contribute to amyloid formation if more APP is produced and 
transported to the site of amyloid deposition. 

It has been shown that zinc(II) binding may influence APP processing (Bush 
et al. 1992). In this study, APP enriched by heparin affinity chromatography 
from plasma of patients with AD and controls was found to be more stable if 
isolated from the patients. Addition of zinc(II) removed the differences of the 
APP levels between the two groups (Bush et al. 1992). Because an abnormality of 
zinc(II) metabolism in AD and Down's syndrome has been reported (Franceschi 
et al. 1988; Napolitano et al. 1990), understanding the function of the zinc(II) 
binding site on APP may be of great importance to an understanding of the 
mechanism of amyloid formation in AD. 

Recently, zinc, aluminium and iron have also been shown to promote the 
aggregation of the {3A4 peptide in vitro, with zinc as the most effective ion under 
physiological conditions (Mantyh et al. 1993). These findings suggest that zinc could 
playa role in vivo, both by modulating the function of the {3A4 amyloid protein 
precursor and by promoting the initial aggregation of {3A4, which could accelerate 
the pathological process dramatically at an early step of amyloidogenesis. 
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of Amyloid PI A4 Protein Precursor 
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Abstract 

Amyloid fJ/A4 protein precursor (APP) is secreted into medium by most cul
tured cells and can function as an autocrine factor. To study the biological 
function of secreted forms of APP (sAPP) on neurons, we used a clonal eNS 
neuronal line B103 which synthesizes no detectable levels of APP. When B103 
cells were plated at a low density in a defined serum-free medium, neurite 
outgrowth was promoted by the conditioned medium of APP-695 over-produ
cing cells and by the bacteria-produced sAPP-695 (named KB75). A series of 
pep tides having sequences between Ala-319 and Met-335 of APP-695 also 
stimulated neurite outgrowth of B103 cells. The sequence of five amino acids, 
RERMS (APP 328-332) within this stretch of sequence, was the shortest active 
peptide. Binding assay using 1251-labeled APP 17-mer peptide corresponding to 
Ala-319 to Met-335 of APP-695 as a ligand demonstrated specific and saturable 
cell-surface binding sites which are extractable with detergent. These data 
indicate that sAPP induces neurite extension through a cell surface binding and 
that the RERMS domain represents the active site responsible for this function. 
The RERMS-containing APP peptide also exhibited neuronal survival activity 
on rat primary cortical neuronal culture. In addition, the infusion of the trophic 
APP peptide into rat brain ventricles increased the synaptic density in the 
frontoparietal cortex and enhanced the memory retention. These results firmly 
establish the neurotrophic properties of sAPP and raise the possibility that 
small APP peptides or non-peptidic compounds mimicking their activity may 
be used therapeutically for the improvement of memory performance. 

Introduction 

The amyloid fJ/ A4 protein (AfJ) is the major component of both cerebrovascular 
and plaque amyloid deposits (Glenner and Wong 1984; Masters et al. 1985; 
Selkoe et al. 1986) found in the brain tissue of patients afflicted with Alzheimer's 
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disease (AD). The protein is derived from a membrane-spanning protein, 
amyloid fJ/A4 protein precursor (APP; Kang et al. 1987; Tanzi et al. 1987; 
Robakis et al. 1987; Goldgaber et al. 1987), of which at least five different 
forms of primary transcription products are now known. Three forms (APP-563, 
-751 and -770) contain a domain showing a strong homology with the protease 
inhibitors of the Kunitz type (KPI; Ponte et al. 1988; Tanzi et al. 1988; 
Kitaguchi et al. 1988; De Sauvage and Octave 1989), whereas the other forms 
(APP-695 and -714) do not (Kang et al. 1987; Goldgaber et al. 1987; Robakis 
et al. 1987; Tanzi et al. 1987; Golde et al. 1990). Subsequent studies have shown 
the existence of secreted forms of APP (sAPP), either in medium of cultured 
cells such as PC12 and fibroblasts (Schubert et al. 1989; Veda et al. 1989; 
Weidemann et al. 1989) or in cerebral spinal fluid (Palmert et al. 1989; 
Weidemann et al. 1989; Kitaguchi et al. 1990). Since the identification of 
sAPP with KPI domain as protease nexin II (Van Nostrand et al. 1989; 
Oltersdorf et al. 1989), many reports have described biological functions for 
the secreted forms of APP which contain the KPI domain. These include the 
regulation of neurite extension (Robakis et al. 1990), a role in the blood 
coagulation process (Cole et al. 1990; Van Nostrand et al. 1990; Smith et al. 
1990) and a role in the wound-healing process (Cunningham and Van Nostrand 
1991). Little is known, however, about the physiological function of sAPP-695 
which lacks KPI domain, in spite of evidence indicating that APP-695 is found 
almost exclusively in the brain (Neve et al. 1988; Ponte et al. 1988; Tanaka et al. 
1988; Konig et al. 1991). 

Considering that APP-695 is a brain-specific isoform of APP, one can 
speculate that the secreted form of APP-695 (sAPP-695) is a key molecule 
involved in some brain-specific mechanisms. It has been reported that the 
relative mRNA proportion of APP-695 to the KPI-containing forms of APP is 
reduced in AD (Johnson et al. 1990; Tanaka et al. 1988; Neve et al. 1990) and in 
behaviorally impaired aged animals (Higgins et al. 1990), although contradicting 
data have been reported by another group (Golde et al. 1990). Using a battery of 
different antibodies to various regions of APP, Cole et al. (1991) and Joachim 
et al. (1991) have shown that N-terminal as well as C-terminal fragments of APP 
accumulate in the periphery of the senile plaques. This finding probably indi
cates the presence of full-length APP in the swollen neurites surrounding the 
plaque core, which is consistent with the finding that APP undergoes fast 
anterograde axonal transport (Koo et al. 1989). These findings raise the possibil
ity that N-terminal fragments of APP playa significant role in the aberrant 
sprouting reaction observed in the vicinity of the plaques. APP has been shown 
to colocalize with GAP-43 both in neuritic plaques (Masliah et al. 1992a) and 
growth cones (Masliah et al. 1992b), and it is proposed to be ultimately 
expressed at the synapses. If APP has a trophic or maintenance function in the 
synapses, an alteration in the processing of APP, and consequently an alteration 
of the concentration of secreted APP-695 in the synapses, could lead to synapse 
loss and neuronal death, as observed in AD. On the other hand, APP might be 
involved in the sprouting reactions of remaining neurons, which is also observed 
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in AD. To determine whether or not this is the case, a full understanding of the 
physiological functions of APP is necessary. 

As an initial attempt to study the physiological functions of APP, we used 
a human lung fibroblast cell line (AG2804) and applied an antisense RNA 
strategy to create a new cell line (A-I) that produces extremely low levels of APP 
and depends on the addition of exogeneous APP for a normal growth rate 
(Saitoh et al. 1989; Bhasin et al. 1991). This cell line A-I was an essential tool in 
the functional mapping of APP. Using both APP fragments made in bacteria 
and chemically synthesized APP peptides, we showed that the only site of 
sAPP-695 involved in the stimulation of fibroblasts growth is around the 
RERMS sequence (APP 328-332, Kang sequence; Roch et al. 1992; Ninomiya 
et al. 1993). Recent studies in our laboratory have revealed that the target of the 
biological activity of this domain of sAPP is not limited to this particular cell 
line; the addition of synthetic peptides corresponding to this domain in the 
culture media caused significant morphological changes in rat CNS neuronal 
cells or primary cortical neurons from rats. Consistent with this trophic activity, 
APP treatment protected neurons from hypoxia-induced cell death (Mattson 
et al. 1993) and protected animals from ischemic damage on the spinal cord 
(Bowes et al. 1992). We also detected specific binding sites for the iodinated 
sAPP-695 fragment on rat CNS neuronal cells, presumably representing the 
receptor molecules for sAPP-695. Furthermore, we have evidence that in vivo 
administration of the active APP peptide into the rat brain causes significant 
changes in memory performance. 

Results 

The secreted form of APP-695 which lacks protease inhibitor domain exerts its 
effects on target neurons through receptor-mediated intracellular signal trans
duction system(s) and regulates neuronal and synaptic activity. We have de
veloped the following assay systems to study the biological activity of APP 
fragments and have identified the trophic domain of sAPP-695 (Fig. 1). 

Bioassay on a Fibroblast Cell Line A-I 

We have established a fibroblast cell line A-I, transfected with a plasmid 
expressing an antisense APP RNA (Saitoh et al. 1989). This cell line produces 
very low levels of APP mRNA and its translation products, resulting in a slow 
growth rate. The growth of A-I cells can be restored to the level of parent 
fibroblasts (AG2804) by addition of exogenous APP. The dependence of the 
growth of the cells on exogenous APP provided us with a rather simple bioassay 
to study the functional mapping of APP (Roch et al. 1992). Testing the activity of 
a series of sAPP-695 fragments obtained from our bacterial expression system 
on this bioassay, we have shown that at least one of the active sites of sAPP-695 
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Fig. 1. Schematic presentation of APP. APP contains several important domains. The trophic 
domain is located in the center of the secreted N-terminal fragment. Neither putative heparine 
binding domains, Kunitz type protease inhibitor (KPI) domain, ,B/A4-protein domain, nor N
glycosylation are required for the trophic activity of APP 

was localized within the 40-mer sequence (APP296-335; Roch et a1. 1992). 
Further analyses have shown that the only active site is the pentamer sequence 
RERMS (APP 328-332; Ninomiya et a1. 1993). 

Bioassay on a Rat CNS Neuronal Cell Line B103 

We found that a rat eNS neuronal cell line B103, expressing no detectable levels 
of APP, responds to sAPP by extending neurites. This was evaluated by blind 
quantification of the neurite number and length using a computer-assisted 
morphometric analysis. We have shown that the activity of sAPP-695 on this 
cell line was localized within the same pentamer sequence which was also active 
as a growth promoter on the A-1 fibroblast. 

Bioassay on Primary Cortical Neuronal Cells from Rats 

The biological activity of APP-fragments described above is not confined to 
specific cell lines. We found that the active peptide 17-mer (APP319-335) 
containing the aforementioned pentamer enhanced the survival of primary 
cortical neurons from rats. However, the RERMS site was necessary but not 
sufficient for this survival activity. Furthermore, the promoting effect of 17-mer 
on neurite extension, as observed for B103 cells, was also found on primary 
neuronal cultures. 

Radioligand Binding Assay on B103 Cell Monolayer 

We have been successful in finding binding sites for the iodinated APP peptide 
on the neuronal cell BI03. The binding of 125I_17_mer to B103 cell layer was 
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time-dependent and saturable with a Kd value of 20 ± 5 nM and Bmax value of 
80 ± 8 fmolj106 cells (means ± SEM of four determinations each done in 
triplicate). The binding was sequence-specific because unlabeled 17-mer but not 
reverse-sequence 17-mer could displace the binding. The bacteria-produced 
sAPP fragment without the active 17-mer sequence (named KB75J) did not 
compete with 125I-Iabeled 17-mer for binding or stimulated neurite extension. 
A peptide of sequence RMSQ (APP330-333), which partially overlaps the active 
sequence RERMS, at higher concentrations, could block the neurotrophic 
effects of both KB75 and 17-mer, although it showed no neurite extending 
activity in our bioassays. APP 17-mer was also found to induce the accumula
tion of inositol polyphosphates, suggesting that its effects are through activation 
of inositol phospholipid signal transduction systems. 

Behavioral Assay on Water Maze 

It is well established that some animals become behaviorally impaired with 
aging. We used old rats to evaluate the biological activity of 17 -mer. Animals 
were trained to locate a hidden platform to escape from a water pool. After 
determination of behavioral performance, either the 17 -mer peptide, the reverse 
sequence peptide or artificial cerebrospinal fluid was infused directly into 
ventricles (0.5 /ll/hr of 1 mM solution) for two weeks, and animals were then 
tested in the water maze. For the test, the location of the hidden platform was 
changed (reverse learning paradigm). Thus, animals might remember the orig
inal position and go to the original position, or forget the original position while 
learning a new location. In non-impaired animals, 17-mer treatment caused the 
animals to go to the original position, thus prolonging the time for animals to 
find a new location. This 17-mer effect was not found in impaired animals. In 
addition, confocal microscopy study demonstrated that 17-mer increased the 
synaptic density in the neocortex. 

How May APP be Involved in AD Pathogenesis? 

The above results firmly establish the neurotrophic activity of sAPP, as well as 
its potential involvement in memory. What might be the significance of this 
activity in the pathophysiology of AD? The currently predominant hypothesis 
for the etiology of AD is that Af3 toxicity is responsible for neurodegeneration in 
this disease (Yankner et al. 1989, 1990a, 1990b; Joachim and Selkoe 1992; Kosik 
1992; Hardy and Higgins 1992; Mattson et al. 1992; Citron et al. 1992; Cai et al. 
1993; Pike et al. 1993). Although this is possible, for the sake of argument we 
would like to promote the idea that AP per se might not be the primary cause of 
the neuronal death, and hence of the dementia. It must be kept in mind that Af3 
is found not only in AD patients but is also produced in normal individuals, and 
by the normal metabolism of cultured cells. Furthermore, in AD patients, Af3 
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protein is found not only in the brain but also in peripheral tissue, although the 
neurodegeneration is confined to the CNS. The best evidence to date for an 
involvement of APP (or one of its breakdown products such as Af3 protein) in 
the development of AD stems from genetic data showing that some mutations in 
the APP gene cosegregate with the disease in some families struck by the disease 
(Go ate et al. 1991; Murrell et al. 1991; Chartier-Harlin et al. 1991; Naruse et al. 
1991; Yoshioka et al. 1991; Hendriks et al. 1992; Mullan et al. 1992). One ofthese 
mutations has been shown to result in a six-fold increase of Af3 secretion in 
cultured cells (Citron et al. 1992; Cai et al. 1993). However, this finding cannot 
account for all AD cases. In fact, some of the other mutations have been shown 
to result in a decrease of Af3 secretion, yet the people carrying the mutation do 
get AD. Therefore, the neurotoxic role of Af3 in the development of AD may not 
be sufficient. The release of Af3 protein by cultured cells under normal physiolo
gical conditions raises the question of how and why the Af3 peptide adopts the 
f3-pleated amyloid conformation only in AD brains. In this respect, the interac
tion of the Af3 with other molecules might yield crucial information. In addition 
to apolipoprotein E (Strittmatter et al. 1993), one of the molecules that interact 
with Af3 is APP itself (Goldgaber et al. 1993). Hence, the possibility arises that 
trophic APP activity might be affected by the Af3 peptide. The secreted form of 
APP is involved in several biological mechanisms, like protease inhibition (Van 
Nostrand et al. 1989; Oltersdorf et al. 1989), blood coagulation (Cole et al. 1990; 
Van Nostrand et al. 1990; Smith et al. 1990), cell growth (Saitoh et al. 1989; 
Bhasin et al. 1991; Roch et al. 1992; Ninomiya et al. 1993), neurite extension 
(Robakis et al. 1990; Jin et al. 1992; Araki et al. 1991; Milward et al. 1992), 
regulation of intracellular calcium levels (Mattson et al. 1992), the memory 
process (Roch et al. 1993), synapse formation (Masliah et al. 1993; Roch et al. 
1993) and finally neuronal survival (Bowes et al. 1992; Mattson et al. 1993). All 
these activities could be influenced by the binding of the Af3 peptide to the 
N-terminal region of APP. In spite of the six-fold increase of Af3 secretion 
resulting from the Swedish mutation, it is not clear how the other mutations can 
lead to dementia. There is no direct evidence for an obvious alteration of APP 
metabolism in AD. In particular, the balance between the two major pathways 
of APP, one leading to the "physiological" secretion of the N-terminal portion 
and the other leading to the secretion of the Af3 peptide, does not show a gross 
alteration in AD. Therefore, it is possible that other factors mediating APP 
activity and compartmentalization might be important in the development of 
AD. At this point, it has to be kept in mind that the best linkage to AD is 
a marker on chromosome 14, whereas the APP mutation is rather rare (Craw
ford et al. 1991; Schellenberg et al. 1991; Tanzi et al. 1992). In brief, APP and the 
Af3 protein play key roles in AD pathology, although they might not be the 
primary and direct cause of the neurodegeneration. While the Af3 peptide might 
be neurotoxic when deposited in the amyloid form, an alteration of the neuro
trophic activity of the secreted form of its precursor might also be considered as 
an event potentially leading to dementia. Thus, our working hypothesis on the 
role of APP in the pathogenesis of AD is the following: APP is an important 
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protein involved in the regulation of synaptic function and neuronal homeo
stasis. In AD patients, abnormal metabolism and compartmentalization of APP 
lead to an important alteration in the maintenance of synapses and the homeo
stasis of neurons. This, in turn, could lead to the massive neuronal loss and 
reactive sprouting observed in AD brains. 

In conclusion, APP is a neurotrophic protein whose activity is represented 
by a small stretch of fragment in the middle portion of secreted aminoterminus 
of APP. There is a possibility that this neurotrophic activity of APP is not 
properly expressed in AD. It is an attractive possibility that a non-peptide drug 
may be designed based on the short APP fragment and used therapeutically to 
reduce the memory dysfunction and neuronal atrophy found in AD. 
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Processing of Alzheimer AfJ-Amyloid Precursor Protein: 
Cell Biology, Regulation, and Role in Alzheimer's 
Disease 

S. Gandy* and P. Greengard 

Alzheimer's disease (AD) is characterized by an intracranial amyloidosis 
that develops in an age-dependent manner and appears to be dependent 
upon the production of Af3-amyloid by proteolysis of its integral membrane 
precursor, the Alzheimer Af3-amyloid precursor protein (APP). Evidence 
causally linking APP to AD has been provided by the discovery of mutations 
within the APP coding sequence that segregate with disease phenotypes 
in autosomal dominant familial cerebral amyloidoses, including some types 
of familial AD (FAD). Though FAD is rare ( < 10% of all AD), the character
istic clinicopathological features - amyloid plaques, neurofibrillary tangles, 
synaptic and neuronal loss, neurotransmitter deficits, dementia - are 
apparently indistinguishable when FAD is compared with typical, common, 
"non-familial," or sporadic, AD (SAD). 

The characterization and regulation of pathways for the cellular process
ing of APP have been extensively characterized and recent data demonstrate 
that soluble Af3-amyloid is released from various cells and tissues in the 
course of normal cellular metabolism. To date, studies of APP catabolic inter
mediates and soluble Af3-amyloid in SAD tissues and fluids have not 
provided specific SAD-associated changes in APP metabolism. However, 
studies of some clinically relevant mutant APP molecules from FAD 
families have yielded evidence that APP mutations can lead to enhanced 
generation or aggregability of Af3-amyloid, consistent with a pathogenic 
role in AD. 

In addition, genetic loci for FAD have been discovered which are distinct 
from the immediate regulatory and coding regions of the APP gene, indicat
ing that defects in molecules other than APP can also specify cerebral 
amyloidogenesis and FAD. It remains to be elucidated which, if any, of 
these rare genetic causes of AD is most relevant to our understanding of 
typical, common SAD. 
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Alzheimer's Disease is Associated 
with an Intracranial Amyloidosis 

Amyloid is a generic description applied to a heterogeneous class of tissue 
protein precipitates which have the common feature of beta-pleated sheet 
secondary structure, a characteristic which confers affinity for the histochemical 
dye Congo red (Tomlinson and Corsellis 1984). Amyloids may be deposited in 
a general manner throughout the body (systemic amyloids) or confined to 
a particular organ (e.g., cerebral amyloid). AD is characterized by clinical 
evidence of cognitive failure in association with cerebral amyloidosis, cerebral 
intraneuronal neurofibrillary pathology, neuronal and synaptic loss, and neu
rotransmitter deficits (Tomlinson and Corsellis 1984). The cerebral amyloid of 
AD is deposited around meningeal and cerebral vessels, as well as in gray 
matter. In gray matter, the deposits coalesce into structures known as plaques. 
Parenchymal amyloid plaques are distributed in brain in a characteristic 
fashion, differentially affecting the various cerebral and cerebellar lobes and 
cortical laminae. 

The main constituent of cerebrovascular amyloid was purified and se
quenced by Glenner and Wong in 1984. This 40-42 amino acid polypeptide 
(designated "[3 protein", Glenner and Wong 1984a,b or, according to Masters 
et al. 1985, "A4"; now standardized as A[3 by Husby et al. 1993), is derived from 
a 695-770 amino acid precursor, termed the Af3-amyloid precursor protein 
(APP; Fig. 1), which was discovered by molecular cloning (Goldgaber et al. 
1987; Tanzi et al. 1987, 1988; Kang et al. 1987; Robakis et al. 1987; Ponte et al. 
1988; Kitaguchi et al. 1988). 

APP Structure Gives Clues to Some of its Functions 

The deduced amino acid sequence of APP predicts a protein with a single 
transmembrane domain (Goldgaber et al. 1987, Tanzi et al. 1987, 1988; Kang 
et al. 1987; Robakis et al. 1987; Ponte et al. 1988; Kitaguchi et al. 1988). Isoform 
diversity is generated by alternative mRNA splicing, and isoforms of 751 and 
770 amino acids include a protease inhibitor domain ("Kunitz-type protease 
inhibitor" domain, or KPI; Ponte et al. 1988; Tanzi et al. 1988; Kitaguchi et al. 
1988) in the extracellular region of the APP molecule. The ectodomains of the 
protease inhibitor-bearing isoforms of APP are identical to molecules which had 
been identified previously based on their tight association with proteases, and 
thus were designated "protease nexin II" ("PN-II"; Van Nostrand and Cunning
ham 1987; Oltersdorf et al. 1989; Van Nostrand et al. 1989). Identical molecules 
are also present in the platelet alpha-granules, where they were described under 
the name of "factor XIa inhibitor" (XIaI; Smith et al. 1990; Bush et al. 1990). 
Upon degranulation of the platelet, factor XIaIjPN-IIjAPP exerts an anti
proteolytic effect on activated factor Xla at late steps of the coagulation cascade. 
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Fig. 1. Structure of the Alzheimer Ali-amyloid precursor protein (courtesy of Dr. Gregg Caporaso; 
numbering according to APP695 , Kang et al 1987. Ii/A4 domain = Ali domain; see text or Husby 
et al. (1993) 

Recent evidence suggests that KPI-Iacking isoforms may also act as regulators 
of proteolysis (Miyazaki et al. 1993). 

Other physiological role(s) for APP are as yet unknown, although evidence 
from several independent lines of inquiry suggests that APP may play a 
role in transmembrane signal transduction (Nishimoto et al. 1993) and/or 
calcium metabolism (Mattson et al. 1993; Arispe et al. 1993). In addi
tion, potential functional motifs in APP have been recognized by the presence 
of consensus sequences or by experimental implication. Some of these motifs 
suggest a role in metal ion binding (Bush et al. 1992), heparin binding 
(Schubert et al. 1989), cell-cell interaction (Konig et al. 1992), and/or function
ing as a receptor for a currently unrecognized ligand (Kang et al. 1987; Chen 
et al. 1990). In some investigations, Saitoh and colleagues (1989) have 
accumulated evidence that APP may playa role in regulating cell growth. 
Recently, novel APP-like proteins (APLPs) have been discovered (Wasco 
et al. 1992, 1993; Slunt, et al. 1994), suggesting that APP may be a member of 
a larger family of related molecules. APLPs are highly homologous to APP and 
to each other, but APLPs lack the A/i-amyloid domain and therefore cannot 
serve as precursors to A/i-amyloid. 
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APP is Processed via Several Distinct Enzymatic 
and Subcellular Pathways 

APP is initially synthesized and cotranslationally inserted into membranes in 
the endoplasmic reticulum (ER). Studies of APP metabolism in the presence of 
either brefeldin A or monensin have, to date, failed to implicate the ER as an 
important site for discrete proteolytic processing of APP (Caporaso et aI. 1992a). 

Following its exit from the ER, APP traverses the Golgi apparatus, where it 
is subjected to N- and O-glycosylation, tyrosyl sulfation, and sialylation 
(Weidemann et aI. 1989; Oltersdorf et aI. 1990). APP is also phosphorylated in 
both the extracellular and cytoplasmic domains and preliminary evidence in
dicates that some of these events may occur in an early compartment of the 
central vacuolar pathway (Knops et aI., submitted for publication; Suzuki et aI., 
personal communication). In addition, some APP molecules are chondroitin
sulfated in their ectodomains (Shioi et al. 1992). 

The proteolytic processing steps for APP have been a subject of intense 
interest, in part due to early evidence which excluded the possibility that AD 
was frequently associated with APP gene mutations or with disordered APP 
transcription (Koo et al. 1990). One attractive possibility, then, was that AD 
might be a disorder of APP processing. This possibility was strengthened by 
early evidence for an APP processing pathway which precluded A,B-amyloid 
generation (Sisodia et al. 1990; Esch et al. 1990), implying that a defect in this 
pathway might underlie AD. 

Several proteolytic cleavage products of APP processing have now been 
definitively identified by purification and sequencing. The first to be identified 
(Weidemann et aI. 1989) was a fragment which results primarily from the 
cleavage which occurs within the A,B-amyloid domain. A large amino-terminal 
fragment of the APP extracellular domain ("protease nexin-II" or "PN-II"; Van 
Nostrand and Cunningham 1987; Oltersdorf et aI. 1989; Van Nostrand et aI. 
1989; or s-APP or APPs, for soluble APP; Citron et al. 1992), is released into the 
medium of cultured cells and into the cerebrospinal fluid (Weidemann et al. 
1989; Palmert et aI. 1989; Oltersdorf et aI. 1990), leaving a small nonamyloido
genic carboxyl-terminal fragment associated with the cell. This pathway is 
currently designated the alpha-secretory cleavage/release processing pathway 
for APP, so-called because the (as-yet undiscovered) enzyme which performs 
this nonamyloidogenic cleavage/release has been designated "alpha-secretase" 
(Esch et al. 1990; Seubert et al. 1993). Thus, one important processing event in 
the biology of APP acts to preclude amyloid ogene sis by proteolyzing APP 
within the A,B-amyloid domain. 

Few details are available concerning the molecular nature of alpha-secretase, 
although it is very likely to be a member of a class of enzymes which regulates 
the "shedding" of ectodomains from a wide variety of transmembrane mole
cules, including growth factor precursors, cell adhesion molecules, receptors, 
and ectoenzymes (Ehlers and Riordan 1991). Surprisingly, these enzymes appear 
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to act primarily at or near the cell surface and to specify cleavage of substrates at 
a certain distance from the plasma membrane, largely without regard for the 
primary sequence surrounding the cleavage site (Sisodia 1992; also Maruyama 
et al. 1991; Sahasrabudhe et al. 1993). Based on studies of proteolytic processing 
of the TGF-alpha precursor and the c-kit ligand precursors (which also appear 
to be cleaved by similar, cell-surface proteinase activities; Pandiella and Mass
ague 1991; Pandiella et al. 1992), it appears that "secretase-like" activities may 
be heterogeneous at the molecular level (i.e., several individual proteinase 
species probably exist). This conclusion is based on the observation that, 
depending upon the substrate assayed, slightly different protease inhibitor 
sensitivity profiles were obtained in studies of TG F -alpha "secretase" in side
by-side comparison with c-kit ligand family "secretases." Intracellular signal 
transduction, especially via protein kinase C, is commonly an important regula
tory mechanism for processing of molecules via "secretase-like" pathways (see 
below). The possibility currently exists that the activities of some secretases are 
regulated by the phosphorylation state of the enzymes themselves; if true, this 
would provide the first known examples of proteases whose activities are 
regulated by their states of phosphorylation. 

"Alternative" Pathways of APP Metabolism Provide Clues 
to the Source of AfJ-Amyloid 

Due to issues of peptide conformation, peptide aggregation, and antibody 
reagent insensitivity, the Afj-amyloid molecule was not initially detected as 
a normal metabolite of APP, either in brain, cerebrospinal fluid or cell culture 
systems. In fact, until mid-1992, Afj-amyloid was generally described as being an 
"abnormal" metabolite of APP. Instead, early clues into Afj-amyloidogenesis 
were provided by the observation of electrophoretic microheterogeneity of 
carboxyl-terminal fragments of APP. Such micro heterogeneity was detected in 
association with high-level overexpression of human APP using recombinant 
vaccinia viruses (Wolf et al. 1990), baculoviruses (Gandy et al. 1992a), or stable 
transfection (Golde et al. 1992), in association with supraphysiologicallevels of 
protein phosphorylation (Buxbaum et al. 1990), and in human cerebral vessels 
(Tamaoka et al. 1992) and cortex (Estus et al. 1992). Antigenic characterization 
of carboxyl-terminal fragments of APP in cerebral vessels (Tamaoka et al. 1992) 
and cortex (Estus et al. 1992), in transfected cells (Golde et al. 1992), and in the 
baculoviral overexpression system (Gandy et al. 1992a) provided the evidence 
which supported the possibility of "alternative" cleavage of APP molecules, 
giving rise to carboxyl-terminal fragments containing the complete Af3-amyloid 
sequence, which, in turn might give rise to Afj-amyloid. Protein sequencing of 
the various putative amyloidogenic carboxyl-terminal species (candidate inter
mediates in the pathway to Af3-amyloid deposition) recently provided for their 
definitive identification (Cheung et al. 1994). 
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The "alternative" (i.e., non-intra-Af3) cleavage suggested by this micro
heterogeneity prompted a search for additional intracellular routes for APP 
trafficking and cleavage. The existence of trafficking routes other than the 
alpha-secretory cleavage/release processing pathway was also suggested by the 
estimation that only about 20% of newly synthesized APP molecules are 
recovered as released molecules (in PC-12 cells; Caporaso et al. 1992b). Since 
evidence failed to suggest the existence of an important degradative pathway for 
APP in the ER (Caporaso et al. 1992a), several groups undertook experiments to 
determine whether acidic (endosomal/lysosomal or trans-Golgi network) com
partments of the cell were important in APP metabolism (Cole et al. 1989; 
Caporaso et al. 1992a; Golde et al. 1992; Haass et al. 1992a; Knops et al. 1992). 
The possibility of endosomal metabolism of APP was bolstered by the discovery 
of a clathrin-coated vesicle (CCV) targeting motif in the LDL receptor (Chen et 
al. 1990). This motif, NPXY, was required for proper internalization of the LDL 
receptor and was also present in the sequence of the cytoplasmic tail of APP 
(Fig. 1). The copurification of APP with CCVs was subsequently demonstrated 
directly (Nordstedt et al. 1993). The fact that APP contains an NPXY motif 
associates APP with a host of cell-surface receptors and suggests the possibility 
that APP may be a receptor for an as-yet undiscovered or unrecognized ligand. 

In other efforts to dissect the process of Af3-amyloidogenesis, vesicle-neutraliz
ing agents (such as chloroquine and ammonium chloride) were applied to cultured 
cells, and these compounds were associated with greatly enhanced recovery of 
full-length APP and an array of carboxyl-terminal fragments, including 
nonamyloidogenic and potentially amyloidogenic fragments (Caporaso et al. 
1992a; Estus et al. 1992; Golde et al. 1992; Haass et al. 1992a; Knops et al. 1992). 
A similar array of fragments was recovered from purified lysosomes (Haass et al. 
1992a). This led to the formulation that both the potentially amyloidogenic 
carboxyl-terminal fragments and Af3-amyloid might be generated primarily in 
lysosomes. However, no Af3-amyloid could be recovered from lysosomes (Haass et 
al. 1993), making this a less likely (but not impossible) scenario. The likelihood 
that Af3-amyloid is generated in lysosomes was further diminished by the observa
tion that vesicular neutralization fails to consistently diminish Af3-amyloid pro
duction in certain cell types (Busciglio et al. 1993; see also below), although 
neutralization-induced stabilization of the standard array of potentially 
amyloidogenic carboxyl-terminal fragments is consistently apparent. 

Ap-Amyloid is a Normal Constituent of Body Fluids 
and the Conditioned Medium of Cultured Cells 

Until mid-1992, the prevailing notion of Af3-amyloid was that of an abnormal, 
potentially toxic species, the production of which was perhaps relatively re
stricted to the brain in man (and perhaps a few other species), and which 
occurred primarily in association with aging and AD. This concept became 
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obsolete with the discovery by several groups that a soluble Af3-amyloid species 
(presumably a forerunner of the aggregated fibrillar species which is deposited in 
senile plaque cores) is detectable in body fluids from various species and in the 
conditioned medium of cultured cells (Haass et al. 1992b; Seubert et al. 1992; 
Shoji et al. 1992), but is not detectable in the lysates of cultured cells. 

This so-called "soluble Af3-amyloid" is apparently generated in a cellular 
compartment distal to the ER since brefeldin abolishes its generation and does 
not result in its accumulation inside cells (Haass et al. 1993). Vesicular neutral
ization compounds are effective in inhibiting Af3-amyloid release from some cell 
types (Shoji et al. 1992), but this is not true for all cell types studied (Busciglio 
et al. 1993). The precise cellular locus (loci) involved in the amino- and carboxyl
terminal cleavages responsible for Af3-amyloid generation has not yet been 
unequivocally established. The consistent inability to recover Af3-amyloid from 
cell lysates or from purified vesicles has led to a shift in focus away from the 
terminal degradative compartments of the cell (i.e., lysosomes) as possible 
sources for the generation of Af3-amyloid. One plausible scenario for Af3-
amyloid production is that cleavage at the Af3-amyloid amino-terminus is 
catalyzed by f3-secretase (see below) in the pre-cell surface limb of the constitut
ive secretory pathway, perhaps beginning in the trans-Golgi network (TGN). 
Cell-type-dependent variations in sensitivity of the TGN to neutralizing com
pounds may explain the observed dissociability of Af3-amyloid generation from 
the apparent stabilization by these compounds of potentially amyloidogenic 
carboxyl-terminal fragments. 

Still unexplained is the cellular mechanism by which the carboxyl-terminus 
of Af3-amyloid is generated, since this region of the APP molecule resides within 
an intramembranous domain. A plausible and conventional scenario for this 
step might involve the trafficking of APP or a potentially amyloidogenic 
fragment into a multivesicular body where vesiculated APP or an APP fragment 
may be liberated from the bilayer (Gandy et al. 1992b). This is supported by 
ultrastructural evidence that multi vesicular bodies are immunoreactive for APP 
epitopes (Caporaso et al. 1994). Once the cleavage which generates the carboxyl
terminus of Af3-amyloid has occurred, fusion with the plasma membrane of 
a multi vesicular body containing wholly intraluminal Af3-amyloid could effect 
release of Af3-amyloid into the extracellular space. 

Evidence Suggests the Existence of an Enzyme, p-Secretase, 
which Cleaves APP at the Amino Terminus of 
the Ap-amyloid Domain 

The possibility of heterogeneous cleavage along the constitutive secretory path
way (i.e., cleavage in the pre-cell surface pathway or at the cell surface) was 
initially discounted (Golde et al. 1992). However, Seubert and colleagues (1993) 
extended this line of investigation and succeeded in preparing an antibody that 
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was specific for the free methionyl resIdue which would reside at the predicted 
carboxyl-terminus of such an alternatively cleaved and released attenuated 
"PN-II-Iike" (or "APPs-like") molecule. This species was successfully detected as 
a component of the PN-II/APPs pool of cleaved and released APP ectodo
mains. The importance of this activity, designated "fJ-secretase," was sub
sequently strengthened by the discovery that a pathogenic FAD mutation in 
APP results in dramatic increases in AfJ-amyloid generation, which is probably 
attributable to an increase in fJ-secretase-type cleavage of the mutant APP 
(probably because the mutant APP is a better substrate for fJ-secretase than is 
wildtype APP; Felsenstein et al. 1994). 

APP Mutations in Familial Cerebral Amyloidoses Occur 
Within or near the Ap-Amyloid Domain, Segregate with Disease 
in Affected Kindreds, and Yield APP Molecules which 
Display Some Pro-Amyloidogenic Properties 

Certain mutations associated with familial cerebral amyloidoses have been 
identified within or near the AfJ-amyloid region of the coding sequence of the 
APP gene. These mutations segregate with the clinical phenotypes of either 
hereditary cerebral hemorrhage with amyloidosis, Dutch type (HCHW AD 
or FAD-Dutch; Fig. 1; van Duinen et al. 1987; Levy et al. 1990; Van Broeck
hoven et al. 1990) or more typical FAD (Fig. 1; Goate et al. 1991; Naruse 
et al. 1991; Murrell et al. 1991; Chartier-Harlin et al. 1991; Mullan et al. 
1992a), and provide support for the notion that aberrant APP metabolism is 
a key feature of AD. 

In FAD-Dutch, an uncharged glutamine residue is substituted for a 
charged glutamate residue at position 693 of APP77o• This mutated residue 
is located in the extracellular region of APP, within the AfJ-amyloid domain, 
where it apparently exerts its proamyloidogenic effect by generating AfJ
amyloid molecules which bear enhanced aggregation properties (Wisniewski 
et al. 1991). 

Mutations in APP which are apparently pathogenic for more typical FAD 
have also been discovered. In the first discovered FAD mutation (Goate et al. 
1991), an isoleucine residue is substituted for a valine residue at position 717 of 
APP770, within the transmembrane domain (Fig. 1), at a position just down
stream from the carboxyl-terminus of the AfJ-amyloid domain. Although a 
conservative substitution, the mutation segregates with FAD in pedigrees of 
American, European and Asian origins, arguing against the possibility that the 
mutations represent irrelevant polymorphisms. Other pedigrees have been 
discovered in which affected members have either phenyl alanyl (Murrell et al. 
1991) or glycyl (Chartier-Harlin et al. 1991) residues at position 717. 
Neuropathological examination has verified the similarity of these individuals 
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to typical SAD neuropathology (reviewed by Rossor 1992; see also Lantos et al. 
1992; Mann et al. 1992; Ghetti et al. 1992; Cairns et al. 1993; Kennedy et al. 
1993). 

Though the 717 mutant APPs are the most common of the FAD-causing 
APP mutations, the mechanism by which the 717-mutant APPs exert their 
effects remains to be clarified. The location of the missense substitution raises 
the possibility that the mutation may either directly affect proteolytic cleavage 
(e.g., by leading to the production of extended, perhaps more hydrophobic and 
thus hyperaggregable Af3-amyloid molecules; Cai et al. 1993), or that the 
mutation may otherwise influence the function, trafficking or biology of the 
APP molecule. Missense mutations in other integral molecules are associated 
with alternations in their biological activities (e.g., the oncogene neu; Bargmann 
et al. 1986), their trafficking and proteolysis (e.g., T cell receptor; Bonifacino et al. 
1990), or their ability to effect functional physiological changes in response to 
phosphorylation of their cytoplasmic domains (e.g., CFTR; Schoumacher et al. 
1987; Li et al. 1988, 1989; Hwang et al. 1989; Wagner et al. 1991). It has also been 
hypothesized that the FAD mutation may lead to abnormal APP translation as 
a result of a disturbance in the secondary structure of APP mRNA (Tanzi and 
Hyman 1991; Goldgaber, personal communication). Which, if any, of these 
models accounts for the pathogenesis of APP-717-mutant FAD remains a 
mystery. 

Another FAD pedigree has been discovered and has proven to be substan
tially more informative in elucidating the cell biological consequences of the 
pathogenic mutation. In a large Swedish kindred, tandem missense mutations 
occur at the amino terminus of the Af3-amyloid domain (Mullan et al. 1992a). 
Transfection of cultured cells with APP molecules containing the "Swedish" 
missense mutations results in the production of six- to eight-fold excess soluble 
Af3-amyloid above that generated from wild type APP (Citron et al. 1992; Cai 
et al. 1993). This is the first (and, to date, only) example of AD apparently caused 
by excessive Af3-amyloid production. Based upon the models of FAD-Dutch 
and FAD-Swedish, an important issue for clarification in SAD will be to 
establish whether hyperaggregation or hyperproduction of Af3-amyloid (or 
neither) is an important predisposing factor(s) to this much more commonly 
encountered clinical entity. 

Signal Transduction via Protein Phosphorylation Regulates 
the Relative Utilization of APP Processing Pathways 

As noted, the protease which cleaves APP within the Af3-amyloid domain, as 
part of the nonamyloidogenic cleavage/release pathway ("alpha-secretase"), and 
the proteases which cleave APP at other sites within the molecule to generate 
Af3-amyloid ("f3-secretase" and perhaps others) have not yet been identified. 
Nevertheless, some progress has been made toward understanding the regula
tion of APP cleavage. For example, the relative utilization of the various 
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alternative APP processing pathways appears to be at least partially cell-type 
determined, with transfected AtT20 cells secreting virtually all APP molecules 
(Overly et al. 1991), whereas glia release little or none (Haass et al. 1991). 
In neuronal-like cells, the state of differentiation also plays a role in determining 
the relative utilization of the pathways (Baskin et al. 1992; Hung et al. 1992), 
with the differentiated neuronal phenotype being associated with relatively 
diminished basal utilization of the nonamyloidogenic alpha-secretase cleavage/ 
release pathway (Hung et al. 1992). 

Certain signal transduction systems that involve protein phosphorylation 
are potent regulators of APP cleavage, acting in some cases, perhaps, by 
altering the relative activity of nonamyloidogenic cleavage by alpha-secretase. 
The role of protein kinase C (PKC) in this process has received the most 
attention. In many types of cultured cells, activation of PKC by phorbol esters 
dramatically stimulates APP proteolysis (Buxbaum et al. 1990) and cleav
age/release (Caporaso et al. 1992b; Gillespie et al. 1992; Sinha and Lieberburg 
1992) via the alpha-secretase pathway. PKC-stimulated alpha-secretory cleav
age of APP may also be induced by the application of neurotransmitters and 
other first messenger compounds whose receptors are linked to PKC (Nitsch et 
al. 1992; Buxbaum et al. 1992; Lahiri et al. 1992). Okadaic acid, an inhibitor of 
protein phosphatases 1 and 2A (Cohen et al. 1990), also increases APP proteoly
sis and release via the alpha-secretase pathway (Buxbaum et al. 1990; Caporaso 
et al. 1992b). Thus, either stimulation of PKC or inhibition of protein phos
phatases 1 and 2A is sufficient to produce a dramatic acceleration of 
nonamyloidogenic APP degradation. Furthermore, this PKC-activated pro
cessing can be demonstrated to occur at the expense of amyloidogenic APP 
degradation, resulting in diminished generation of AfJ-amyloid (Sinha, personal 
communication; Buxbaum et al. 1993; Hung et al. 1993). 

These results suggest that defects in signal-dependent regulation of APP 
cleavage may contribute to the pathogenesis of AD, a possibility supported by 
evidence that deficits in cholinergic neurotransmission (Davies and Maloney 
1976) and in protein kinase C activity (Cole et al. 1988; Van Huynh et al. 1989; 
Masliah et al. 1991) accompany AD. By extension, then, the possibility exists 
that pharmacological modulation of APP metabolism via signal transduction 
might be therapeutically beneficial in individuals with AD (Gandy et al. 1991, 
1992b; Gandy and Greengard 1992). Complicating these notions, however, is the 
observation that PKC is also a potent regulator of APP expression (Goldgaber 
et al. 1989), although these pleiotropic effects of PKC may be dissociable at the 
level of PKC isoenzyme involved (Hata et al. 1993). In addition to the attention 
to regulation of the nonamyloidogenic alpha-secretase pathway as a source of 
candidate etiologic defects and therapeutic opportunities, it may also be fruitful 
to study the potentially amyloidogenic fJ-secretase pathway in an analogous 
fashion. Further work will be required to elucidate the importance of signal 
transduction systems as important candidate defects or therapeutic targets in 
AD. The enormous pharmacological experience with compounds that affect 
signal transduction makes such an approach particularly attractive for targeting 
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therapy. The probable causal relationship between aberrant protein phos
phorylation and neurofibrillary tangle formation (another component of 
Alzheimer structural pathology) adds to the attractiveness of protein phospho
rylation pathways as potential therapeutic targets in AD. 

The mechanism by which stimulation or inhibition of intracellular protein 
phosphorylation regulates the processing of APP (including evaluation of the 
effect of changing the phosphorylation state of APP per se) remains to be fully 
elucidated. Protein kinase C rapidly phosphorylates a seryl residue in the 
cytoplasmic domain of APP (Fig. 1), using either a synthetic peptide (Gandy 
et aI. 1988; Suzuki et aI. 1992) or APP holoprotein (Suzuki et aI. 1992) as 
substrate. Moreover, APP species are phosphorylated on this and other seryl 
and threonyl residues in intact cells and in brain (Suzuki et aI., manuscript in 
preparation; Oishi et aI., personal communication). Characterization of the 
various APP residues phosphorylated in intact cells is underway to determine 
which sites of phosphorylation are utilized and to determine the possible 
existence of novel APP phosphorylation sites and APP kinases (Knops et aI. 
1993; Hung and Selkoe 1994; Suzuki et aI. 1994; Oishi et aI., personal commun
ication). Once the sites for APP phosphorylation in intact cells are established, 
analysis of the processing of phosphorylation-site mutant APP molecules can be 
used to elucidate the role of direct phosphorylation of APP. 

This approach has already been applied to certain cytoplasmic phosphoryla
tion sites in APP (da Cruz e Silva et aI. 1993; Hung and Selkoe 1994; Vitek et aI., 
personal communication). These experiments have demonstrated that changes 
in the phosphorylation state of the APP cytoplasmic domain are not necessary 
in order for the phenomenon of phosphorylation-regulated alpha-secretory 
cleavage of APP to occur. These observations have led to the proposal that 
proteins of the processing/cleavage/release pathway may be phosphoprotein 
mediators of "regulated" or "activated processing" (da Cruz e Silva et aI. 1993; 
Hung and Selkoe 1994). 

Activation of proteolysis by phosphorylation has been demonstrated for 
a number of integral membrane proteins, including the polyimmunoglobulin 
receptor (pIgR; Casanova et aI. 1990), the transforming growth factor-alpha 
(TGF-alpha) precursor (Pandiella and Massague 1991), and the receptor for 
colony-stimulating factor-l (CSFIR; Downing et aI. 1989). Direct phosphoryla
tion of pIgR appears to be crucial to the activation of its trafficking and 
processing; phosphorylation of the TGF-alpha precursor has not been demon
strated; CSFIR is known to be a phosphoprotein, but the relationship between 
its phosphorylation and its proteolysis is not yet established. 

In general terms, the possible mechanisms for activated processing of 
integral molecules can be conceptualized as involving either activation or 
redistribution of either the substrate (i.e., APP) or the enzyme (i.e., secretase). 
Based on the APP cytoplasmic tail mutational analyses described above 
(da Cruz e Silva et aI. 1993; Hung and Selkoe 1994; Vitek et aI., personal 
communication), the "substrate activation" model (Gandy et aI. 1988, 1991, 
1992b) is inadequate to completely explain activated processing of APP. 
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Furthermore, in recent immunofluorescent studies of APP in cultured cells 
which were incubated in the absence or presence of PKC- activating phorbol 
esters (Caporaso et al. 1994), no obvious phorbol-dependent redistribution of 
APP immunoreactivity was apparent at steady-state. A more detailed analysis 
of APP distribution following PKC activation is underway, as suggested by the 
model of Luini and De Matteis (1993). 

Along a related line of investigation, Bosenberg and colleagues (1993) 
have succeeded in demonstrating apparently faithful activated processing 
of TGF-alpha precursor in porated cells in the virtual absence of cytosol, and 
in the presence of N-ethylmaleimide or 2.5 M NaC!. The preservation of 
activated processing under such conditions suggests that extensive vesicular 
trafficking is probably not required for activated processing of TGF -alpha, and 
is consistent with a model of enzyme activation by direct phosphorylation. 
Studies are underway to determine whether activated APP processing has 
similar features. 

Beyond Ap-Amyloid: Other Molecular Factors 
in Amyloidogenesis, and Factors Differentiating 
Aging-Related Cerebral Amyloidosis from AD 

Since APP can be metabolized along several nonamyloidogenic or potentially 
amyloidogenic pathways. AD might be a clinicopathological phenotype that 
is due to a metabolic imbalance of the relative utilization of nonamyloido
genic pathway(s) versus potentially amyloidogenic pathway(s). To examine 
a possible correlation between APP metabolic pathway utilization and AD, 
some investigators have sought to identify AD-related changes in APP meta
bolism. Diminished levels of the large amino-terminal fragment of APP 
have been reported in the cerebrospinal fluid from patients with AD and 
from patients with the cerebrovascular Af3-amyloidosis HCHW AD or F AD
Dutch (van Nostrand et al. 1992a, b). According to these reports, decreased 
levels of the released APP amino-terminal fragment were characteristic of 
the CSF from AD and FAD-Dutch patients, but not that from age-matched 
controls, although there was some overlap between AD patients and patients 
with non-Alzheimer-type dementia. To date, however, AD-specific changes 
in the levels of potentially amyloidogenic carboxyl-terminal fragments have 
not been observed in AD cortex (Nordstedt et al. 1991; Estus et al. 1992). 
Further, as noted in a preceding section, the metabolism of some 
mutant APP molecules and their carboxyl-terminal fragments in transfected 
cells appears to proceed in standard fashion (Cai et al. 1993; Felsenstein 
and Lewis-Higgins 1993; including apparently "normal" secretory cleavage), 
unperturbed by the presence of either the APp717.Ile FAD mutation 
or the APp693-Gln FAD-Dutch mutation (numbering according to 
APP770 isoform). 
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CSF levels of soluble Af3-amyloid in normal aging and AD have been 
investigated to determine whether a correlation exists between CSF soluble 
Af3-amyloid levels and the predisposition to AD. An initial study failed to detect 
an obvious relationship (Shoji et al. 1992), and that observation has been 
recently confirmed (Wisniewski et al. 1993). Thus, there appear to be other 
important factors - perhaps downstream events in the metabolism of APP 
fragments or soluble Af3-amyloid - that play key roles in Af3-fibrillogenesis. In 
support of this latter possibility is the evidence that an important effect of the 
F AD-Dutch mutation is to accelerate Af3-amyloid fibril formation (Wisniewski 
et al. 1991). Factors contributing to Af3-amyloid deposition and fibril formation 
may include the processing of soluble Af3-amyloid into an aggregated form 
(Burdick et al. 1992; Dyrks et al. 1992) and/or the association of Af3-amyloid 
with other molecules, such as alpha-I-ACT (Abraham et al. 1988), heparan 
sulfate proteoglycan (Snow et al. 1992), apolipoprotein E (Wisniewski and 
Frangione 1992; Strittmatter et al. 1993), and P component (Wisniewski and 
Frangione 1992). In addition, deposited Af3-amyloid plaques may serve as 
nucleation foci and act to recruit additional Af3-amyloid deposition (Maggio et 
al. 1992). 

Events beyond Af3-amyloid deposition may also be crucial in determining the 
eventual toxicity of Af3-amyloid plaques. While aggregation of Af3-amyloid is 
important for in vitro models of neurotoxicity (Mattson and Rydel 1992; Pike et 
al. 1993), the relevance of these phenomena for the pathogenesis of AD is unclear, 
since Af3-amyloid deposits may occur in normal aging, in the absence of any 
evident proximate neuronal injury (Crystal et al. 1988; Masliah et al. 1990; Berg et 
al. 1993; Delaere et al. 1993). This finding suggests that other events must 
distinguish "simple" cerebral amyloidosis from "full-blown" AD. One intriguing 
possible contributing factor is the association of complement components with 
Af3-amyloid (Rogers et al. 1992). In cerebellum, where Af3-amyloid deposits 
appear to cause no injury, plaques are apparently free of associated complement, 
while in the forebrain, complement associates with plaques, perhaps becoming 
activated and injuring the surrounding cells (Lue and Rogers 1992). Other, as-yet 
undiscovered, plaque-associated molecules may also play important roles. 

It is also possible that Alzheimer neuropathology may be a final end product 
which can develop through a host of independent initiating molecular abnor
malities, analogous to the manner in which either disorders of oxygen radical 
metabolism (Rosen et al. 1993) or of cytoskeletal protein expression (Brady 1993; 
Cote et al. 1993; Xu et al. 1993) can lead to a clinicopathological picture of 
motor neuron disease. Similarly, in the case of AD, it is unknown whether, for 
example, in some situations cytoskeletal phosphorylation abnormalities could 
be initiating events, and Af3-amyloid deposits could occur secondarily. In 
support of this possibility is the recent demonstration that toxin- or lesion
induced nerve terminal degeneration can be associated with altered, potentially 
amyloidogenic APP metabolism (Iverfeldt et al. 1993). Further, Af3-amyloid 
deposition may "decorate" the periphery of amyloid plaques primarily com
posed of prion protein (Ikeda et al. 1993). 
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The most promising leads for furthering our understanding of the molecular 
pathology of AD beyond APP metabolism lie in elucidating the role of apol
ipoprotein E allelic variation in determining predisposition to SAD (Saunders 
et al. 1993 and in the eventual discovery of the gene which causes the most 
common form of FAD, a form caused by a gene which resides on chromosome 
14 (Schellenberg et al. 1992; St George-Hyslop pet al. 1992; Van Broeckhoven et 
al. 1992; Mullan et al 1992b). The identity of this gene is entirely unknown: it 
may represent a molecule which regulates APP expression or degradation, 
analogous to the lysozyme protease enzyme defect which was recently dis
covered to underlie hereditary systemic amyloidosis (Pepys et al. 1993). Alterna
tively, the chromosome 14 mutant molecule may implicate neurofibrillary 
components or may point in an entirely unexpected direction. In any event, 
discovery of the chromosome 14 FAD gene may prove to be an important step 
toward the eventual unravelling of the molecular basis of typical, common SAD, 
and it is this information which offers the most promise for ultimately providing 
us with a full understanding of AD and making possible its rational treatment. 
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Studies of APP Biology: Analysis of APP Secretion and 
Characterization of an APP Homologue, APLP2 

S. S. Sisodia*, H. H. Slunt, C. Van Koch, A. C. Y. La, and 
G. Thinakaran 

Abstract 

p-Amyloid precursor proteins (APP) are integral membrane glycoproteins en
coded by alternatively spliced transcripts derived from a single gene on chromo
some 21 (Muller-Hill and Beyreuther 1989; Selkoe 1989). Biochemical studies 
have demonstrated that APP mature through the constitutive secretory path
way and that a fraction of molecules are secreted into the conditioned medium 
following endoproteolytic cleavage within the AP sequence. In this report, we 
define the cellular site of APP cleavage as the plasma membrane. We also 
provide strong evidence for the role of APP cytoplasmic sequences on intracel
lular trafficking and endocytosis of newly synthesized APP. Additional studies 
are presented that describe the identification and characterization of a novel 
APP homologue, APLP2. APLP2 mRNA are expressed ubiquitously and at 
high levels relative to APP in rodent tissue; the neuronal expression of APLP2 
has been demonstrated by in situ hybridization. In vitro studies indicate that 
APLP2 matures through the constitutive secretory pathway and that soluble 
APLP2 derivatives are secreted. Importantly, several antibodies elicited against 
APP epitopes cannot discriminate between APP and APLP2, suggesting that 
numerous reports purported to follow APP may have followed APLP2 as well. 

Introduction 

Alzheimer's disease is a neurodegenerative disorder characterized by the pres
ence of numerous senile plaques and neurofibrillary tangles in the cerebral 
cortex and hippocampus of affected individuals (Wisniewski and Terry 1973; 
Kemper 1984; Goedert et al. 1991). The principal protein in plaques is AP 
(Glenner and Wong 1984; Masters et al. 1985), an ~ 4-kD amyloidogenic 
peptide, derived from larger APP (Kang et al. 1987). APP are ubiquitously 
expressed integral membrane glycoproteins of 695, 714, 751, and 770 amino 
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acids (Kang et al. 1987; Kitaguchi et al. 1988; Ponte et al. 1988; Tanzi et al. 1988; 
Golde et al. 1990) encoded by alternatively spliced mRNA. The two largest 
forms contain a domain structurally and functionally homologous to the Kunitz 
family of protease inhibitors (KPI; Kitaguchi et al. 1988; Ponte et al. 1988; Tanzi 
et al. 1988). In cultured cells, APP mature through the constitutive secretory 
pathway and are modified by the addition of N- and O-linked oligo saccharides 
and tyrosine sulfation (Weidemann et al. 1989). Full-length APP appear on the 
plasma membrane with the nearly concomitant appearance of C-terminal trun
cated derivatives in the conditioned medium. Some plasma membrane-bound 
molecules are internalized and degraded by endosomal/lysosomal pathways 
(Golde et al. 1992; Haass et al. 1992a). Although biochemical mechanism(s) 
involved in the generation of Af3 are presently unknown, soluble Af3 is normally 
secreted from cultured cells and is present in human cerebrospinal fluid (Haass 
et al. 1992b; Seubert et al. 1992; Shoji et al. 1992). The first set of experiments 
focus on the cellular site of APP cleavage and discuss the role of sequences in the 
APP cytoplasmic domain on APP trafficking and internalization. 

Despite advances in our understanding of APP structure and metabolism 
(Selkoe 1991; Goedert et al. 1991; Hardy and Mullan 1992), little is known 
regarding the physiological functions of APP. Although evidence favors a role 
for the soluble form of APP-751, or protease nexin II, in wound healing 
(Oltersdorf et al. 1989; Smith et al. 1990; Van Nostrand et al. 1990), the 
function(s) of APP in the brain and other tissues remains uncertain, but roles for 
APP in the maintenance of synaptic interactions (Schubert 1989), cell-to-cell 
contact (Shivers et al. 1988), organization of the extracellular matrix (Narin
drasorasak et al. 1992), mitogenesis (Saitoh et al. 1989), and as a receptor 
coupled to the trimeric G protein, Go (Nishimoto et al. 1993), have been 
suggested. However, the identification of human cDNA that encodes an APP
related molecule, termed APLP1 (Wasco et al. 1992), is consistent with the view 
that APP are a member of a larger gene family. In the second set of studies, we 
will present experiments that examine the expression of a second APP-related 
protein, APLP2, and provide evidence that APP-specific antibodies are unable 
to discriminate APP from APLP2. 

Results 

APP Cleavage Occurs on the Plasma Membrane 

We and others have used molecular biological and biochemical approaches to 
confirm that the APP ectodomain is secreted following endoproteolytic cleav
age between residues 16 (lysine) and 17 (leucine) of the Af3 sequence (Esch et al. 
1990; Sisodia et al. 1990; Anderson et al. 1991; Wang et al. 1991). Below, we 
extend those observations to examine the cellular site of APP cleavage. 

Weidemann and colleagues (1989) demonstrated the presence of full-length 
precursors on the cell surface. To address whether plasma membrane precursors 
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Fig. 1. APP cleavage occurs on the plasma membrane. A Structure of wild-type APP-770 and 
truncated analogue 770DXB. Hatched box, APP transmembrane domain. B 770DXB is cleaved and 
secreted. Lanes 1 and 2, ['5S] methionine-labeled immunoprecipitates from cell lysate or super
natant (sup), respectively, derived from a stable cell line (C7DXB) that constitutively expresses 
770DXB polypeptides. Immunoprecipitation utilized APP-specific polyclonal antibody RGP-3 
elicited against a synthetic peptide corresponding to residues 45-62 of APP (a kind gift from Dr. 
George Perry, Case Western Reserve University, Cleveland). C 770DXB is cleaved at the plasma 
membrane. CD7DXB cells were surface radioiodinated at 4°C and then placed in prewarmed 
growth medium. 770DXB-related polypeptides were immunoprecipitated from cell pellets (lanes 
1-5) or conditioned medium (lanes 6-10) at 0 min (1 and 6), 5 min (2 and 7), 10 min (3 and 8), 20 min 
(4 and 9), or 40 min (5 and 10). Sup't, supernatant 

are substrates for cleavage, we analyzed a Chinese hamster ovary (CRO) cell line 
(C7DXB) that overexpresses an APP-770 minigene (770DXB) that encodes 
APP-770 deleted of 285 residues of the APP extracellular domain but retains the 
entire cytoplasmic and transmembrane regions and 35 residues of the adjacent 
extracellular domain (Fig. 1A). Following [ 35SJmethionine labeling and im
munoprecipitation, 770 DXB molecules appear as immature 55-kiloDalton (kD) 
and mature ~ 85-kD species in celllysates (Fig. 1B), lane 1) and as ~ 70-kD 
molecules in conditioned media (Fig. lB, lane 2). C7DXB cells were surface 
labeled with [ 1251J at 4°C, resulting in the labeling of ~ 85-kD mature 
770DXB polypeptides (Fig. 1C, lane 1). Upon returning cells to prewarmed 
culture media, 770DXB polypeptides in celllysates and conditioned media were 
assayed over a 45-min period. In Figure 1C, we demonstrate that the full-length 
forms have a half-life of 5-10 min and, more importantly, that a truncated 
~ 70-kD 770DXB-related species is detected in culture media at the earliest 

( ~ 30 sec) time point and accumulates during the next 10 minutes. The rapid 
kinetics of this process is inconsistent with a model whereby membrane-bound 
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APP are recycled, cleaved intracellularly, and then secreted. Thus, these data are 
consistent with APP cleavage that occur in the plasma membrane. 

Sequences on the APP Cytoplasmic Tail are Required for Trafficking 
and Endocytosis 

Early pulse-chase experiments indicated that only a fraction of newly syn
thesized APP is secreted (Weidemann et al. 1989). Indeed, we demonstrated that 
APP deleted of the last 16 amino acids of the APP cytoplasmic tail were secreted 
at a 2-3-fold higher level than wild-type polypeptides (Sisodia et al. 1990). 
Contained within these 16 residues is the sequence YENPTY that, in part, 
resembles the motif, NPXY, that is present in the cytoplasmic tail of a number of 
receptors that undergo rapid endocytosis (e.g., receptors for epidermal growth 
factor (EGF), low-density lipoprotein (LDL), mannose-6-phosphate), mutations 
of the tyrosine residue severely compromise the efficiency of internalization of 
parent molecules (ColI awn et al. 1991). To define more clearly the requirement of 
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Fig. 2. APP harboring mutations within the endocytic targeting signal are efficiently secreted. 
A Structure of wild-type (W.T.) APP-770 and APP-770 containing tyrosine-alamine substitutions in 
the endocytic targeting signal (POINT). B Pulse-chase analysis. CRO cells or CRO cells stably 
transfected with APP-770 or "POINT" were pulse labeled with [35S] methionine for 10 min and 
then chased for 10, 25, or 50 min. Cell lysates were prepared at each time point and immuno
precipitated with APP-specific antibodies. C Secretion of APP-related derivatives. An aliquot of 
supernatant (Sup) at the 50-min chase time point was fractionated by SDS-PAGE 
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the YENPTY sequence on internalization, we analyzed mutant APP molecules in 
which the tyrosine residues in the YENPTY sequence were replaced by alanine. 
Stable CRO cell lines expressing wild-type or mutant APP (POINT; Fig. 2A) were 
assayed by pulse-chase analysis (Fig. 2B), and the secretion of soluble APP-770 
derivatives was analyzed (Fig. 2C). Although the synthetic rates and maturation of 
APP-770 and POINT were identical (Fig. 2B, lane 0), the secretion of soluble APP 
derived from POINT molecules was :::::: 3-fold higher than derivatives generated 
from APP-770 (Fig. 2C). We argue that the increased retention of internalization
defective precursors on the plasma membrane increases the probability of endop
roteolytic cleavage and results in elevated levels of soluble APP forms. 

To confirm that cell-surface cleavage was responsible for the increased 
secretion of APP-der.ivatives from cells that express APP with altered cytoplas
mic sequences, we compared the extent of secretion of newly synthesized, cell 
surface forms of wild-type APP to APP deleted of the YENPTY motif (L1YY) 
from cell lines that express these molecules (Fig. 3). We established that the 
synthetic rates of the wild-type and mutant APP were identical (Fig. 3A). 
In short pulse-chase and immunoprecipitation analysis, both molecules mature 
with identical kinetics and exhibit similar levels of glycosylated species 
(Fig. 3B). Biotinylation of live cells at 4°C at the end of the pulse-chase 
paradigm and precipitation of cell-surface forms with streptavidin revealed 
that ~ 4-fold higher levels of mutated APP molecules appeared on the cell 
surface (Fig. 3 C). This result indirectly suggests that the YENPTY signal 
may have a regulatory role in the delivery of APP to the plasma membrane. 
In any event, upon warming to 37°C, cells that express mutant APP release 
a large fraction of surface-bound molecules (Fig. 3D), whereas cells expressing 
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Fig. 3. Sequence in the APP cytoplasmic domain involved in intracellular trafficking and endocyto
sis. a CRO cell lines that overexpress APP-770 (wt) or APP deleted of the YENPTY sequence in the 
cytoplasmic tail (,1) were pulse labeled for 3 min with C5S] methionine and APP was immunop
recipitated from celllysates. b~c WT or ,1 cell lines were pulse labeled for 10 min and then chased for 
25 min. Cells were cooled to 4°C and then reacted with NRS S-S biotin. Cells were lysed and 
immunoprecipitated with APP-specific C-terminal (C-term) antibodies. One-fifth of the immuno
precipitate is shown in b. Four-fifths of the immunoprecipitate was reprecipitated with streptavidin 
and fractionated. d A parallel set of cultured cells was labeled with [35S] methionine for 10 min, 
chased for 25 min, and subsequently reacted with NRS S-S biotin at 4°C. Cells were placed at 37°C 
for 10 min, and the conditioned medium was precipitated with streptavidin. Sup, supernatant 
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wild-type molecules secrete considerably lower levels of APP derivatives. 
Notably, because the ratio of secreted molecules derived from wild-type APP 
and mutant APP is ~ 1: 10 and the ratio of respective cell-surface forms 
is ~ 1: 4, we argue that, in addition to its role in regulating plasma membrane 
delivery, the YENPTY sequence also serves as an internalization signal. 
More importantly, these studies reinforce the idea that plasma membrane 
cleavage is the preponderant pathway for the generation of soluble APP 
derivatives in cultured cells. 

Identification of a eDNA-Encoding APLP2 

We screened a mouse embryo cDNA library with a probe that encodes the 
last 104 residues of APP at low stringency. Two classes of cDNA were identified: 
strongly hybridizing cDNA derived from the mouse APP gene and a set of 
cDNA encoded by a related but nonidentical gene. The longest cDNA in 
the latter class (clone D2) contained a 3628-base pair (bp) sequence encoding 
a 751 amino acid polypeptide that, over most of its length, is highly homo
logous to mouse APP-751 (Fig. 4). Following an unusually long hydrophobic 
sequence at the N-terminus that resembles a signal peptide, the homologue 
is ~ 72% identical with the cysteine-rich domain of APP, including align
ment of the 12 cysteine residues. The region is followed by a highly acidic 
domain both in the homologue and in APP. Downstream of this region, amino 
acids 309-365 of the homologue contains a domain with 68% identity to the 
protease inhibitor insert of APP-751. This domain retains the invariant cysteine 
residues and the PI-reactive site (cysteine-arginine-alanine; amino acids 
319-321) contained within all Kunitz protease inhibitors. This region is fol
lowed by a stretch of 202 residues (amino acids 364-565) with 64% identity to 
amino acids 346-548 of APP-751. Surprisingly, the next 113 amino acids of the 
APP homologue have no homology to the corresponding region of APP. 
Despite the conspicuous absence of the extracellular 28-residue segment of AfJ 
within this region in the homologue, the homology between the homologue and 
APP resumes precisely at the NH2 terminus of the respective transmembrane 

A AUG KPI TMD TAA , I 01,02 ___ W&0I K«@ t-
aa: ..,~o, ..,'01., ~ ... "';,. "..,,,, 

% Identity wi 72 ~ APP- 75, : 
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Fig. 4. Structure of APLP2 eDNA and comparison to APP-751. The structure of the full-length 
(eDNA) encoding APLP2 was isolated from whole mouse 8.5-day embryo libraries. The positions of 
the signal peptide (dark box), KPI, and transmembrane domain (TMD) are indicated as well as the 
percent identity between subregions of APLP2 with APP-751. AUG and TAA denote the transla
tion, initiation, and termination codons of APLP2 
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domains and continues through to the termination condon (at the 71 % identity 
level). 

Neuronal Expression of APLP2 

We confirmed the cellular expression of APLP2 in mouse brain by in situ 
hybridization analysis. To generate a probe specific for APLP2, sequences 
that encode the region highly divergent from APP (residues 568 to 681 of 
mouse APLP2) were subcloned, and [35S]-labeled riboprobes were synthe
sized in the sense and antisense orientations. Radioactive probes of identical 
specific activities were hybridized to consecutive 12-.um coronal sections 
of mouse brain. In Figure SA, we document specific hybridization to anti
sense probe to neuronal populations in neocortex, hippocampus, and 
thalamus, with virtually undetectable hybridization with the sense probe 
(Fig. 5B). 

Expression of mRNA Encoding APLP2 and APP in Peripheral Tissue 

We examined the relative levels of steady-state mRNA that encode APP and 
APLP2 in selected adult mouse tissue, using a quantitative reverse transcrip
tase-polymerase chain reaction (RT-PCR) method (Fig. 6 A, B). A schematic of 
the strategy is presented in Figure 6A. Total RNA, reverse transcribed with 
random hexamer primers, was subjected to PCR amplification, using a set of 
degenerate primers that hybridized with highly conserved, identically positioned 
sequences within APLP2 or APP cDNA. Thus, PCR generates 444-bp products 
in a mixture that contains APP and APLP2 cDNA templates; subsequent 
digestion with Xho I only cleaves the APP-derived product to 260 bp and 
184 bp. Because the sense primer is [ 32p] end labeled, only the 444-bp (APLP2) 
and 260-bp (APP) fragments are detected by autoradiography. Relative to APP 
mRNA, APLP2 transcripts are expressed at 1.2-, 0.6-, 0.4-, 1.2-, and 2.2-fold 
levels in heart, brain, kidney, lung, and testes, respectively (Fig. 6B), and at 2.8-
and 10.4-fold levels in thymus and liver, respectively (Fig. 6B, lanes 1, 4, 
respectively). 

APLP2 Matures Through the Secretory Pathway 

The conservation of structural motifs between APLP2 and APP suggested that 
the polypeptides might undergo similar maturation pathways. Initially, we 
examined the insertion of APLP2 into microsomal membranes by programming 
a rabbit reticulocyte translation system that contained canine pancreatic 
microsomal membranes with 5'm 7G-capped transcripts encoding APLP2. This 
reaction resulted in the synthesis of a polypeptide with an apparent molecular 
mass of ~ 115 kD (Fig. 7 A, lane 1). The digestion of a parallel reaction with 
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Fig. 5. In situ hybridization. Antisense (AS) and sense (S) APLP2 probe hybridization to adult 
mouse brain. NC, H, and T represent neocortex, hippocampus, and thalamus, respectively 

proteinase K resulted in conversion of APLP2 into a slightly shortened pro
tease-resistant polypeptide (Fig. 7 A, lane 2); complete digestion of the latter form 
is only observed after disruption of membrane integrity by detergent (Fig. 7 A, 
lane 3). Thus, the protease-dependent truncation of APLP2 by ~ 5 kD (Fig. 7 A, 
lane 3) is consistent with the digestion of a short cytoplasmic domain of APLP2. 
We conclude that APLP2 adopts a topology typical of type-I integral mem
brane proteins. 
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Fig. 6. Quantitative peR analysis of APLP2 and APP mRNA in adult mouse brain and systemic 
tissue. See text for details of the strategy for peR quantification. Autoradiogram of PT -peR 
analysis. Positions of 444-bp (APLP2) and 260-bp (APP) fragments are indicated, as are the ratios of 
APLP2 to APP peR products. Note that the peR product generated from the mouse APP cDNA 
template is digested to completion (lane 8), indicating that the residual 444-bp product in lanes 1-7 
represents a bona fide APLP2-encoding fragment 

To compare the maturation of APLP2 with APP in cultured cells, we 
transiently transfected cDNA that encode either APLP2 or APP-770 (Sisodia 
et al. 1990) into CRO cells, African green monkey kidney (COS-I) cells, or 
mouse neuroblastoma cells (NzA). Figures 7B, C depict the analysis in transfec
ted CRO cells. A polyclonal antisera raised against APP-695 residues 645-694 
(Ab369; Buxbaum et al. 1990; Nordstedt et al. 1991) immunoprecipitated 
a closely migrating doublet of ~ 115 kD from detergent extracts prepared from 
untransfected CRO cells labeled with [35S] methionine (Fig. 7B, lane 1). CRO 
cells transfected with a cDNA-encoding human APP-770 (Sisodia et al. 1990) 
expressed increased amounts of APP-770 that comigrate with the lower 
band of the doublet and higher molecular weight Golgi-modified forms of 
APP-770 (Fig. 7B, lane 2). On the other hand, CRO cells transfected with a 
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Fig. 7. Biogenesis and maturation of APLP2. A In vitro translation of APLP2 mRNA in the 
presence of canine pancreatic membranes. Full-length 5' capped transcripts encoding APLP2 
mRNA were incubated in a rabbit reticulocyte lysate in the presence of microsomal membranes at 
37°C for 60 min (lane 1). Parallel reactions were subsequently digested for 15 min at 4°C with 
0.1 mg/ml proteinase K (PK) (lane 2) alone or with PK and 0.1 % Triton X-I00 (TX) (lane 3). 
B Synthesis of human APP-770 and mouse APLP2 in transfected CRO cells. Lanes 1-3 represent 
Ab369 immunoprecipitable, C5S] methionine-labeled polypeptides synthesized in untransfected 
CRO cells (lane 1) or in CRO cells transfected with cDNA encoding human APP-770 (lane 2) or 
mouse APLP2 (lane 3). Arrowheads in lanes 2 and 3 indicate immature forms of APP-770 and 
APLP2, respectively. C Secretion of soluble APP-770 and mouse APLP2-related derivatives from 
transfected CRO cells. Lanes 1-3 represent total [ 35S] methionine-labeled polypeptides in condi
tioned media from untransfected CRO cells (lane 1) or CRO cells that express human APP-770 (lane 
2) or mouse APLP2 (lane 3). Arrowheads in lanes 2 and 3 indicate soluble APP-770- or APLP2-
related derivatives, respectively. Sup, supernatant 

eDNA-encoding mouse APLP2 synthesized a polypeptide that migrated with 
the upper band of the doublet and an additional form of ~ 125 kD that likely 
represents APLP2 forms containing additional oligosaccharide modifications 
(Fig. 7B, lane 3). Parallel analysis of conditioned media revealed the secretion of 
soluble derivatives of ~ 125 kD (Fig. 7C, lane 2) or ~ 105 kD (Fig. 7C, lane 3) 
from cells that express APP-770 or APLP2, respectively. Although the soluble 
APLP2 derivatives lack the cytoplasmic domain (data not shown), the cellular 
site for cleavage and the sequence flanking the scissile bond in APLP2 remain to 
be established. 

APP Antibodies Cross React with APLP2 

The observation that antibody 369 recognizes APLP2 led us to examine the 
cross reactivity of other antibodies generated against independent APP epi
topes. As expected, Ab369 recognized APP or APLP2 equally in immuno
blotting studies of cell lysates prepared from COS-1 cells transfected with 
eDNA-encoding APP-770 (Fig. 8A, lane 2) or APLP2 (Fig. 8A, lane 3), respec
tively. Antibody 22Cll, raised against bacterially synthesized human APP-695, 
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Fig. 8. APP and APLP2 cannot be discriminated by APP antibodies. Panels A-C represent 
immunoblots of COS-l cell extracts probed with Ab369. 22Cll. or LN27, respectively. Lanes 1-3 
represent extracts prepared from untransfected COS-l cells or COS-l cells transfected with cDNA 
that express human APP-770 cDNA or mouse APLP2, respectively. Arrowheads in lanes 2 and 
3 indicate immature forms of APP-770 and APLP2, respectively. The molecular weight marker is 
shown in kD 

was also unable to distinguish between APP-770 and APLP2 in extracts 
prepared from COS-l cells transfected with cDNA encoding APP-770 (Fig. 8B, 
lane 2) or APLP2 (Fig. 8B, lane 3). Extensive serial dilutions of 22Cll and 369 
antibodies revealed that these reagents have equivalent avidities for APP and 
APLP2 (data not shown). Finally, we examined the reactivity of monoclonal 
antibody LN21 generated against soluble APP-751 forms produced by Spodopt
era frugiperda ovarian cells infected with a human APP-751-encoding 
baculovirus vector. LN21 was unable to discriminate between APP-770 and 
APLP2 in COS-l cells that express these polypeptides (Fig. 8C, 2, 3). Thus, we 
have documented that a wide array of "anti-APP" antibodies fails to discrimi
nate APP from APLP2. 
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Transmembrane APP is Distributed into Two Pools 
and Associated with Polymerized Cytoskeleton 

B. Allinquant*, K. L. Moya, C. Bouillot, and A. Prochiantz 

Introduction 

fJA4 peptide is the major component of extracellular amyloid deposits present in 
the brain of patients with Alzheimer's disease. The sequence of fJA4 indicates 
that it is cleaved from the larger amyloid precursor protein (APP). APP is 
encoded by a single gene which yields, by alternative splicing, three major 
isoforms designated APP770, APP751, APP695. Sequence analysis suggests 
that APP is a transmembrane protein having a long N-terminal extracellular 
domain, a transmembrane region and a short cytoplasmic tail (Kang et al. 1987). 

APP is thought to be primarily processed by two major cellular pathways. In 
one pathway, the precursor is cleaved within the fJA4 region, releasing a long 
N-terminal fragment into extracellular fluids (Palmert et al. 1989; Esch et al. 
1990). The second major pathway involves other cleavage steps yielding fJA4-
containing C-terminal fragments. These fragments then appear to be re-en
docytosed and degraded within lysosomes (Estus et al. 1992; Golde et al. 1992). 

Recently, the production and release of f3A4 into conditioned medium have 
been observed in cultures of human mixed brain cells and the fJA4 peptide has 
been detected in human cerebrospinal fluids (Haass et al. 1992; Seubert et al. 
1992). The cellular pathway leading to the formation of fJA4 and to its extracel
lular deposit is still speculative, and the cellular sources of the peptide also 
remain to be established. The high amount of APP immunoreactivity in neu
ronal structures in the vicinity of amyloid plaques (Martin et al. 1991) suggests 
that neurons are a good candidate source for fJA4 extracellular deposits. Thus it 
is of particular interest to elucidate the mechanisms of APP processing and 
secretion by neurons. 

Cortical Embryonic Neurons in vitro Express Only 
Full-length Transmembrane APP Isoforms 

Pure cortical embryonic rat neurons (E15, E16) in primary culture under 
conditions precluding synaptogenesis (Lafont et al. 1992) express a major 
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transmembrane isoform at 105 kd which probably corresponds to APP 695 pre
dominantly expressed in neurons. Minor quantities of other transmembrane pro
teins which could correspond to post-translationally modified forms of APP 695 are 
also present. In our in vitro conditions, neuronal differentiation is clearly visible after 
two to three days in vitro (DIV) and we observed that APP expression increases 
with neuronal differentiation, as also reported for hippocampal cells in culture 
(Hung et al. 1992). However, this APP remains associated with the membrane
enriched fraction, suggesting that APP is associated with the plasma membrane or 
membranous organelles. In addition, no secreted APP can be observed in the 
conditioned medium during differentiation; this is similar to the absence of secreted 
forms in primary cultures of rat astrocytes and microglia (Haass et al. 1991) and is in 
contrast to the presence of cleaved and secreted forms of all major APP isoforms in 
human mixed brain cell cultures (Haass et al. 1992; Seubert et al. 1993). 

Transmembrane APP Isoforms in Polarized Neurons are 
Distributed into Two Pools 

In immunocytochemical studies, we never detected APP at the surface of 
non-fixed live cells in culture, a finding consistent with an absence of cleavage 
and secretion thought to occur at the plasma membrane (Sisodia 1992). Fixation 
of the cells with 4% paraformaldehyde results in the visualization of APP in 
40% of the neurons with specific staining of axonal segments and/or cell bodies 
(Fig. 1a). Triton-X 100 permeabilization after fixation results in 100% of the cells 

Fig. 1. APP immunoreactivity in fixed cells without (a) or with (b) triton Xl00 permeabilization. Note 
the presence of APP detected at the growth cone in fixed cells in the absence of detergent (arrow). Scale 

bar: 10 Jlm 
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being immunoreactive for APP and extends the staining to all compartments, 
including dendrites (Fig. Ib). In the presence of Triton-X 100, no difference in the 
intensity of labeling between axons and dendrites can be observed, and APP 
immunoreactivity is highest in the cell bodies. 

These differences in the distribution and intensity of APP immuno
reactivity under different permeabilization conditions suggest the presence 
of two pools of APP. One pool is restricted to axons and cell bodies and 
appears to be closest to the cell surface. The second pool is more widespread 
in the neuron and is only accessible after detergent permeabilization, 
suggesting that it is more interior within the cell and may thus be associated 
with the cytoskeleton. 

In experiments designed to mimic calcium-mediated secretion, we found 
that, upon ionophore-triggered calcium entry (ionomycin or A23187), 
APP closest to the surface ofaxons and cell bodies is highly augmented and 
is observed in the entire neuronal population. However, APP remains mem
brane-associated, uncleaved and devoid of any further post-translational 
modification. 

Transmembrane APP of Polarized Neurons is Associated 
with the Cytoskeleton 

APP has already been reported to be associated with the detergent-insoluble 
cytoskeleton in C6 and PC12 cell lines and also in adult rat brains (Refolo 
et al. 1991). Similarly, we observed the presence of APP in the detergent
insoluble cytoskeleton fraction of cortical embryonic neurons at five DIV. 
To investigate if this association involves the C-terminal region of APP, 
we extracted micro tubules from adult rat brain and repolymerized them in 
the presence of either secreted APP isoforms lacking the C-terminus or full
length transmembrane APP. We found that full-length APP associates with 
the polymerized cytoskeleton, while APP lacking the C-terminal does not 
(Table 1). 

Table 1. Transmembrane and secreted APP in rat cortical embryonic 
neurons and rat adult brain extracts 

Neurons in culture 
Adult brain 
APP associated with 

cytoskeleton 

Transmembrane APP Secreted APP 

yes 
yes 

yes 

no 
yes 

no 



Transmembrane APP is Distributed into Two Pools 137 

Synapse 

C!5 ct) Cytoskeleton 

Fig. 2. Hypothetical model of the effects of calcium entry on transmembrane APP in differentiated 
rat embryonic neurons 

Conclusions 

Neurons differentiating in vitro only contain transmembrane forms of APP 
which can associate with polymerized cytoskeleton, probably through their 
C-terminus. This APP is not detectable at the surface of live cells and is 
distributed into two pools, as depicted in Figure 2. One pool is localized at or 
near the surface ofaxons and cell bodies whereas the other is spread throughout 
all compartments (cell bodies, axons, dendrites) and is more interior, thus 
requiring detergent permeabilization to be immunodetected. 

Upon calcium entry, APP-containing vesicles associated with the cytos
keleton are freed and accumulate under the plasma membrane ofaxons and cell 
bodies (Fig. 2). Such APP may be sequestered within invaginations of the 
membrane and thus inaccessible to antibodies in non-fixed live cells. Another 
possibility is that APP has an extremely short half-life at the neuronal surface, 
cycling very rapidly with the plasma membrane, a possibility consistent with the 
presence of APP in clathrin-coated vesicles (Nordstedt et al. 1993). 

In cultures of differentiating cortical neurons, APP is not stabilized at the 
cell surface and cannot be cleaved and secreted. Stabilization of the precursor 
may require a target element such as might be present during the establishment 
of synaptic contacts. It is noteworthy that in another series of experiments we 
observed an increased synthesis and rapid axonal transport of some APP 
isoforms at the time of target contact and synaptogenesis (Moya et al. 1994). In 
addition, a relative abundance of APP has been reported at synaptic sites 
(Schubert et al. 1991) and there is some evidence that APP may mediate cell-cell 
interactions, perhaps through its association with target-derived cell or sub
strate adhesion molecules (Breen et al. 1991; Schubert et al. 1989; Klier et al. 
1989; Schubert 1991). 

Taken together, converging evidence suggests that APP is involved in 
cell-cell interactions and may participate in synaptic plasticity: It will therefore 
be of considerable interest to more directly examine the factors that may 
stabilize APP at the neuronal surface and catalyze its subsequent processing. 
This will be achieved by the in vitro reconstitution of conditions favorable to the 
establishment of synaptic functions. 
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Isolation and Characterisation of Novel Metalloproteases 
from Embryonic Mouse Hippocampus 

A. Thorpe*, V. Samtani, A. Gittner, W. Mills, and S.-J. Richards 

Introduction 

Alzheimer's disease (AD) is a debilitating neurodegenerative condition which is 
currently being investigated via a wide range of clinical and molecular ap
proaches. fJ-amyloid forms part of the amyloid precursor protein (APP) and its 
deposition in dense extracellular plaques is one of the hallmarks of AD (Glenner 
and Wong 1984; Masters et al. 1985). The processing of APP leading to the 
production of fJ-amyloid is being extensively studied both in vivo and in vitro. 
Since fJ-amyloid is produced by the proteolytic cleavage of APP (Kang et al. 
1987), there is evidence for as yet un characterized protease activity at the earliest 
stages of AD neuropathology (Sisodia et al. 1990; Seubert et al. 1993). The 
fJ-amyloid domain is embedded in the plasma membrane and it was initially 
assumed that membrane damage must precede proteolytic action in order for 
the full length peptide to be released. Since it was shown that fJ-amyloid is 
present within intracellular lysosomal organelles (Benowitz et al. 1989), much 
work has concentrated on the routes of APP processing, with evidence for the 
targetting of up to half of the APP produced directly into the lysosomal pathway 
(Caporaso et al. 1992a, b). However, the cellular location of fJ-amyloid produc
tion and the enzymes which cleave APP in either the "normal" pathway, which 
results in secreted proteins with C terminal fJ-amyloid fragments, or an alterna
tive processing pathway, resulting in the complete fJ-amyloid peptide, have still 
to be identified. 

Metalloproteases in Alzheimer's Disease 

The presence of a 57 amino acid Kunitz protease inhibitor region in two 
isoforms of APP (APP751 and APP770 ; Tanzi et al. 1988; Ponte et al. 1988; 
Kitaguchi et al. 1988) has implicated serine proteases in the proteolytic process
ing of APP. More recently, a metalloprotease inhibitor domain has been 
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a 

Endopeptidase 24·11 (human, rat, rabbit) 
Fibroblast collagenase (human) 
Strome lysin (human) 
Gelatinase (human) 
Stromelysin, transin 1 and 2 (rat) 
Endopeptidase 24.15 (rat) 
Aminopeptidase N (human) 
Digestive protease (crayfish) 
Surface protease (Leishmania sp.) 
Neutral protease (B. subtilis) 
Neutral protease (Serratia sp.) 
Peptidase N (E. coli) 
Thermolysin (B. stearothermophilus) 

b 

5' CAT GAA TTT TTT CAT 3' 
C G C C ACC C 

A G GGA 
G G 

V I G H E 
V A A H E 
V A A H E 
V A A H E 
V A A H E 
T Y F H E 
V I A H E 
T I I H E 
V V THE 
V T A H E 
T F T H E 
V I G H E 
V V G H E 

I T H G F D 
L G H S L G 
I G H S L G 
F G HAM G 
L G H S L G 
F G H V M H 
L A H Q W F 
L M H A I G 
M T HAL G 
M T H G V T 
I G HAL G 
Y F H N W T 
L T H A V T 

Fig. 1. a Conserved amino acid sequence in a number of zinc-dependent metalloproteases (Jon· 
genee1 et al. 1989; Pierotti et al. 1990). b Degenerate oligonucleotide probe synthesised to the 
consensus sequence of metalloproteases. The complexity of this probe was reduced from 3456 to 216 
by inserting inosine at sites of quadruple degeneracy 

identified in the C-terminal glycosylated region of secreted forms of APP 
(Miyazaki et al. 1993), implicating the matrix metalloprotease gelatinase A in the 
neurodegenerative cascade. 

The family of zinc-dependent metalloproteases has a unique consensus sequence 
(see Fig. 1) which comprises three neutral amino acids, the sequence HEXXH (single 
letter amino acid code) and then two hydrophobic residues (Jongeneel et al. 1989). 
The consensus sequence in the matrix-degrading metalloproteinases (MMPs) has 
an additional conserved residue (HEXGH). The MMPs are a group of related 
enzymes which show highly regulated expression and coordinated modes of action 
in the extracellular matrix (see Matrisian 1992 for review). Three such enzymes 
which are Ca2+ dependent were isolated from human post mortem hippocampus 
and, furthermore, were shown to have significantly higher levels of activity in AD 
tissues compared to controls (Backstrom et al. 1992). Proteases and their inhibitors 
are in a dynamic equilibrium controlling physiological processes within many 
tissues (Travis and Salveson, 1983), and there is evidence that serine proteases often 
act as activators for the metalloproteases (Murphy et al. 1980; Okada et al. 1988). It 
may be that such a system is operating within APP processing, with a complex 
balance of the proteolytic enzymes and Ca2+ controlling different pathways and 
ultimately resulting in a variety of enzymatic products. 

It is clear that, in order to understand the problems arising in APP process
ing within AD which result in such abnormally high levels of fJ-amyloid, the 
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normal processing pathways of APP must first be elucidated and the responsible 
proteolytic enzymes identified. Therefore, we aim to isolate and characterise 
novel members of the metalloprotease family as candidate proteases for the 
processing of APP and the production of neurotoxic J1-amyloid. 

Isolation of Novel Metalloproteases 

A 15-base degenerate oligonucleotide probe was synthesised to the consensus 
sequence of the zinc-dependent metalloproteases (Fig. 1). This probe was end
labelled with [y32 P] ATP using polynucleotide kinase (NBL) and was then used 
to screen an embryonic day 16 (EI6) mouse hippocampal cDNA library. After 
three rounds of screening, several positive recombinants were identified. The 
presence of the metalloprotease degenerate probe sequence was confirmed in 
two of these clones by PCR analysis using the probe and a 2gtlO primer. Double 
stranded DNA sequencing (Sequenase) of parts of both clones has shown, after 
comparison with gene sequences stored in the EMBL database, that both clones 
are novel. 

Northern blotting revealed that two of the recombinants, clones 7 and 8, are 
expressed in both adult and embryonic mouse brain, while Southern blots of 
several unrelated human DNA samples which were probed with clone 7 con
firmed the presence of the sequence in the human genome. Interestingly, one of 
the human samples displayed a possible polymorphism, indicating that a recom
bination event may have taken place at some stage. Expression was more 
specifically localised using in situ hybridisation. Frozen adult mouse brain 
sections were cut coronally at 10 pm on a microtome, fixed in 4% paraformal
dehyde and dehydrated through ascending ethanol concentrations. Radioactiv
ity labelled clone 7 was hybrisidised overnight at 42°C (Chirgwin et al. 1979). 
Sections were emulsion treated and visualised on X-ray film. High levels of 
expression were observed in the cell bodies of layers CAI-4 of the hippocampus 
and pyramidal, granular, stellate and Bergman glia cells of the cerebellum, with 
low background expression throughout the brain (Fig. 2). 

Conclusions 

The isolation of novel proteases found in high abundance in the hippocampus 
and neocortex is an exciting discovery in view of the potential role of aberrant 
proteolytic cleavage within AD amyloid plaque deposition. The metalloprotease 
family has previously been demonstrated to play an active role in protein 
secretion within the eNS and has been implicated in the pathological process by 
an elevated presence in AD brain tissues investigated at postmortem. 

The data presented here on the two novel proteases isolated from a hip
pocampal cDNA library are preliminary and further characterisation is in 
progress. Any role of these proteases in the aetiology of AD is currently under 
investigation. 
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a 

b 

Fig.2. In situ hybridisation of adult mouse brain with clone 7. a 10 JIm horizontal section of the 
brain showing high expression in the hippocampus (H) and cerebellum (C). b Expression is more 
specifically located in layers CA1-4 of the hippocampus 
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A Transgenic Mouse Model of Alzheimer's Disease 

B. Cordell* and L. Higgins 

Summary 

Transgenic technology can be successfully applied to develop a small animal 
model of Alzheimer's disease. We describe a transgenic mouse which has been 
genetically programmed for neuronal overexpression of the 751 amino acid 
isoform of the human amyloid precursor protein and which displays histological 
features of Alzheimer's disease. These features include extracellular deposits of 
human amyloid derived from the transgene and aberrancies in the neuronal 
cytoskeleton. Both of these structures increase in frequency with the age of the 
animal, paralleling the human condition. While the typical transgenic mouse 
presents with an early Alzheimer's disease-like phenotype, occasionally some 
mice show advanced histopathology. Characteristics of more mature Al
zheimer's disease-like pathology include large amyloid deposits associated with 
gliosis and dystrophic neurites. These results indicate the murine brain is 
capable of reproducing features of Alzheimer's disease, providing validity to the 
transgenic approach in obtaining a small animal model for study and thera
peutic development. 

Introduction 

Amyloid plaque formation is the major histopathological hallmark of 
Alzheimer's disease. While the amyloid plaque is unique to Alzheimer's disease, 
its role in the development of this pathogenic state is unclear. It has been argued 
that amyloid plaque formation is a major etiological factor leading to the 
Alzheimer's disease phenotype. Conversely, the plaque has been viewed as an 
epiphenomenon with little contribution to the pathological condition. Recent 
evidence, however, suggests that amyloid deposition may not only be a patho
logical marker but may also playa direct role in the pathogenesis of Alzheimer's 
disease (Goate et al. 1991; Murrell et al. 1991). 

One of the problems in determining the role of amyloid plaque formation in 
Alzheimer's disease has been the lack of easily studied small animal models 
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which spontaneously develop amyloid deposits. Other than in humans, nat
urally occurring amyloid deposits have been observed only in aged monkeys, 
bears, and certain strains of dogs (Wisniewski et al. 1970; Selkoe et al. 1987; 
Giaccone et al. 1990). These animals present significant challenges and limita
tions to defining the pathological contribution of amyloid deposition, as well as 
to study the mechanisms leading to amyloid plaque formation. Transgenic 
technology offers the opportunity to address these issues experimentally. Trans
genesis also provides the potential of a small animal model of Alzheimer's 
disease which would be valuable for therapeutic development. 

Several groups, including this laboratory, have reported production of 
transgenic mice displaying deposits of amyloid in their brains (Quon et al. 
1991; Wirek et al. 1991; Kawabata et al. 1991). Unfortunately, two of these 
reports have been retracted, leaving the field skeptical about the applica
tion of transgenic technology to Alzheimer's disease research. The transgenic 
mouse model which we developed remains the only successful model to date 
(Quon et al. 1991). Since our initial report describing this transgenic 
mouse model of amyloid deposition, these animals have been more fully charac
terized for similarities to the human disease. Here we describe that this 
transgenic mouse model has a number of histopathological features which 
parallel those seen in Alzheimer's disease. In addition, our results indicate that 
the murine brain is inherently capable of producing advanced Alzheimer's 
disease-like pathology, validating trans genesis as an approach to study this 
disease. 

Experimental Strategy 
for Transgenic Mouse Model Development 

The amyloid constituent of cerebrovascular, diffuse and neuritic plaques in the 
Alzheimer's disease brain is a 39-43 amino acid peptide referred to as [3-
amyloid. [3-amyloid is derived from the [3-amyloid precursor protein ([3-APP; 
Kang et al. 1987). Several isoforms of [3-APP exist which are generated by 
alternative splicing of a single primary RNA transcript (Ponte et al. 1988; Tanzi 
et al. 1988; Kitaguchi et al. 1988). The predominant [3-APP isoform in brain is 
a 695 amino acid precursor protein, [3-APP695, which is expressed almost 
exclusively in neurons (Ponte et al. 1988; Neve et al. 1988). The second major 
isoform in brain of 751 amino acids, [3-APP751, contains a Kunitz serine 
protease inhibitor (KPI) domain and, in contrast to [3-APP695, is expressed 
ubiquitously (Ponte et al. 1988; Neve et al. 1988). Alterations in the expression 
levels of [3-APP695 and [3-APP751 have been observed in Alzheimer's disease 
brain. In general the data indicate that isoforms harboring the KPI domain are 
selectively elevated in Alzheimer's disease brain (Johnson et al. 1988, 1990; 
Golde et al. 1990). In fact, with collaborators, we conducted a study which 
demonstrated that increased levels of [3-APP751 mRNA in hippocampal and 
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entorhinal cortical neurons could be directly correlated with amyloid plaque 
density (Johnson et al. 1990). 

We elected to apply this disease-specific alteration of f3-APP isoform expres
sion in our experimental strategy to produce a transgenic mouse model of 
Alzheimer's disease. Therefore, we genetically programmed mice to recreate this 
imbalance of neuronal f3-APP isoforms. To do so, transgenic mice were gener
ated in which elevated f3-APP751 isoform expression occurred in a neuron
specific manner. This was achieved by linking the human cDNA encoding 
f3-APP751 to the rat neuron-specific enolase promoter (NSE:f3-APP751). Six 
founder mice were identified to be carrying the trans gene. These founders were 
bred to homozygous pedigrees and each was shown to stably transmit the 
NSE: f3-APP751 transgene to all progeny. Furthermore, each pedigree was 
characterized and shown to express the transgene at both the RNA and protein 
levels (Quon et al. 1991). While each NSE: f3-APP751 pedigree had widely 
different increases in RNA levels of the transgene varying from several to 50-fold 
over endogenous murine f3-APP RNA, only a two- to three-fold increase in 
f3-APP protein levels was observed in each line. These data suggest that f3-APP 
expression is under tight translational control. This result has implications for 
pathogenic mechanisms possibly occurring in Alzheimer's disease. Lack of 
f3-APP translational control may represent yet another mechanism to promote 
the disease state. Mice from these six NSE: f3-APP751 pedigrees, in addition to 
wild type mice of the parental strain, constituted the set of animals used to 
characterize the histopathological consequences of neuronal over-expression of 
human f3-APP751. 

Transgenic Mice Have p-Amyloid Deposits in Their Brains 

The NSE: f3-APP751 and wild type mice were surveyed for production of 
f3-amyloid immunoreactive deposits in their brains, employing standard im
munohistochemical methodology. Tissue sections were prepared and stained 
with a number of f3-amyloid-specific antibodies, including a monoclonal anti
body, 4.1 mAb, produced in our laboratory, as well as several polyclonal 
antisera used by others in the field. All antibodies were raised against human 
f3-amyloid synthetic peptides and have been used in specific staining of plaques 
in Alzheimer's disease brain tissue. As a result of staining with each antibody, 
extracellular immunoreactive deposits were revealed in brain sections from 
NSE: f3-APP751 mice which were not seen in sections from wild type mice, 
identically stained (Fig. 1), which we have previously reported (Quon et al. 1991). 

Fig. 1. Immunohistochemical staining of p-amyloid deposits in NSE: P-APP751 transgenic mouse 
brain using 4.1 mAb. A CA-1 hippocampal field. B, C parietal cortex. D thalamus. Magnification, 
350x 
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The immunoreactive deposits present in the transgenic brains vary in size 
and morphology. The deposits are typically 1O-50/lm in diameter and are 
seen to be diffuse or compact. The fJ-amyloid deposits were most frequently 
observed in the cortex and hippocampus, were occasionally seen in the 
thalamus, and were never found in the cerebellum. Immunoreactive staining 
of these structures could be competed by the synthetic peptide fJ-amyloid 
immunogen. 

The monoclonal 4.1 mAb was most extensively used in our analysis of the 
transgenic mice because of its low background staining and high sensitivity. 
In a survey of a large number of animals spanning the six NSE: fJ-APP751 
pedigrees, 4.1 mAb detected fJ-amyloid deposits in 27% of the brain 
sections from NSE: fJ-APP751 animals (three sections per animal examined). 
Immunoreactive deposits were detected in 67% of the 33 NSE: fJ-APP751 
animals used in the study, including members of all six NSE: fJ-APP751 
pedigrees. Presumably if more sections had been surveyed more animals would 
have scored positive. 

Data from the NSE: fJ-APP751 animals employed in this study were 
subdivided by sex and transgene hemi- or homozygosity. Comparing the 
frequency of deposits in male and female mice revealed no difference. 
However, animals homozygous for the transgene displayed twice the frequency 
of fJ-amyloid immunoreactive deposits in their brains compared to hemizygous 
animals. 

To place our understanding of the fJ-amyloid immunoreactive deposits that 
form in the brains of the transgenic mice into the context of human pathology, 
we compared these deposits to fJ-amyloid immunoreactive structures in 
Alzheimer's disease and Down's syndrome brain tissue. Since individuals with 
Down's syndrome develop Alzheimer's disease by the fourth decade of life 
(Burger and Vogel 1973; Wisniewski et al. 1985), the Down's brain offers 
a temporal glimpse of events in the progression of Alzheimer's disease pathol
ogy. In young adult Down's brain, 4.1 mAb immunohistochemistry reveals only 
diffuse fJ-amyloid deposits; mature plaques are not yet seen at this age. This 
observation is in agreement with published reports describing immature Al
zheimer's disease pathology in Down's brain (Allsop et al. 1989; Giaccone et al. 
1989; Mann and Esiri 1989). The 4.1 mAb immunoreactivity in NSE: fJ-APP751 
mouse brain is morphologically similar to the diffuse deposits seen in the young 
adult Down's brain. As with young Down's syndrome brain tissue, classic 
mature plaques were not observed in the transgenic mouse brain. Thus, fJ
amyloid deposits in NSE: fJ-APP751 brain most closely resemble the amyloid 
deposits in early Alzheimer's disease-like pathology. 

Further evidence that NSE: fJ-APP751 transgenic mice display early 
Alzheimer's disease pathology with predominantly diffuse, pre-amyloid deposits 
was obtained using a number of classic histological reagents. The staining 
revealed that deposits in the transgenic mouse can be stained with methenamine 
silver, which stains both diffuse deposits and plaques in Alzheimer's disease 
brain. Only in rare cases do the transgenic murine brains stain with modified 
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Bielschowsky silver method, which stains only mature neuritic plaques in 
Alzheimer's disease brain. Thioflavin S, which stains plaques and occasionally 
preplaques in the human tissue, was found to stain deposits infrequently in the 
transgenic mouse brain. Congo red interacts only with [3-amyloid in a highly 
[3-pleated sheet conformation such as is found in mature plaques. Congo red 
staining of the NSE: [3-APP751 mouse brain tissue failed to produce the 
typical birefringence of amyloid when viewed under polarized light (Table 1). 
Taken together, these data describe a profile of the deposits in the trans
genic mouse brain that closely resembles that seen in early Alzheimer's 
disease pathology such as in the young adult Down's brain (Allsop et al. 1989; 
Giaccone et al. 1989). 

Based on results of several assays, the monoclonal antibody, 4.1 mAb, 
appears to recognize an epitope in the first 17 amino acids of human [3-amyloid. 
Since rodent [3-amyloid differs from the human sequence at three residues within 
this epitope ~ positions 5, 10, and 13 of the peptide sequence (Yamada et al. 
1987) ~ we evaluated 4.1 mAb for its species specificity. In an ELISA format 
against mouse and human [3-amyloid synthetic peptides encompassing residues 
1 ~ 17 and 1 ~28, the antibody recognized all human peptides but did not react 
with murine counterparts, even when high concentrations of peptide or anti
body were assayed. In addition, murine [3-amyloid peptide did not compete 
4.1 mAb immunoreactivity in the staining of plaques in human Alzheimer's 
disease brain sections whereas identical concentrations of the human [3-amyloid 
homologue abolished 4.1 mAb immunoreactivity. Therefore, the deposits pres
ent in NSE: [3-APP751 transgenic mouse brain appear to be derived from the 
transgene which is expressing human [3-APP751. It is possible the human 
[3-amyloid sequence is important to deposition and plaque formation. [3-
amyloid deposition has not been observed in wild type rodent brain, yet is 
frequently seen in animals with the same primary [3-amyloid sequence as 
humans, such as non-human primates, bears, and dogs (Johnstone et al. 1991; 
Podlisnyet al. 1991). 

Table 1. Staining characteristics of deposits in NSE: P-APP751 mouse brain and early 
Down's syndrome are similar 

Stain NSE: P-APP751 Early Dsa Late DS/AD 

p-amyloid antibodies + + + 
Methenamine silver + + + 
Bielschowsky silver ± ± + 
Thioflavin S ± ± + 
Congo red + 

a Abbreviations: DS, Down's syndrome; AD, Alzheimer's disease. 
Histology was performed on transgenic mice using standard protocols for each stain. Results 
are compared with the human staining profile (Allsop et al. 1989; Giaccone et al. 1989; Mann 
and Esiri 1989) 
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Transgenic Mice Have Other Histopathological Features 

A second major histological feature of Alzheimer's disease brain is neurofibril
lary tangles composed, in part, of an abnormally phosphorylated form of the 
microtubule associated protein tau. An extensively documented antibody that 
histologically stains only abnormal tau in neurofibrillary tangles is Alz50 
(Wolozin et al. 1986). NSE: f3-APP751 brain sections were stained with Alz50 to 
assay for aberrancies in tau. The staining revealed immunoreactive neurons and 
processes as well as fields of puncta in the neuropil (Fig. 2). The aberrant 
subcellular localization of tau to the neuronal soma seen in the transgenic mice 
stained with Alz50 is identical to the abnormal subcellular distribution of tau 
observed in Alzheimer's disease. Stained neuronal soma in the NSE: f3-APP751 
mice were exclusively localized to the cerebral cortex (both deep and superficial 
layers), thalamus, and amygdala. Immunoreactive processes were frequently 
noted in these same brain regions and occasionally in the hippocampus. This 
Alz50 staining profile was unique to the transgenic mice and was not found in 
sections from wild type mice. As in the case of f3-amyloid immunoreactivity, 
Alz50 staining ofNSE: f3-APP751 mouse brains is most similar to the pathology 
present in young adult Down's brain and not in the late-stage Alzheimer's 
disease brain (Mann and Esiri 1989; Mann et al. 1989). The transgenic mice 
demonstrate that f3-APP751 overexpression and/or f3-amyloid deposition can 
lead to cytoskeletal pathology as defined by Alz50 immunoreactivity. This 
finding is illustrated, in part, in a simple hypothetical cascade of pathological 
events that we propose is occurring in Alzheimer's disease (Fig. 3). That pre
amyloid promotes abnormalities in tau is consistent with observations of 
Down's pathology in which preamyloid formation is seen to precede neurofibril
lary tangle formation (Wisniewski et al. 1985). We propose that neurofibrillary 
tangles ultimately promote neuronal loss which, in turn, culminates in the 
behavioral manifestations of dementia. 

Frequency of p-Amyloid and Alz50 Immunoreactivities 
in Transgenic Mice Increases with Age 

As described, the transgenic mice display a number of histopathologic charac
teristics of early Alzheimer's disease. The mice further parallel the human 
condition in that the number of f3-amyloid deposits and abnormal Alz50-
immunoreactive structures seen in NSE: f3-APP751 transgenic brains increases 
with age of the animal. We selected a single NSE: f3-APP751 pedigree for which 

Fig. 2. Aberrant Alz50 immunoreactive structures in NSE:p·APP751 transgenic mouse brain. A, 
B Stained cortical neuronal soma and puncta. C, D Stained thalamic swollen dystrophic neurites. 
Magnification, 860 x 
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• Alterations in P-APP metabolism - • C-terminal amyloid fragment produced 

• J3-amyloid formed 

• NFT induced 

~ ,--- • Neuronal degeneration 

Dementia 

Fig. 3. Proposed pathogenic cascade in Alzheimer's disease. fJ-APP and NFT denote fJ-amyloid 
precursor protein and neurofibrillary tangles, respectively. The black box represents the fJ-amyloid 
domain within the precursor 

Table 2. Age-related increase of fJ-amyloid and Alz50 immunoreactive structures in NSE: 
fJ-APP751 mouse brains 

Age 
(months) 

2-3 
22 

% sections positive for fJ-amyloid 
immunoreactive deposits 

29 (n = 35) 
49 (n = 35) 

% sections with abnormal Alz50 
immunoreactive structure 

33 (n = 36) 
69 (n = 36) 

Twelve mice in each age group from a single NSE: fJ-APP751 pedigree, all homozygous for the 
transgene, were employed for this study. Three midline coronal sections were stained with 4.1 mAb 
for fJ-amyloid immunoreactivity and three for Alz50 immunoreactivity, then scored blind by two 
investigators. Values for old and young groups are statistically different (p < 0.05, one tailed). 

we had a large number of young (2-3 months) and old (22 months) homozygous 
mice to examine. The study, conducted blind by the investigators scoring the 
brain sections, revealed that the frequency of fJ-amyloid immunoreactive deposi
ts increased with age; nearly twice the frequency in the old set of animals 
compared with that in the young set was observed (Table 2). Similarly, Alz50-
immunoreactive structures occurred at twice the frequency in the older popula
tion ofNSE: fJ-APP751 mice (Table 2). It will be of interest to further character
ize the transgenic mice with respect to possible changes in neurotransmitters, 
synaptic quality, and memory/learning capabilities for other alterations which 
may reflect events occurring in the pathogenic process. 

Advanced Histopathology can be Achieved 
in the Transgenic Mouse 

A concern in attempts to develop a transgenic model of Alzheimer's disease is 
the possibility that the murine brain is inherently incapable of producing mature 
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Alzheimer's disease-like histopathology. From our characterization, the 
NSE: fJ-APP751 transgenic mice most frequently produce diffuse extracellular 
fJ-amyloid deposits and modest intraneuronal abnormal tau immunoreactive 
structures. These results demonstrate that the murine brain is capable of 
reproducing at least two early events in Alzheimer's disease-like pathology. 
However, we have observed, albeit rarely, NSE: fJ-APP751 transgenic mice with 
a much more mature appearing pathology. The 4.1 mAb immunoreactivity of 
brain sections from several NSE: fJ-APP751 mice revealed large deposits of 
100-250 Jim with extensive fJ-amyloid immunoreactivity. These large deposits 
are infrequent in that they have only been observed in 4% of the transgenic mice 
thus far examined, but appear to be specific in that such structures have never 
been seen in wild type control mice or in mice transgenic for other human 
fJ-APP constructs. 

These rare mice displayed several very large regions of fJ-amyloid immunore
activity, often in the thalamus (Fig. 1D). The deposits were interspersed with 
vacuolated regions and were associated with elongated, abnormal appearing 
neurons. Other areas of the brain, including those near the large deposits, 
appeared normal. An antibody to glial fibrillary acidic protein highlighted 
extensive gliosis in affiliation with the large fJ-amyloid immunoreactive deposits. 
All of these features - vacuolization, gliosis, dense extracellular fJ-amyloid, and 
morphologically abnormal cells - are characteristic of Alzheimer's disease 
plaques. Alz50 immunohistochemistry of sections from this type of transgenic 
mouse produced globular staining associated with the large fJ-amyloid deposits 
(Fig. 2C, D) that is reminiscent of dystrophic neurites or swollen boutons 
typically found associated with mature plaques in Alzheimer's disease tissue 
stained with Alz50. As expected, these same mice revealed neuritic abnormalities 
typically associated with human plaques when stained with modified 
Bielschowsky silver salts. Given the very limited murine life span (24 months for 
this strain) compared to the period of time spanning many decades for the 
progression of Alzheimer's disease pathology, the occurrence of even a small 
subset of transgenic mice with extensive histopathology is remarkable. The next 
challenge in improving this small animal model of Alzheimer's disease will be to 
produce advanced state pathology consistently. 

Although the occurrence of advanced histopathology in the transgenic 
mouse is infrequent, this finding demonstrates that the murine brain is capable 
of producing a mature Alzheimer's disease-like histopathology. 

Conclusions 

The results we have obtained with these transgenic mice should provide renewed 
confidence in the application of transgenic methods to the development of 
a small animal model of Alzheimer's disease. Only a single alteration was made 
in these animals, yet a number of pathological events were seen to develop. This 
has permitted us to begin to define the causal interrelationship among the 
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histological features of the disease. The transgenic approach also allows other 
purported molecular mechanisms of pathogenesis to be tested. 

This current transgenic mouse model typically exhibits features resembling 
an early stage of Alzheimer's disease. The immature Alzheimer's disease-like 
phenotype in these transgenic mice allows evaluation of putative environmental 
risk factors of the disease, as well as additional genes that may also be implicated 
in Alzheimer's disease, any of which may promote more frequent late stage 
pathology in the mice. Some mice, however, proceed to develop mature 
Alzheimer's disease-like histopathology. This is an important observation since 
it indicates that the murine brain is capable of recapitulating many of the 
advanced characteristics of Alzheimer's disease. 

Last, this existing model and future transgenic mouse models of Alzheimer's 
disease will prove valuable in assessing potential therapeutics for this disease, 
including, but not exclusively, those designed to prevent amyloid deposition. 

Acknowledgments. We thank our colleagues at Scios Nova, who contributed to 
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research. 
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E. H. Koo, D. R. Borchelt, and S. S. Sisodia 

Summary 

Animal models provide unique opportumtIes to analyze mechanisms of 13-
amyloid protein (Af3) amyloidogenesis. One set of studies in control animals was 
designed to identify the neural cells that express the amyloid precursor protein 
(APP) and to characterize the transport and processing of APP in vivo. APP is 
synthesized by neurons and transported by fast axonal transport to terminals, 
where it may playa role in cell-cell and synaptic interactions. A second group of 
investigations focused on amyloid ogene sis in aged nonhuman primates. In late 
middle life, monkeys develop age-associated impairments in performance on 
cognitive/memory tasks and begin to show brain abnormalities, including 
deposits of Af3 and formation of neurites. Amyloid is readily demonstrable in 
proximity to APP-enriched swollen axonal terminals and dendrites, suggesting 
that neurons may be one source of Af3. However, in ways not yet clear, 
astrocytes, microglia, and vascular cells may also contribute to the formation of 
Af3. In the neuropil of brain, alterations in the normal biology of APP may lead 
not only to the formation of amyloid fibrils but may also impair synaptic 
interactions, resulting in synaptic disjunction and disconnection. More recently, 
in a third set of experiments, we have begun to examine transgenic mice, 
generated by the yeast artificial chromosome (Y AC)-embryonic stem (ES) cell 
technique. These animals express the entire human APP gene and transgene 
expression that approximates levels of endogenous APP. These mice, trisomic 
for APP, may develop Alzheimer's disease (AD)-type pathology, as occurs in 
individuals with Down's syndrome (trisomy 21). Finally, recent research is 
designed to produce transgenic mice with AD-linked APP mutations; these 
studies are essential for determining some of the genetic/molecular/biochemical 
mechanisms that cause AD-type brain lesions in familial AD (FAD). The 
strategies that have proved valuable in aged monkeys will be very helpful in 
studies of these mice. Both nonhuman primate and transgenic models will 
permit the testing of therapeutic approaches designed to ameliorate some of the 
abnormalities that occur in humans with AD. In conclusion, this review 
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summarizes briefly the features of AD relevant to these studies and outlines 
some of our research focusing on the biology of APP in neural tissues and 
animal models, including aged nonhuman primates and transgenic mice. 

Alzheimer's Disease 

AD, the most common disease associated with cognitive impairment in the 
elderly (McKhann et al. 1984; Evans et al. 1989), manifests as progressive 
dementia (McKhann et al. 1984) which is the result of abnormalities of neurons 
in multiple regions of the brain. The neuropathology of AD is characterized by 
the deposition of amyloid, cytoskeletal pathology in neurons, and death of nerve 
cells. Senile plaques, comprised of amyloid deposits in proximity to neurites, 
occur in the amygdala, hippocampus, and neocortex of cases of AD, older 
patients with Down's syndrome, and, to a lesser extent, aged primates of many 
species, including humans (Wisniewski and Terry 1973a,b; Wisniewski et al. 
1973; Glenner and Wong 1984; Kemper 1984; Masters et al. 1985a,b; Struble et 
al. 1985; Selkoe et al. 1987; Rumble et al. 1989; Cork et al. 1990; Martin et al. 
1991; Probst et al. 1991). Congophilic amyloid angiopathy, which occurs in each 
of these settings, is also seen in cases of hereditary cerebral hemorrhage with 
amyloidosis, Dutch type (HCHWA-D; Levy et al. 1990; Van Broeckhoven et al. 
1990). In AD, subsets of neurons characteristically develop neurofibrillary 
tangles, abnormal neurites, and neuropil threads (Grundke-Iqbal et al. 1986; 
Brion 1990; Goedert et al. 1991; Lee et al. 1991). These fibrillary inclusions, 
comprised of insoluble paired helical filaments and 15-nm straight filaments, 
contain predominantly abnormally phosphorylated isoforms of tau (Brion 1990; 
Greenberg and Davies 1990; Goedert et al. 1991; Lee et al. 1991). These 
filaments, presumably generated by common mechanisms, interfere with the 
function of neurons (Grundke-Iqbal et al. 1986; Lee et al. 1991; Crowther et al. 
1992; Goedert et al. 1992); eventually, these cells die (Kemper 1984; Arnold et al. 
1991; Braak and Braak 1991). Clinical signs reflect disease in these populations 
of neurons that leads to deafferentation of targets. 

Many lines of evidence suggest that amyloid ogene sis plays a critical role in 
the development of these various manifestations of AD. Af3 is an '" 4-kD 
peptide comprised of 11 ~ 15 amino acids of the transmembrane domain and 28 
amino acids of the extracellular domain of APP type-I integral membrane 
glycoproteins (Kang et al. 1987; Kitaguchi et al. 1988; Ponte et al. 1988; Golde et 
al. 1990). The mechanisms of Af3 formation, nucleation, and polymerization into 
fibrils are an active area of research (Jarrett and Lansbury 1993). Although Af3 
residues of 1 ~28, 12~28, 14~28, 16~28, 17~28, and 18~28, as well as Af3 1 ~40, 
spontaneously form fibrils in vitro (Wisniewski and Terry 1973b; Castano et al. 
1986; Gorevic et al. 1987; Fraser et al. 1992; Ghiso et al. 1993), the most 
fibrillogenic pep tides are A[3, 1 ~42, 43 (Jarrett and Lansbury 1993). The forma
tion of amyloid is thought to be a nucleation-dependent phenomenon with the 
C-terminus being a critical determinant of the rate of amyloid formation (Jarrett 
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et al. 1993; Jarrett and Lansbury 1993). Thus, Af3 1-42 and/or Af3 1-43, rather 
than Af3 1-40, may be particularly important in amyloidogenesis (Jarrett and 
Lansbury 1993; Jarrett et al. 1993). In plaques, amyloid is often colocalized with 
other proteins, including IXl-antichymotrypsin (Abraham et al. 1989; Koo et al. 
1991), apolipoprotein E (Apo E; Strittmatter et al. 1993), SP40, 40 (apolipo
protein J (Apo J); Ghiso et al. 1993), constituents of the complement cascade 
(McGeer et al. 1989; Johnson et al. 1992), etc. It has been speculated that Apo 
J may maintain Af3 in a soluble form (Ghiso et al. 1993), preventing the 
concentration of Af3 from achieving values critical for nucleation and fibril
logenesis. In contrast, the presence of two alleles of Apo E4, i.e., the major 
transporter of cholesterol (Mahley 1988), may influence Af3 sequestration and 
enhance amyloidogenesis (Corder et al. 1993; Saunders et al. 1993; Strittmatter 
et al. 1993). 

To begin to model Af3 amyloidosis, we considered several factors implicated 
in the pathogeneses of this process: age (Delaere et al. 1993), trisomy 21 (Burger 
and Vogel 1973; Ball and Nuttal 1980; Giaccone et al. 1989; Mann and Esiri 
1989; Rumble et al. 1989), and APP mutations (Chartier-Harlin et al. 1991; 
Goate et al. 1991; Murrell et al. 1991; Mullan et al. 1992). Our initial studies took 
advantage of the aged nonhuman primate as a model for age-associated Af3 
amyloidogenesis; more recently, we have used YAC-ES cell technologies to 
generate transgenic mice that overexpress APP and may serve as a model for the 
amyloidogenesis that occurs in individuals with trisomy 21. In the future, 
information from genetic studies, including those documenting mutations in 
APP in FAD pedigrees and the presence of Apo E4 alleles in late-onset AD, will 
undoubtedly be used to model genetic influences that lead to AD (Table 1). 

Biology of APP 

Situated on the mid-portion of the long arm of human chromosome 21 (Kang 
et al. 1987), the human APP gene ( ~ 400 kb of DNA) is a member of a gene 

Table 1. Alzheimer's disease. 

Familial cases 
Sporadic cases 
Onset 
Duration 
Signs 
Chromosomal loci 
Gene (chromosome) 
Selective vulnerability 
Cytoskeletal pathology 
Amyloid 
Death of neurons 
Animal models 

-10% 
Majority 
FAD, mid life; sporadic, late life 
8-12 years 
Dementia 
21 + 14 (early-onset FAD); 19 (late-onset) FAD 
APP (21) in some FAD families; Apo E4 (19) in late-onset cases 
Cortical, hippocampal, and cholinergic basal forebrain neurons 
Neurofibrillary tangles; neurites; neuropil threads 
AP deposits (parenchyma/vessels) 
Severe 
Aged nonhuman primates; APP transgenic mice; in vivo injection of AP 
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family that includes several APP homologues, termed amyloid precursor-like 
proteins (APLP; i.e., APLPI and APLP2; Wasco et al. 1992, 1993; Slunt et al. 
1994). The APP gene gives rise, by alternative splicing of APP pre-mRNA, to at 
least four transcripts that encode AfJ-containing glycoproteins (Kang et al. 1987; 
Kitaguchi et al. 1988; Ponte et al. 1988; Golde et al. 1990). APP, modified by the 
addition of both N- and O-linked carbohydrates and terminal sulfation events 
(Weidemann et al. 1989), appear at the cell surface where they may be cleaved by 
APP et:-secretase at position 16 within AfJ to release the ectodomain of APP 
(Esch et al. 1990; Sisodia et al. 1990; Anderson et al. 1991; Wang et al. 1991; 
Haass et al. 1992a; Sisodia 1992). APP can also be processed via another 
pathway, thought to involve endosomal-Iysosomal systems, resulting in the 
production of a variety of C-terminal-containing fragments, some of which are 
potentially amyloidogenic (Golde et al. 1992; Haass et al. 1992a; Busciglio et al. 
1993). Amyloid peptides, i.e., AfJ 1-40 ( '" 4 kD) and AfJ 17-40 ( '" 3 kD), are 
released into the media of primary cell cultures and cell lines (Haass et al. 1992b; 
Shoji et al. 1992; Busciglio et al. 1993) and into cerebrospinal fluid (Shoji et al. 
1992; Seubert et al. 1993). These findings suggest that AfJ may be released 
directly in vivo. However, these peptides may not reach sufficient concentration 
in vivo for nucleation, polymerization, and aggregation to occur (Jarrett and 
Lansbury 1993; Jarrett et al. 1993). The presence of the C-terminus of AfJ is 
a significant determinant of the rate of AfJ fibril formation, and it is likely that 
AfJ 1-42,43 is more fibrillogenic than AfJ 1-40 and AfJ 17-40. Thus, small 
amounts of AfJ 1-42, 43 fibrils may serve as a nidus for amyloid formation 
(Jarrett and Lansbury 1993; Jarrett et al. 1993); subsequently, other AfJ-contain
ing fragments of APP could aggregate at these sites. 

Despite advances in our understanding of APP metabolism in vitro, much 
less is known regarding the biology of APP in vivo. APP transcripts/proteins 
are expressed in most neurons (Neve et al. 1988; Koo et al. 1990a; Martin et al. 
1991; Sisodia et al. 1993), and APP are present in cell bodies, dendrites, axon 
hillocks, initial segments, and axons (Martin et al. 1991). Our studies in control 
animals have focused on aspects of the biology of APP in neurons in the 
peripheral and central nervous systems (CNS; Koo et al. 1990a,b; Sisodia et al. 
1993). 

In the dorsal root ganglia (DRG), we used reverse transcriptase-polymerase 
chain reaction to demonstrate that mRNA encoding APP-695 are expressed 
lO-fold in excess of transcripts encoding Kunitz-type serine protease inhibitors 
containing APP. In situ hybridization showed that APP-695 transcripts were 
localized principally in sensory neurons, whereas APP-751/770 transcripts were 
more conspicuous in non-neuronal cells (i.e., fibroblasts and Schwann cells; 
Sisodia et al. 1993). We labeled isolated DRG and nerve in vitro with 
[ 35S]methionine and compared the APP species synthesized in the DRG or 
nerve (containing fibroblasts and Schwann cells but lacking neurons) with those 
synthesized in cultured cell lines transfected with either human APP-695 or -770 
cDNA. The pattern of APP immunoprecipitated from DRG and nerve was 
consistent with the concept that APP-695 is predominantly synthesized in 
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neurons, whereas APP-751/770 isoforms are synthesized by supporting cells of 
the sciatic nerve (Sisodia et al. 1993). 

To analyze the in vivo transport of APP, double ligatures were placed on the 
sciatic nerve, and animals were sacrificed at various times thereafter (Koo et al. 
1990b). The rates of accumulation of APP and acetylcholinesterase, a rapidly 
transported protein, were indistinguishable, an observation consistent with the 
idea that APP are carried by fast anterograde axonal transport. To test this idea 
more directly, [ 3SS]methionine was microinjected directly into the lumbar 
DRG, animals were sacrificed four hours following injection, and labeled APP 
were immunoprecipitated from the sciatic nerve and DRG (Sisodia et al. 1993). 
The most abundant APP species were the fully glycosylated (~ 120-125 kD) 
forms of APP-695 that mature through the Golgi apparatus and are then 
transported anterogradely in axons, presumably as part of membranous vesicles 
that are translocated, via kinesin-mediated motors, along microtubules. Small 
amounts ( ~ 5% of all transported full-length molecules) of glycosylated forms 
of APP-751/770 (~ 140-150 kD) were also detected in nerve. A minor APP
related species of ~ 95 kD, not recognized by the C-terminal antibody, was also 
present in axons. Our present interpretations are that the ~ 95-kD product 
could be generated following axolemmal insertion of holo-APP, as occurs with 
other rapidly transported proteins (Griffin et al. 1981), or alternatively, could be 
a truncated species being carried in rapidly transported vesicles. Preliminary 
studies of pathways in the CNS are consistent with the idea that full-length APP 
species, particularly APP-695, are transported by CNS neurons. In distal axons 
and nerve terminals, APP appears to be processed to generate C-terminal 
fragments, several of which are potentially amyloidogenic (SS Sisodia, VE 
Koliatsos, and DL Price, personal observations). Ongoing efforts are designed 
to define details of the trafficking and processing of transported APP in the 
CNS. The roles of APP in the CNS are uncertain, but it has been hypothesized 
that APP may be important in cell-cell interactions and in synaptic functions 
(Schubert 1991). Recent studies suggest that a sequence in the APP cytoplasmic 
domain catalyzes GTP exchange with Go, suggesting a role for APP as a Go-
coupled receptor (Nishimoto et al. 1993). The distributions and fates of trans
ported APP isoforms in the CNS can be examined by in vivo labeling of APP, 
synthesized by specific popUlations of neurons, followed by the examination of 
APP processing in defined target fields. Similar approaches should prove very 
useful in the analysis of the biochemistry of amyloidogenesis in animals that 
show deposits of Af3. 

Animal Models 

Aged Nonhuman Primates 

Early in the third decade oflife, Macaca mulatta develop age-associated impair
ments in performance on cognitive and memory tasks (Presty et al. 1987; 
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Bachevalier et al. 1991), and it is presumed that these impairments are related to 
brain abnormalities similar to those that occur in older humans and subjects 
with AD (Wisniewski and Terry 1973b; Bartus et al. 1978; Struble et al. 1982, 
1985; Kitt et al. 1984; Davis 1985; Selkoe et al. 1987; Walker et al. 1987, 1990; 
Abraham et al. 1989; Wenk et al. 1989; Cork et al. 1990; Bachevalier et al. 1991; 
Martin et al. 1991). Because old animals develop amyloid and neurites 
(Wisniewski and Terry 1973b, Struble et al. 1982, 1985; Kitt et al. 1984; Selkoe et 
al. 1987; Walker et al. 1987, 1988, 1990; Abraham et al. 1989; Cork et al. 1990; 
Martin et al. 1991), these animals provide a model to examine AD-like abnor
malities, including amyloidogenesis. 

In the brains of these primates, small amounts of Af3 1-40 (or fragments 
thereof) may be released normally throughout life (Golde et al. 1992; Haass et al. 
1992a). However, young animals show no evidence ofthe Af3 deposition or fibril 
formation needed for nucleation and aggregation, presumably because levels of 
Af3 are below critical concentrations. However, when monkeys reach late middle 
life, Af3 begins to appear as diffuse deposits (Wisniewski and Terry 1973a,b; 
Struble et al. 1982, 1985; Selkoe et al. 1987; Walker et al. 1987, 1988, 1990; 
Abraham et al. 1989; Cork et al. 1990) perhaps, for reasons as yet unexplained, 
related to the increased levels of Af3 1-40 or because of the presence of Af3 
1-42,43, which can provide a nidus for the deposition of Af3 1-42,43, (Jarrett 
and Lansbury 1993; Jarrett et al. 1993). At these sites, we have detected enlarged 
neurites (Wisniewski and Terry 1973b; Struble et al. 1982, 1985; Selkoe et al. 
1987; Walker et al. 1988; Cork et al. 1990) derived from a variety of transmitter 
systems (Kitt et al. 1984, 1985; Walker et al. 1987, 1988). Neurites accumulate 
membranous elements, degenerating mitochondria, and lysosomes; moreover, 
they may be enriched in APP, phosphorylated neurofilaments, transmitter 
markers, and synaptophysin (Martin et al. 1991). In individual plaques, APP
and synaptophysin-immunoreactive structures are often surrounded by a halo 
of distorted neuropil that, in adjacent sections, contains Af3 immunoreactivity; 
the proximity of APP-like immunoreactive neuronal perikarya and neurites 
within Af3-containing plaques suggests that neurons and/or their processes can 
serve as a source for some of the deposited Af3. These pathological events may be 
associated subsequently with synaptic disjunction (a potentially reversible pro
cess), followed by irreversible synaptic disconnection and deafferentation of 
targets, as has been suggested to occur in AD (DeKosky and Scheff 1990; 
Masliah et al. 1991; Terry et al. 1991). In the brains of aged animals, neurons are 
not the only potential source of Af3; microglia and astrocytes are present in 
proximity to Af3 deposits and play roles in the synthesis/processing of APP or 
may influence the physical state of Af3. Moreover, these cells may produce Af3 
colocalizing proteins, including 1X1-antichymotrypsin (Abraham et al. 1989; Koo 
et al. 1991), Apo E (Wisniewski and Frangione 1992; Corder et al. 1993; 
Saunders et al. 1993; Strittmatter et al. 1993), and SP40-40 (Apo J; Ghiso et al. 
1993); these proteins may accelerate or retard amyloidogenesis. Finally, vascular 
cells may also contribute to Af3 amyloidogenesis. Significantly, aged rhesus and 
squirrel monkeys (Saimiri sciureus) show Af3 in the walls of meningeal and small 
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cerebral vessels (Walker et al. 1987, 1990); preliminary studies of these animals 
suggest that some A{3 may be derived from APP synthesized by vascular cells. 

APP Transgenic Mice 

Transgenic strategies are powerful tools to examine the causative links between 
the APP gene, its overexpression, the presence of mutations, and abnormalities 
in the brain. Moreover, these animals can be used to delineate the mechanisms 
that lead in vivo to amyloid ogene sis and possibly other types of AD-related 
pathologies (Sisodia and Price 1992; Price and Sisodia, in press). Over the past 
several years, scientists have used transgenic approaches to try to produce 
animal models of AD (Quon et al. 1991; Lamb et al. 1993). However, with one 
possible exception (Quon et al. 1991), published reports of transgenic mice have 
not documented AD-type pathology convincingly (Sisodia and Price 1992; Price 
and Sisodia, in press). The difficulties in the work may reflect, in part, the 
problems encountered in trying to overexpress APP using conventional cDNA
based transgenic technologies. 

Recently, we adopted a different strategy based on the idea that a more 
satisfactory level of expression might be achieved using the whole APP gene and 
based on the observation that individuals with Down's syndrome, who have an 
extra copy of chromosome 21 (and the APP gene), develop the histopathological 
hallmarks of AD, including amyloid deposits (Burger and Vogel 1973; Ball and 
Nutta11980; Glenner and Wong 1984; Masters et al. 1985a,b; Wisniewski et al. 
1985; Giaccone et al. 1989; Mann and Esiri 1989; Rumble et al. 1989). If three 
copies of APP and increased levels of APP predispose to amyloid ogene sis, then 
we hypothesized that transgenic mice overexpressing APP may mimic the 
trisomic APP dosage imbalance observed in individuals with Down's syndrome. 
To pursue this idea, a Y AC carrying the human APP gene that contained an 
~ 650 kb human DNA fragment was identified, purified, and introduced via 

lipid-mediated transfection into ES cells (Lamb et al. 1993). APP sequences were 
stably integrated, and they constitutively expressed APP mRNA and encoded 
polypeptides. These ES cells were used to generate chimeric mice; subsequent 
breeding disclosed that the human APP genomic sequences had been transmit
ted to the mouse germline. These sequences were transcribed actively in mouse 
tissue, the splicing pattern of human APP transcripts in transgenic mouse tissues 
mirrored the endogenous pattern of alternatively spliced mRNA, and the rela
tive levels of human and mouse APP mRNA were similar. Using an antibody 
specific for human APP, Western analysis of this line of transgenic mice 
demonstrated levels of human APP expression in the brain and in various other 
organs. For example, in transgenic mouse brain, levels of human APP were 
~ 70% of total APP. Finally, immunocytochemical studies with a human 

APP-specific antibody disclosed human APP immunoreactivity in neurons in 
the brain. As anticipated, two young animals did not show evidence of AD-type 
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pathology. However, as occurs in individuals with trisomy 21, these transgenic 
animals may develop AfJ deposits in later adult life. 

Another approach to model AD takes advantage of recent genetic studies 
linking mutations to FAD. More than 10 pedigrees of early-onset autosomal 
dominant FAD exhibit linkage to mutations of APP (Chartier-Harlin et al. 
1991; Goate et al. 1991; Murrell et al. 1991). In these families, the valine residue 
at position 717 (of APP-770) is replaced by either isoleucine, phenylalanine, or 
glycine. In addition, two large, related, early-onset disease families from Sweden 
have a double mutation at codons 670 and 671 (of APP-770; Mullan et al. 1992), 
resulting in substitutions of the lysine-methionine dipeptide by asparagine
leucine. Neuropathological examination of a single case from one of the Swedish 
families disclosed the presence of senile plaques, neurofibrillary tangles, and 
congophilic angiopathy (B Winblad, personal communication). Moreover, cells 
transfected with cDNA encoding APP with this double mutation showed 
elevated levels of secreted AfJ-related pep tides (Citron et al. 1992; Cai et al. 1993), 
whereas cells transfected with APP-717 mutations did not exhibit alterations in 
APP processing (Cai et al. 1993). The YAC-ES cell strategy can be used to 
introduce modified human APP that encode FAD mutations into the mouse 
germline and to determine whether the presence of these mutations predisposes 
to AfJ deposition and, possibly, the other brain abnormalities that occur in AD. 
This strategy provides a direct test of the significance of these APP gene 
mutations in the etiology/pathogenesis of F AD. Moreover, these mice produced 
by transgenic strategies should allow analyses of the sequential biochemical, 
cellular, and molecular pathologies characteristic of early-onset FAD. 

Conclusions 

Animal models are essential to analyze the biology of APP and to define the 
mechanisms of amyloidogenesis. Aged nonhuman primates are useful for exam
ining the roles of age in the pathogenesis of these lesions, whereas transgenic 
mice, which have begun to show promise (Quon et al. 1991; Sisodia and Price 
1992; Lamb et al. 1993), will be valuable for determining the roles of genetic and 
molecular processes that cause AD-type pathology (Price et al. in press). Finally, 
these models can be used to test therapeutic approaches designed to ameliorate 
age-related brain abnormalities that occur in humans with AD. 
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The Roles of Zinc and Copper in the Function and 
Metabolism of the Amyloid Protein Precursor 
Superfamily 

A. I. Bush*, W. Pettingell, and R. E. Tanzi 

Summary 

Abnormalities of zinc and copper homeostasis occur in Alzheimer's disease 
(AD), a dementia characterized by the aggregation of AfJ in the brain, and in 
Down's syndrome (DS), a condition characterized by premature AD. The 
functional and conformational properties of amyloid protein precursor (APP) 
are influenced by specific zinc binding to a domain in the ectodomain which is 
homologous in other known members of the APP superfamily: amyloid precur
sor-like proteins 1 and 2 (APLP1 and APLP2), as well as drosophila APP-L. 
The finding of specific and saturable zinc binding to AfJ, the amyloidogenic 
catabolic product of APP, indicates that a physiological association between 
APP metabolism and brain zinc homeostasis is a possibility. Zinc binding to AfJ 
results in a marked loss of AfJ solubility in vitro, indicating that a small 
( < 0.5 ,uM) increase in interstitial Zn2 + concentration could accelerate AfJ 
precipitation. Meanwhile, copper protects AfJ from zinc-induced aggregation, 
stabilizing a soluble dimeric species. We propose that abnormalities of regional 
copper or zinc concentrations in the brains of patients with AD or DS may 
accelerate AfJ amyloidosis in these conditions. 

AP and APP in Alzheimer's Disease 

Our understanding of the molecular basis for the pathophysiology of Al
zheimer's disease (AD) has advanced rapidly over the last decade. Much of that 
understanding has come from elaborating the role played by AfJ, the 4.3 kD 
peptide found to be the principal constituent of the cerebral amyloid deposits 
which are the pathological hallmarks of the disease (Masters et al. 1985; Glenner 
and Wong 1984). Considerable controversy exists as to whether AfJ accumula
tion is itself neurotoxic, or whether AfJ amyloidogenesis is an epiphenomenon of 
an alternative neuronal lesion. AfJ is derived from the much larger amyloid 
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protein precursor (APP; Kang et al. 1987; Tanzi et al. 1987), whose function 
is still uncertain. The cause of Alzheimer's disease remains elusive; however, 
the discovery of mutations of APP close to or within the Af3 domain (Goate 
et al. 1991; Naruse et al. 1991; Murrell et al. 1991; Hendricks et al. 1992; 
Mullan et al. 1992) indicates that the metabolism of Af3 and APP is likely to be 
intimately involved with the pathophysiology of this predominantly sporadic 
disease. 

Most cases of AD are sporadic, with the proportion of familial AD (FAD) 
cases being ~ 5%. AD invariably occurs in Down's syndrome (DS), where 
pathological changes, accelerated by some 30 years, are associated with in
creased APP mRNA (Tanzi et al. 1987) and protein levels (Rumble et al. 1989). 
The increased production of soluble Af3 from human neuroblastoma cells 
transfected APP constructs (Cai et al. 1993; Citron et al. 1992) possessing the 
"Swedish" mutation (lys670-met671 to asp-leu; Mullan et al. 1992) indicates that 
sustained increases in extracellular Af3 concentrations may be sufficient to cause 
Af3 to precipitate into insoluble deposits. From studies of the solubility of the 
synthetic peptide Af3I _ 40, it is known that this supposedly normal secretion 
product (Shoji et al. 1992; Seubert et al. 1992; Haass et al. 1992; Busciglio et al. 
1993), which is found in CSF (Shoji et al. 1992; Seubert et al. 1992), should 
remain soluble at concentrations up to 1 mg/ml (Burdick et al. 1992). Although 
it is not known whether DS is also accompanied by an increase in Af3, soluble 
Af3 in cerebrospinal fluid (CSF) has been reported as not being increased in 
sporadic AD cases (Shoji et al. 1992), indicating that sustained elevation of the 
interstitial Af3 concentration is unlikely to be the cause of Af3 precipitation in the 
brain in sporadic cases, and that other pathogenetic mechanisms are likely to be 
involved in inducing amyloid formation. 

The amyloid protein precursors constitute a complex family of membrane
bound and soluble glycoproteins that are derived by alternate splicing of a gene 
on chromosome 21 yielding more than 10 isoforms, some of which contain 
a Kunitz-type protease inhibitory insert (KPI-APP; reviewed in Bush et al. 
1993a). The description of two other highly homologous genes coding for 
amyloid precursor-like protein 1 (APLP1; Wasco et al. 1992), which maps to 
human chromosome 19 (Wasco et al. 1993a), and amyloid precursor-like protein 
2 (APLP2; Wasco et al. 1993b), indicate that APP, APLPl and APLP2 are 
members of a homologous superfamily whose products all carry a significantly 
negative charge at neutral pH (pI's of 4.5, 5.5 and 4.5, respectively). 

The function of the APP superfamily is unknown, but because all members 
of the superfamily share strong homology of major domains (cysteine-rich 
amino terminus, zinc binding site, negatively charged mid-region, span the lipid 
bilayer once, short intracytoplasmic carboxyl terminus), they are likely to be 
functionally related. APLPl and APLP2 lack the Af3 domain, and hence could 
not be amyloidogenic. 

Zinc has recently been implicated in the function of the APP superfamily 
(Bush et al. 1993b). A novel zinc binding site has been described in the ectodo
main of the protein within exon five, at the end of the cysteine-rich region. This 
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Fig. 1. Homology of the zinc binding region of APP. The amyloid precursor-like protein 2 (APLP2) 
sequence (Wasco et al. 1993b) is compared with the homologous regions of APLPI (Wasco et al. 
1992), drosophila APPL (Rosen et al. 1989), and APP (Kang et al. 1987). The amino terminus residue 
position (numbers), zinc binding domain (bold), a portion of the synthetic zinc binding peptide 
(underlined), and amino acid identity (boxes) are indicated 

domain is found in all known members of the APP superfamily as well as 
in the drosophila homolog, APP-L (Fig. 1). The affinity constant for binding 
is 750 nM, and binding to this site promotes the affinity of APP for heparin 
with an effect that saturates at 75,uM. A separate report demonstrated that 
zinc promoted the inhibition of coagulation factor XIa activity by KPI
APP with an effect which also saturated at 75,uM (Komiyama et al. 
1992). 

Prominent amongst the proposed functions for APP are its possible roles 
in cell adhesiveness (Shivers et al. 1988) and neurite outgrowth (Milward 
et al. 1992). Indeed the observation that APP is most greatly enriched in 
platelets and brain tissue (Bush et al. 1990) suggests that APP participates 
in tissue remodelling. It is intriguing that zinc, too, is most highly concentr
ated in the body in these two tissues (Baker et al. 1978; Frederickson 1989). 
APP is highly concentrated in vesicles in both of these tissues (Bush et al. 
1990; Cole et al. 1990; Smith et al. 1990; Van Nostrand et al. 1990; 
Schlossmacher et al. 1992; Schubert et al. 1991). Although the co-localization 
of APP with zinc in these vesicles has yet to be demonstrated, zinc is actively 
taken up (Wolf et al. 1984; Wens ink et al. 1988) and stored in synaptic vesicles 
in nerve terminals throughout the telencephalon (Ibata and Otsuka 1969; Perez
Clausell and Danscher 1985; Friedman and Price 1984). Zinc storage in vesicles 
in tissues like pancreatic fJ-cells, salivary secretory cells and pituitary gland 
is thought to function by stabilizing intra vesicular proteins and endocrine 
pep tides such as NGF and insulin (Frederickson et al. 1987). The effect of 
extracellular zinc upon platelet function is to increase platelet adhesiveness 
and aggregation (Heyns et al. 1985). The effect of zinc upon APP in increasing 
its affinity for heparin is reminiscent of this general effect. It will be interesting 
to determine whether extracellular zinc concentrations can modulate neurite 
outgrowth and neuronal or glial adhesiveness by modifying the affinity of 
APP or APLP for extracellular matrix elements. Because extracellular brain 
zinc levels may modulate the function of APP, an understanding of the homeo
static mechanisms governing the physiology of zinc could yield insights relevant 
to the pathophysiology of AD. 
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The Neurophysiology of Zinc Homeostasis 

The regulation of brain zinc compartmentalization and transport is governed by 
very strict homeostatic mechanisms. Although zinc is essential for brain devel
opment and function, the mechanisms underlying brain zinc nutriture and 
metabolism are poorly understood. Zinc stores are so preserved in the brain that 
zinc malnutrition can be life-threatening without significantly depleting intracel
lular cerebral zinc reserves (Kasarkis 1984; O'Neal et al. 1970; Wallwork et al. 
1983). However, the neuropsychological consequences of clinical zinc deficiency 
are well-documented and include impaired mentation and memory functions 
(Halas et al. 1983). The mechanisms that underlie the preservation of brain zinc 
in the event of clinically apparent deficiency are unclear. There is a pool of zinc 
interacting with the environment of the central nervous system which is respon
sive to nutritional events. This pool may be the only central nervous system 
compartment available for rapid exchange of zinc with plasma (Pullen et al. 
1991). The uptake of zinc into the brain is accomplished by an unidentified 
active transport mechanism. Plasma zinc, which is mainly bound to albumin, 
does not easily transfer into the central nervous system, and most transfer is not 
passive (Pullen et al. 1991). The maximal accumulation of zinc into rat brain was 
shown to be only 0.5% of an intraperitoneal does and then subjected to 
a protracted intracerebral biological half-life in contrast to peripheral tissues 
(Kasarkis 1984). The blood-brain barrier and the choroid plexus appear to 
possess stringent means of protecting the brain from the passive zinc transfer 
which would be driven by the large gradient generated by the relative concentra
tions of zinc in plasma (20 liM; Davies et al. 1968) to CSF (0.15 liM; Frederick
son 1989). 

Zinc deficiency is associated with a significant elevation in brain copper 
levels (Wallwork et al. 1983), which could be an alternate explanation for the 
neuropsychological deficits seen in clinical zinc deficiency. The mechanism 
underlying the antagonistic homeostatic relationship between brain zinc and 
copper levels is not understood. Abnormal cerebral copper metabolism is 
associated with two major brain neurodegenerative disorders, Wilson's disease 
and Menkes' kinky hair disease, although the biochemical mechanism underly
ing the neurogeneration in these disorders is not known. 

Curiously, zinc is neurotoxic in cell cultures in concentrations as low as 
75 liM (Duncan et al. 1992), and higher concentrations may be irreversibly toxic 
during exposures as brief as 15 minutes (Choi et al. 1988). AMPA receptor 
activation potentiates zinc-induced neurotoxicity in neuronal cell cultures fol
lowing even briefer (five-minute) exposure (Weiss et al. 1993). Assaf and Chung 
(1984) estimated that the peak extracellular concentration of zinc in the hip
pocampus rises to 300 liM during neurotransmission. Even higher concentra
tions might be expected at the synaptic cleft. Choi and coworkers proposed that 
this trans-synaptic movement of zinc may have a normal signalling function and 
may be involved in long-term potentiation (Weiss et al. 1989). However, because 
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zinc can be rapidly neurotoxic at such high concentrations, active transport is 
likely to occur to remove the zinc from the interstitial space and to maintain 
homeostasis. The basis of this predicted homeostatic mechanism is still to be 
elucidated. 

Zinc and Copper Homeostasis in Alzheimer's Disease 

AD and DS are associated with abnormalities of zinc and copper metabolism. 
Changes reported in AD include decreased temporal lobe zinc levels (Wenstrup 
et al. 1990), elevated (80%) cerebrospinal fluid levels (Hershey et al. 
1983), increased hepatic zinc with reduced zinc bound to metallothionein 
(Lui et al. 1990), a Zn2+ -modulated abnormality of APP in AD plasma (Bush 
et al. 1992), and decreased levels of astrocytic growth-inhibitory factor, 
a metallothionein-like protein which chelates zinc (Uchida et al. 1991). Clinical 
zinc deficiency is a common, pervasive yet cryptogenic phenomenon in DS 
(Franceschi et al. 1988), where it manifests as immune dysfunction (Bjorksten 
et al. 1980) and growth delay (Napolitano et al. 1990), and is associated with 
elevations of erythrocyte copper and superoxide dismutase activity (Mallet 
et al. 1979). Zinc has also been implicated in the pathogenesis of Guamanian 
amyotrophic lateral sclerosis/Parkinson's dementia complex, a disease 
also characterized by neurofibrillary tangles, where it has been demonstrated 
that flour made from cycads in the traditional Guamanian manner may intro
duce a dietary zinc dose which is lOO-fold the recommended daily allowance 
(Duncan et al. 1992). 

Serum and plasma levels of copper and zinc have been studied in 
several reports comparing Alzheimer's disease to control populations 
(Hicks et al. 1987). There appears to be no consensus on the nature of 
any differences, but estimations of blood zinc would be confounded by 
many variables which would make zinc levels inconsistent. Plasma zinc 
levels rise post-prandially (Pohit et al. 1981), and absorption is affected by 
the presence of various dietary elements such as proteins, fibre and sugars 
(Sandstrom et al. 1980), and is also subject to diurnal variation (McMaster 
et al. 1992). Hence, studies which do not control for such factors would be 
subject to greater variances. 

No consistent trend has yet emerged in reports of abnormalities, if any, in 
copper levels or metabolism in AD or DS. 

The hippocampus is the region of the brain which both contains the highest 
zinc concentrations (Frederickson et al. 1983) and is most severely and consis
tently affected by the pathological lesions of AD (Price et al. 1991). One of the 
prominent neurochemical deficits in AD is cholinergic deafferentation of the 
hippocampus. This has been shown experimentally also to raise the concentra
tion of zinc in the region (Stewart et al. 1984). 
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Fig. 2. Structure of A{3. The amino acid sequence of A{31-40 is shown. Charged residues are 
indicated. The obligatory zinc binding region (residues 6-28) is boxed. Histidine residues, implicated 
in zinc binding, are in bold 

Zinc and Copper Bind to AP 

Because of the associations between zinc, AD and APP, we studied the binding 
of Zn2 + to Af3. The possibility of Af3 binding zinc is supported by the presence of 
three closely situated histidine residues and a cluster of negatively charged 
residues on the molecule (Fig. 2). The pI of the peptide is 5.5, indicating that, like 
all members of the APP superfamily, it is negatively charged at physiological 
pH. 

Using 65Zn2 + to probe immobilized peptide in a dot-blot system, Af3 was 
shown to manifest saturable and highly specific binding to zinc. Two classes of 
binding were evident, a high affinity (KD = 107 nM) and a low affinity 
(KD = 5.2,uM) binding association (Bush et aI., in press). Using peptide map
ping, the domain within the protein which is obligatory for zinc binding was 
shown to be a contiguous region within the frame of residues 6-28, requiring the 
O(-secretase site at Lys16 (Esch et aI. 1990; Sisodia et aI. 1990) to be intact. Zinc 
binding was found to deteriorate with lower pH, indicating the involvement of 
histidine residues in the binding. 

The binding of zinc at concentrations as low as O.4,uM to Af3 induced 
a decrease in peptide solubility and an increase in Af3 adsorption to negatively 
charged surfaces. On size exclusion chromatography, Af3 was noted to migrate 
in monomeric, dimeric and polymeric ( > 8 mer) forms. Copper prevented the 
adsorption of Af3 to negatively charged surfaces, and exclusively and specifically 
stabilized Af3 dimer formation in solution, reversing the effect of zinc. Other 
metal salts were unable to rescue Af3 at all, although some salts had partial 
effects on peptide precipitation. This behaviour indicted that Af3 may have 
a binding site for copper as well as zinc. 

To confirm zinc and copper binding to Af3, 1251 iodinated Af3 binding to 
zinc- and copper-charged chelating-Sepharose was studied. Whereas 125I-Af3 
was unable to bind to heparin-Sepharose or Q-Sepharose, significant binding of 
the labelled peptide to zinc- and copper-chelating-Sepharose was observed 
(Fig. 3). This chromatographic technique may now be exploited to purify Af3 
from biological fluids. 

Discussion 

These findings demonstrate that APP possesses two novel zinc binding do
mains, one in the cysteine-rich ectodomain which modulates heparin affinity, 
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Fig. 3. Binding of 125I_AfJ to chelating-Sepharose, Q-Sepharose and heparin-Sepharose. 125I_AfJ 
(100000 CPM, 1 nM) was adjusted to 1M NaCI, 50 mM Tris-HCI, pH 7.4 and loaded onto 
Pharmacia chelating-Sepharose (250 {tl). The column was washed with equilibration buffer (3.25 ml) 
and then eluted with 50 mM EDTA. Alternatively, 125I_AfJ (100000 CPM, 1 nM) was adjusted to 
150 mM NaCI, 50 mM Tris-HCI, pH 7.4 and loaded onto Pharmacia Q-Sepharose (250 {tl) or 
heparin-Sepharose (in the presence of 0.1 % BSA). The column was washed with equilibration buffer 
(3.25 ml) and then eluted with 2M NaC!. The bound and unbound counts were assayed as indicated. 
125I_AfJ bound only to copper- or zinc-charged chelating-Sepharose. The total recovery (bound plus 
unbound) from the zinc-chelating-Sepharose was reduced compared to uncharged chelating
Sepharose or copper-chelating-Sepharose, possibly due to zinc-induced precipitation of 125I_AfJ on 
the column 

and one within the A{J domain itself. Both zinc binding motifs are novel in that 
they are not homologous to any known zinc binding domains on other proteins, 
although both sites contain residues that are favoured for zinc binding (cysteine 
and histidine). Nevertheless, both domains manifest strong and specific interac
tion with zinc. Although it is easy to imagine how extracellular zinc may play 
a role in the physiology of APP function by modifying its adhesiveness to 
extracellular matrix elements, the possible functions for A{J are only beginning 
to be explored. Only recently has A{J been demonstrated to be a soluble 
secretion product found in extracellular fluids (Shoji et al. 1992; Seubert et al. 
1992; Haass et al. 1992; Busciglio et al. 1993). What roles zinc or copper may 
play in its normal physiology remain to be elucidated. Interestingly, a recent 
report stated that A{J promotes neurite outgrowth by com pIe xing with laminin 
and fibronectin in the extracellular matrix (Koo et al. 1993). Hence, both APP 
and A{J appear to interact with the extracellular matrix to modulate cell 
adhesion. The possibility that zinc and copper are local environmental cofactors 
modulating this interaction merits investigation. 

Our findings also indicate that polymerization and precipitation of secreted 
soluble forms of A{J may be modulated by local concentrations of copper and 



176 A.1. Bush et al. 

zinc in the brain. Two forms of familial Af3 amyloidosis are caused by mutations 
of the APP gene within the zinc binding region of Af3 (Hendricks et al. 1992; 
Levy et al. 1990). It will be important in future studies to assess the zinc and 
copper binding properties of Af3 peptides containing these mutations. 

Af3 accumulates most consistently in the hippocampus, where extreme fluc
tuations of zinc concentrations occur (0.15 to 300 J.lM; Frederickson 1989). 
Based on our findings, copper may function in such areas to stabilize Af3 as 
a soluble dimer in the presence of high zinc concentrations, e.g., during synaptic 
transmission (Assaf and Chung 1984; Howell et al. 1984; Xie and Smart 1991). 
Our results further indicate that abnormally high zinc or low copper concentra
tions could decrease the solubility of Af3 as well as favour high-order polymeriz
ation of the peptide. Zinc-induced precipitation of Af3 in the neuropil may, in 
turn, invoke a glial inflammatory response, free radical attack and oxidative 
cross-linking to ultimately form amyloid. 

Af3 chelates zinc with such high affinity that reports that its introduction into 
neuronal cultures causes neurotoxicity (Yankner et al. 1990; Koh et al. 1990) 
might be explained by a disturbance of zinc homeostasis. Finally, the association 
of zinc with Af3 is intriguing in light of recent reports that APP functions as 
a metalloproteinase inhibitor (Miyazaki et al. 1993), and that zinc binds to APP, 
modulating heparin affinity (Bush et al. 1993). These observations indicate that 
both the function and processing of APP and Af3 may be modulated by zinc and 
copper levels in the local environment. 
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Summary 

Alzheimer's diseases (AD) is a major health problem which will continue to 
intensify in magnitude as the elderly in the population continue to increase in 
number. The age at which AD strikes is variable, ranging from the fourth to 
tenth decades, with the greatest proportion of cases occurring in the seventh and 
eighth decades. A genetic component of this disorder has been strongly in
dicated by family and survey studies, as well as life table analyses (reviewed in St 
George-Hyslop et al. 1989). Genetic linkage and association studies of kindreds 
displaying evidence for familial AD (FAD) have led to the localization of gene 
defects responsible for this genetically heterogeneous disorder on chromosomes 
14,19 and 21. In a small set of FAD kindreds, mutations have been found in the 
amyloid beta protein precursor (APP) gene. Yet, the available data indicate that 
the identity of the genes responsible for the majority of late-onset ( > 65 years) 
as well as early-onset inherited AD remain unknown. Powerful and novel 
advances in the methodology available for performing genetic linkage analyses 
on genetically complex disorders have made it feasible to scan the entire human 
genome in a relatively fast and easy manner for the purpose of localizing the 
genes responsible for, or predisposing to, inherited AD. Here we describe 
progress on attempts to further localize and identify various FAD gene defects 
throughout the genome, with special emphasis on the major early-onset gene 
defect residing on the long arm of chromosome 14. 

Genetic Heterogeneity of Familial Alzheimer Disease 

F AD has been shown by epidemiology studies to be inherited in an autosomal 
dominant fashion with age-dependent penetrance (Breitner et al. 1988; Mohs et 
al. 1987). Farrer et al. (1991) demonstrated strong evidence for the segregation of 
at least one major FAD gene based on the study of segregation of the disorder in 
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over 230 families specifically ascertained according to strict diagnostic criteria. 
In that study, heterozygote transmission of the "major gene" was found to be 
greater than 50%, suggesting that there are at least two more genes responsible 
for FAD. In a small proportion of families with early-onset, FAD, the gene 
defect has been linked to chromosome 21 (St George-Hyslop et al. 1987). While 
these findings were later confirmed by Goate et al. (1989), others obtained 
negative results with chromosome 21 using specific sets of FAD pedigrees 
(Schellenberg et al. 1988; Pericak-Vance et al. 1991a) one of these groups 
obtained evidence for linkage oflate-onset FAD to markers on chromosome 19 
(Pericak-Vance et al. 1991a); however, many other early- and late-onset FAD 
kindreds still remained unlinked to either chromosome 21 or 19 (Pericak-Vance 
et al. 1991). These findings suggesting the existence of genetic heterogeneity in 
F AD were later confirmed in a large, international, collaborative study of 48 
early- and late-onset FAD kindreds (St George-Hyslop et al. 1990). 

In a recent set of reports, it has become clear that a major gene defect for 
early-onset FAD resides on chromosome 14 (Schellenberg et al. 1992a; 
St George-Hyslop et al. 1992; Van Broeckhoven et al. 1992; Mullan et al. 
1992b). While the gene defect in 70-90% of early-onset FAD kindreds may 
turn out to be linked to the chromosome 14 locus, no late-onset FAD pedigrees 
tested to date have provided evidence for linkage (Schellenberg et al. 1992a; 
St George-Hyslop et al. 1992; Van Broeckhoven et al. 1992; Mullan et al. 1992b). 
Additionally, no late-onset FAD families have been shown to contain APP 
mutations. 

The location of a gene involved with late-onset FAD has been established on 
chromosome 19 (Pericak-Vance et al. 1991a,b). More recently, in support of the 
existence of an FAD locus on chromosome 19, significant allelic association of 
late-onset FAD and some sporadic AD cases with the ApoE4 allele of the gene 
encoding apoliploprotein E has been reported (Strittmatter et al. 1993). This 
finding serves to confirm previous reports of allelic association of late onset 
F AD with the apoliploprotein C gene which resides in close proximity to the 
ApoE gene (Schellenberg et al. 1987, 1992b). Meanwhile, linkage studies em
ploying the Affected Pedigrees Member (APM; Weeks and Lange 1988) method 
indicate that a proportion of FAD late-onset pedigrees demonstrate linkage 
with chromosome 19 markers in the vicinity of ApoE. This finding raises the 
possibility that the linkage observed with chromosome 19 is actually a reflection 
of allelic association with the ApoE/ApoCII cluster, since the APM method 
does not distinguish between linkage and association. It is presently difficult to 
determine the precise percentage of late-onset FAD associated with chromo
some 19 locus. The allele frequency of the APOE-4 allele is only about 16% in 
an age-matched set of controls, but approximately 50% in late-onset FAD cases. 
Since the APOE4 allele appears in normal aged individuals, it probably does not 
represent the sole, causative gene defect. Its effect could result from a biological 
susceptibility analogous to that of the HLA loci in diabetes, or could result from 
being in linkage disequilibrium with an as-of-yet unidentified gene defect either 
elsewhere in the APOE gene or in a nearby gene. 
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It is important to note that an allelic association is indicative of linkage 
disequilibrium between the gene or marker tested and the locus of interest. 
Linkage disequilibrium data primarily lend information as to where the gene 
defect resides as opposed to what the gene actually is. The strong allelic 
association reported for APOE4 and a large subset of late-onset FAD suggest 
three distinct possibilities with regard to the identity of the gene defect on 
chromosome 19. Essentially, the late onset FAD gene defect on chromosome 19 
is either 1) APOE4 itself, 2) a gene defect in APOE other than the APOE4 
variant, or 3) a defect in a gene other than APOE, but which resides physically 
quite close (e.g., within one mega base) to APOE. 

Recently, a protein whose predicted 653 amino acid sequence is 42% 
identical and 64% similar to APP has been isolated. This amyloid precursor-like 
protein (APLP) contains many domains similar to those in APP and resembles 
APP in overall structure (Wasco et al. 1992). The gene encoding APLP has been 
mapped to the proximal long arm of chromosome 19 in the same general 
vicinity as the putative late onset FAD gene defect (Wasco et al. 1993a). Given 
the significant homology of this gene to APP, we are actively exploring the 
possibility that APLP may represent a gene defect responsible for a late-onset 
form of FAD on chromosome 19. We have also isolated and mapped a second 
APLP, APLP2, to chromosome 11 (Wasco et al. 1993b). Genetic linkage, 
single-stranded conformational polymorphism (SSCP) and sequence analysis 
are currently underway for both the APLP and APLP2 genes. 

APP Gene Mutations in FAD 

The neuropathological lesions associated with AD, especially the senile plaques 
(SP), have provided critical clues toward delineating the genetic etiology of this 
disorder. The amyloid cores of SP are made primarily of A[J, a 39-43 amino acid 
peptide (Glenner and Wong 1984) derived from a much larger precursor protein 
(APP; Goldgaber et al. 1987; Kang et al. 1987; Robakis et al. 1987; Tanzi et al. 
1987a). The APP gene is localized on chromosome 21 in the same vicinity as 
a locus for FAD (Tanzi et al. 1987a). In 1987, when APP was directly tested for 
linkage to FAD in the same four pedigrees that were used to show linkage of 
FAD to DNA markers on chromosome 21, at least one obligate crossover event 
was detected in each pedigree, suggesting that APP was not tightly linked FAD 
in these as well as other families (Tanzi et al. 1987b; Van Broeckhoven et al. 
1987). 

Further genetic based-studies of the APP gene in FAD were later prompted 
by the findings that FAD is a genetically heterogeneous disorder (thus, the APP 
gene could still represent the gene defect in some pedigrees; Tanzi et al. 1991; 
Tanzi 1991) and that a mutation near the [JA4 region of APP (exon 17) is 
responsible for hereditary cerebral hemorrhage with amyloidosis-Dutch type 
(Levyet al. 1990). In 1991, Hardy and colleagues sequenced exon 17 of APP 
in patients from a chromosome 21-linked FAD pedigree that exhibited no 
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crossovers with APP, and a missense mutation causing an amino acid substitu
tion Val-+ lIe at codon APP717 was found in affected individuals in two 
separate pedigrees (Goate et al. 1991). Meanwhile, the mutation was absent in 
hundreds of healthy control individuals (Goate et al. 1991; our unpublished 
findings), implying that this change is not simply a rare polymorphism in APP 
but could actually represent an etiologic gene defect. 

Recently, several other FAD-associated mutations in APP have also been 
found, including two additional changes in codon 717 (Val-+ Phe, Murrell et al. 
1991; and Val-+ Gly, Chartier-Harlin et al. 199!), one at codon 692 (Ala -+ Gly, 
Hendriks et al. 1992), and a double mutant at the N-terminus of Af3 (Mullan et 
al. 1992a). As a result of these findings it has become extremely important to 
assess the extent to which APP mutations are associated with FAD. It has been 
reported that approximately 3 % of FAD pedigrees assessed harbor the known 
APP717 mutations (Tanzi et al. 1992). In this same study, a large set of pedigrees 
was also assessed for other mutations in exons 16 and 17 (encoding the Af3 
domain) of the APP gene, and none were found (Tanzi et al. 1992). Overall, these 
data in combination with the existence of largely negative genetic linkage 
between APP and FAD (Tanzi et al. 1987b, 1992; Van Broeckhoven et al. 1987; 
Schellenberg et al. 1991a,b) indicate that the major portion of FAD ( > 95%) 
cases do not involve mutations in the APP gene. 

Chromosome 14 and FAD 

The increase in the number of FAD pedigrees that are now available for genetic 
linkage analysis and the emergence of highly informative simple sequence repeat 
(SSR; Weber and May 1989) markers have made it considerably easier to scan 
the total human genome for additional FAD loci. Using SSR technology, several 
laboratories have recently discovered a major FAD gene defect on chromosome 
14 in the vicinity of the markers D14S43 and D14S53 which map to the region 
14q24 (Schellenberg et al. 1992a; St George-Hyslop et al. 1992; Van Broeck
hoven et al. 1992; Mullan et al. 1992b). In our data set, the combined FAD 
pedigrees tested yielded a highly significant peak lod score of + 23.4 in the 
vicinity of above two markers. This is indicative of the existence of a major FAD 
locus on chromosome 14 which appears to be tightly linked to the early-onset 
FAD pedigrees. 

In our original analysis of FAD and chromosome 14, eight genetic markers 
spanning the long arm of chromosome 14 were tested in 21 FAD pedigrees 
(St George-Hyslop et al. 1992). While five of the markers yielded no significant 
scores, the remaining three markers, spanning a 12 cM region on the central 
portion of chromosome 14q, yielded highly significant two point lod scores 
(D14S43, D4S53, D4S55; St George-Hyslop et al. 1992). The highest individual 
score obtained was 6.99 (at e = O) with D14S43 in the pedigree FAD3. The 
overalllod score across all families exceeded 20 for D14S53, 11 for D14S53 and 
6 for D14S53. Multipoint analysis with the former two markers yielded a 
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maximum score of 23.4,5cM distal to D14S43, with a secondary peak of 
23.17 5cM proximal to D14S43. Thus, this initial analysis provided overwhelm
ing support for a chromosome 14 locus in FAD, but could not precisely localize 
it relative to the two most informative markers. The latter is due to different 
families being informative for one or the other, but not both of the markers. We 
have now typed a total of 12 genetic markers from the linked region of the long 
arm of chromosome 14 in 30 well-characterized FAD pedigrees. Multipoint 
analysis of FAD pedigrees 1-30 with D14S43, D14S53 and a third DNA marker, 
D 14S42, which resides proximal to D 14S43, yielded a maximum lod score of 
20.00 with a recombination fraction of 0.01 proximal to D14S43, positioning the 
F AD gene very close to this marker. In addition to the above three markers, we 
have also typed nine additional markers from the linked 14q24.3 region, the 
current best order of which is: D14S55-D14S53-D14S59-D14S61-FOS-D14S76-
D14S43-D14S71-D14S77-D14S57-D14S63-D14S52. 

The average spacing among these 12 markers is approximately 1 centimor
gan. Although the computer-based linkage analysis (two-point and multipoint) is 
still being performed on this data set, visual analysis and haplotype construction 
of genotypes obtained thus far with these markers suggest that the FAD gene 
resides within the D 14S43-D 14S71-D 14S77-D 14S57-D 14S63 cluster but could 
be anywhere between D14S53 and D14S63 (Fig. 1). This minimal candidate 
region is now being confirmed by searching for additional recombinants. It is 
also being directly targeted for attempts to generate additional microsatellite 
polymorphisms to test for linkage disequilibrium, and for physical map
ping/cloning experiments. 

The general region of chromosome 14 (14q24.3) that demonstrates genetic 
linkage to FAD includes a number of candidate genes. Two particularly interest
ing candidate genes are the FOS oncogene and a member of the 70 kd heat 
shock protein (HSP70) family. The APP promotor contains the AP-l transcrip
tional element which interacts with FOS-JUN complexes to modulate transcrip
tional regulation. A breakdown in this regulation could result in overexpression 
of APP and propagate a situation similar to that which occurs in Down 
syndrome patients, where increased expression of APP (due to trisomy 21) 
appears to result in accelerated amyloid formation. With respect to HSP70, this 
family of proteins function, among other things, as molecular chaperones 
(Pelham 1986). HSP70 molecules might bind APP or the fJA4 peptide and serve 
to assure proper proteolysis/compartmentilization of APP and prevent amyloid 
formation. We have recently cloned the chromosome 14 HSP70 gene and 
preliminary mapping of this gene does not place it in the minimal candidate 
regIOn. 

The entire coding region of the FOS oncogene has been sequenced in 
chromosome 14-linked FAD patients and no potentially pathogenic differences 
were found (St George-Hyslop et aI., in press) Additionally, the promotor of the 
APP gene, including the API transcription element that is recognized by 
FOS-JUN complexes, was found to contain no pathogenic mutations. However, 
in both FOS and the APP promotor, polymorphisms were found. These 
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Fig. 1. Minimal candidate region of the FAD gene 
defect chromosome on 14q24.3 

included a silent third position T --+ C mutation in exon 2 of FOS and a C --+ G 
substitution at -209 bp in the promotor of APP. Neither of these substitutions 
was specific to FAD. We are currently analyzing the 5' and 3' untranslated 
regions of cFOS, since abnormal expression of this gene could presumably result 
in cell death. Finally although both FOS and HSP70 represent reasonable gene 
candidates. it is entirely likely that the chromosome 14 FAD locus is a novel 
gene which mayor may not playa direct role in amyloid formation. 

In an attempt to further localize the gene defect on chromosome 14, we are 
currently physically mapping and cloning the region around D14S43. To this 
end, we have screened the CEPR (Centre d'Etude du Polymorphisme Rumain, 
Paris) yeast artificial chromosome (YAC) library by polymerase chain reaction 
(PCR) and have identified or isolated more than 30 YAC clones for D14S74, 
D14S61, D14S76, D14S43, D14S71, D14S77, D14S57, FOS, and HSP70. The 
largest YACs obtained contain multiple markers, including one with D14S43-
D14S71-D14S77 (approximately 1 megabase in size) and one containing at least 
FOS-D14S76-D14S61 (600 Kb). A complete YAC contig of the minimal candi
date region is now under construction. 

To obtain expressed sequences from this region, we have begun to isolate 
individual exons by "exon-trapping." For this purpose, we initially use the Y AC 
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DNA (isolated by pulse-field gel electrophoresis) to screen cosmids from a flow
sorted chromosome 14-specific cosmid library provided by the Los Alamos 
National Laboratory. The library consists of approximately 17,000 cosmids in 
175 96-well dishes representing 148 genome equivalents of chromosome 14. 
Individual clones are grown in 96-well dishes and are transferred to gridded 
nylon filters using a BIOMEK robot and specially customized software. Then, 
using the Y ACs spanning the minimal candidate region as a hybridization 
probe, the cosmids from the region are identified and used to "trap" exons 
(Buckler et al. 1991). This technique, termed exon amplification, has very 
stringent criteria for capturing an exon, since both 5' and 3' splice sites are 
required. A typical experiment on a single cos mid yields an average of three 
trapped exons. The trapped exon products are usually single-copy, making them 
exceptional hybridization probes, and average 100-150 bp, making them ideally 
suited for generation by PCR. Thus, in addition to being a rapid means to screen 
cDNA libraries for genes in a region of interest, the cloned exons are also ideal 
reagents for physical mapping and YAC walking. 

The eventual identification of the chromosome 14 gene defect underlying 
early-onset FAD as well as the late-onset FAD gene defects should provide 
a tremendous step forward in both furthering our understanding of the etiology 
of AD and ultimately leading to the development of novel means of therapeuti
cally intervening with this devastating neurological disorder. 
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Genetic Variability and Alzheimer's Disease 

J. Hardy*, M. Mullan, F. Crawford, K. Duff, R. Crook, P. Diaz, C. Bennett, 
H. Houlden, L. Fidani, A. Goate, M. Parfitt, P. Roques, M. Rossor, 
and M.-C. Chartier-Harlin 

Molecular genetic analyses of pedigrees multiply affected by Alzheimer's disease 
(AD) have revealed that some cases of the disease are caused by mutations in the 
J1-amyloid precursor protein (APP) gene and others are caused by a lesion on 
chromosome 14. In this chapter we shall discuss the nature of genetic variants in 
APP and their biochemical and clinical phenotypes, and progress towards 
identifying the chromosome 14 lesion. 

APP Mutations and their Biochemical and Clinical Phenotypes 

It is now clear that mutations in the J1-amyloid precursor protein (APP) gene 
cause two well-defined phenotypes. These are hereditary cerebral hemorrhage 
with amyloidosis (Dutch; HCHW A-D; APP693 Glu --+ GIn; Levy et al. 1990) 
and AD (APP717Val--+ lIe; Goate et al. 1991; APP717Val--+ Phe; Murrell et al. 
1991; APP717Val--+ Gly; Chartier-Harlin et al. 1991a,b; APP670/1Lys/Met--+ 
Asn/Leu; Mullan et al. 1992a. In addition, other mutations are either associated 
with disorders with intermediate phenotypes (APP692Ala --+ Gly; Hendriks et 
al. 1992) or are not clearly associated with any phenotype. This latter category 
includes APP713 Ala --+ Val (found in a familial schizophrenic, but with no 
segregation information; Jones et al. 1992); APP713 Ala --+ Thr (found in a case 
of familial AD, but did not segregate with disease; Carter et al. 1992); APP693 
Glu --+ Gly (found in a case of familial AD, but did not segregate with disease; 
Kamino et al. 1992) and APP673 Ala --+ Thr (found in a control case who died of 
a stroke at age 65; Peacock et al. 1993). Both genetic data (Tanzi et al. 1992; 
Kamino et al. 1992; Mullan et al. 1992a) and sequence data (ibid., Chartier 
Harlin et al. 1991a; Crawford et al. 1991; Fidani et al. 1992) indicate that it is 
unlikely that mutations in other parts of the APP gene are associated which 
beta-amyloidopathies (see Fig. 1 for a diagram of the mutations). 

These data clearly demonstrate that the position and nature of mutations in 
the APP gene alter the clinical phenotype. To a large extent, they are the 
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Fig. 1. Diagram of APP mutations modified from Goate et al. (1991) and Kang et al. (1987). Circles 
indicate mutation causes Alzheimer's disease or cerebral angiopathy. Squares indicate pathogenic 
status is unclear 

intellectual underpinning of the amyloid cascade hypothesis for AD (Glenner 
and Murphy 1989; Se1koe 1991; Hardy and Allsop 1991; Hardy and Higgins 
1992). It is presumed the pathogenic mutations affect the phenotype by increasing 
the rate of fJ-amyloid deposition; however, there is little information concerning 
the nature of the alteration(s) of the biochemical phenotype of the mutations. Only 
two pieces of data are available. First, Wisniewski and colleagues (1991) showed 
that APP693 Glu -+ Gin decreases the solubility of fJ-amyloid. Second, Citron 
and Cai and colleagues (Citron et al. 1992; Cai et al. 1993) have shown that the 
APP670/1 mutation increases the proportion of APP metabolized to fJ-amyloid 
(see below). These observations directly suggest biochemical mechanisms underly
ing beta-amyloid deposition in cases with these mutations and, perhaps, the subtle 
mechanistic differences underlie the differing phenotypes of the APP670/1 variant 
and APP693 Glu -+ GIn variant. 
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Fig. 2. Possible schemes of APP metabolism derived from several sources in the reference list 

APP metabolism is complex and, at present, incompletely defined. Un
doubtedly, there are several different fates for the APP molecule, and APP 
metabolism occurs at different sites within the cell (see Fig. 2 for a scheme). 
Furthermore, data from CSF studies seem to indicate that different transcripts 
of APP have different metabolic fates (Kennedy et al. 1993) and that APP695 
(Kang et al. 1987) is the principle source of f3-amyloid in vivo. 

The best defined pathway for APP metabolism is the "secretase" pathway 
(more recently defined as the oc-secretase pathway; Esch et al. 1990; Anderson 
et al. 1991). This pathway involves cleavage of the APP molecule between lysine 
(at APP687) and leucine (at APP688). oc-secretase cleavage is incompatible with 
beta-amyloid formation. However, a 3kD derivative of f3-amyloid is a product of 
APP metabolism and is believed to be derived from this cleavage pathway (see 
Fig. 2). The specificity of IX-secretase has been extensively studied (Sisodia 1992). 
It has a broad specificity and apparently requires only that the conformation of 
the region around the cleavage site is alpha-helical. 

Another pathway of APP metabolism is the endosomal-Iysosomal pathway 
(Estus et al. 1992; Golde et al. 1992; Haass et al. 1992). This pathway involves 
cleavage at or around the N-terminal of f3-amyloid and yields C-terminal 
derivatives of APP that contain the entire f3-amyloid fragment. The derivatives 
of APP formed by this process are potentially amyloidogenic. The precise 
relationship between this metabolic pathway and the "f3-secretase" pathway 
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outlined below remains unclear, as does the role (if any) of this pathway in 
amyloidogenesis. 

fJ-amyloid has recently been shown to be a normal product of cellular 
metabolism (Haass et al. 1992; Seubert et al. 1992; Shoji et al. 1992), although it is 
not clear whether this fJ-amyloid is derived from the C-terminal fragment produ
ced by the endosomal lysosomal system or not. The cleavages involved in the 
production of fJ-amyloid must occur between Met671 and Asp672 at the N
terminal and closer to the C-terminal than Val711. The position of the cleavage at 
the N-terminal side (fJ-secretase cleavage) can be assigned with certainty, since 
N-terminal derivatives of APP finishing at Met671 have been identified (Seubert 
et al. 1993). Thus the fJ-secretase cleavage is exactly at the site of the APP670/1 
mutation. With this background, it is perhaps unsurprising that the APP670/1 
mutation facilitates this cleavage and fJ-amyloidogenesis (see Fig. 2). 

The precise position of the amyloidogenic cleavage at the C-terminal re
mains unclear. One possibility is that the liberating cleavage is just on the 
cytoplasmic side of the membrane and is followed by carboxypeptidase nibbling 
of the fragment to produce soluble fJ-amyloid. Despite the fact that the APP717 
mutations were found before the APP670/1 mutation, their mode of pathogen
esis is less clear. The limited published information (Cai et al. 1993) suggests that 
they do not alter the rate of fJ-amyloid formation in the same way as does the 
APP670/1 variant. These mutations are just outside the ill-defined C-terminus 
of fJ-amyloid. One possibility is that these mutations are pathogenic because 
they inhibit the C-terminal nibbling and cause longer, less soluble fJ-amyloid to 
be produced and then deposited (see Fig. 2). This hypothesis would most 
comfortably fit with the notion that fJ-amyloid deposition initiates the disease 
pathogenesis (Hardy and Mullan, 1992). 

The biochemical effects of the four mutations which are not clearly as
sociated with any phenotype (APP713 Ala ~ Val; Jones et al. 1992; 
APP713Ala ~ Thr; Carter et al. 1992; APP693Glu ~ Gly; Kamino et al. 1992 
and APP673Ala ~ Thr; Peacock et al. 1993) have not been assessed. Each of 
these mutations has been found in a single individual, making it impossible to be 
definitive about causation in the way that occurrence and co segregation allow 
definitive statements about APP693Glu ~ GIn (Van Broeckhoven et al. 1990) 
and the APP717 mutations. Perhaps, however, it is significant that none of these 
variants has been found in a well proband. One possible explanation is that 
these variants contribute to pathogenesis. If this is the case, one would expect 
their effects on APP metabolism to be similar to, but less pronounced than, the 
pathogenic variants. 

One notable feature of the pathogenic APP mutations is that the vast 
majority of cases with these mutations develop the disease in their late 40s to 60 
years of age (Go ate et al. 1991; Hardy et al. 1991; Naruse et al. 1991; Chartier 
Harlin et al. 1991b; Murrell et al. 1991; Yoshioka et al. 1991; Fidani et al. 1992; 
Mullan et al. 1992a, b). No families with an age of onset below 45 years has been 
reported to have an APP mutation; equally, no family with an age of onset of 
more than 60 years has been found to have an APP mutation (Table 1). 
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Table 1. Age of onset of familial Alzheimer's disease correlated with genetic aetiology·' b,c 

Age of onset 

30-39 40-49 50-59 >60 

APP mutations 
Tampa/London Group 0 0 6 0 
Boston/Toronto Group 0 0 2 0 
Seattle Group 0 0 0 0 
Antwerp Group 0 0 0 0 
Total 0 0 8 0 

No APP mutations 
Tampa/London Group 5 4 5 
Boston/Toronto Group 0 5 5 19 
Seattle Group 0 8 1 49 
Antwerp Group 2 0 0 0 
Total 7 17 11 69 

Chromosome 14 linked 
Tampa/London Group 0 2 0 0 
Boston/Toronto Group 0 6 1 0 
Seattle Group 0 2 0 0 
Antwerp Group 2 0 0 0 
Total 2 10 0 

• One family, FlolO, was scored by Tanzi and colleagues (1992) as not having an APP 
mutation. This has recently been re-evaluated and does indeed have APP717Val ..... lie. This 
information is included in this table. 
b Two families have been analysed by both the Boston/Toronto group and the Seattle 
group. These are SNW (Seattle) which is FAD3 (Boston/Toronto) and 603. Both these 
families are counted, arbitrarily, in the Boston/Toronto series, Data from the Volga German 
families has not been included. A family with a mutation at APP693Glu ..... Gly which did not 
segregate with disease is also not included. 
c A lod score of > 1 is arbitrarily used as defining ch14 linkage. This will almost certainly 
underestimate the number offamilies with mutations at the ch14 locus. Therefore it would be 
misleading to compare the numbers of ch14 families with APP families. However, the age 
distribution of onsets is unlikely to be skewed. 

Chromosome 14 and Alzheimer's Disease 

The realisation that AD was genetically heterogeneous (Schellenberg et al. 1988; 
St George Hyslop et al. 1990), with some families with co segregation of muta
tions in APP and disease (see above) but many families in which specific alleles 
of APP did not cosegregate with disease (Van Broeckhoven et al. 1987; Tanzi et 
al. 1987), strongly suggested that there must be at least one other locus. A priori, 
searching for other loci was a daunting task because of the possibility of multiple 
other loci confounding the genetic analysis. However, Schellenberg and col
leagues (1992) found very good evidence for genetic linkage to markers on the 
long arm of chromosome 14. This result was rapidly confirmed by all the other 
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major groups carrying out genetic analysis of families with early onset AD (St 
George Hyslop et al. 1992; Van Broeckhoven et al. 1992; Mullan et al. 1992b). 
From the combined data, it is clear that the majority of families with early onset 
AD have mutations at the chromosome 14 locus, though there is some evidence 
for residual heterogeneity (see especially Schellenberg et al. 1992). It is most 
likely that the chromosome 14 gene encodes a protein intimately connected with 
APP metabolism; indeed the nature of this gene is a sensitive test of the amyloid 
cascade hypothesis. 

One bizarre and unexpected consequence of the identification of a chromo
some 14 linkage for AD is that those families which originally showed evidence 
for genetic linkage to chromosome 21 markers (St George Hyslop et al. 1987) 
now show much stronger evidence for linkage to chromosome 14 markers 
(St George Hyslop et al. 1992). Thus, it seems that the original linkage report 
was obtained by chance but, fortuitously, was close to an area of true linkage in 
other AD families (Go ate et al. 1989, 1991). 

The families which have shown unambiguous evidence for genetic linkage to 
chromosome 14 markers have all had an age of onset of less than 50 years and 
thus, as a group, are significantly younger than those with APP mutations. 
There is, however, likely to be some overlap. This observation further 
strengthens the notion that, alone of the clinical features, age of onset is a useful 
discriminator of etiology (Table 1). 

The nature of the locus on chromosome 14 is likely to be elucidated in one of 
three ways: 1) there are two "candidate genes" which map into approximately 
the right area; these are a heat shock gene and a c-fos gene. These are both 
candidate genes because they alter APP expression (Goldgaber et al. 1989; Abe 
et al. 1991); 2) a new candidate gene (a secretase?) might be cloned and localised 
into the correct region then found to have mutations in AD families; and, 3) 
positional cloning (aided by the Genome Project) might yield candidate genes 
and then pathogenic mutations. 

It is difficult, if not impossible, to gauge how long it will take to identify this 
second locus. The fact that all major groups agree upon its approximate 
location, together with the speed of the Human Genome Project, suggests that 
its identification may come sooner rather than later. 
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Genetic Defects in Early Onset Alzheimer's Disease 
and Related Disorders 

L. Hendriks*, C. Van Broeckhoven, 
and the Alzheimer's Disease Research Group 

Summary 

There is sufficient evidence that genes play an important role in the aetiology of 
Alzheimer's disease (AD). In families with patients with an early onset of AD 
(EOAD) before the age of 65 years, the disease segregates as an autosomal 
dominant trait. Molecular genetic techniques have been applied to these families 
and hitherto two different genetic loci have been identified. One is the amyloid 
precursor protein (APP) gene on chromosome 21q21.2. In a few EO AD families 
mutations in APP at codons 717 and 670/671 have been detected. APP muta
tions have also been identified in AD-related disorders. A mutations at codon 
693 in APP causes hereditary cerebral haemorrhages with amyloidosis Dutch 
type (HCHWA-D). In a family segregating both presenile dementia of the AD 
type and cerebral haemorrhages, a mutation was identified at codon 692 of 
APP. A second locus was identified on chromosome 14q24.3, which seems to be 
responsible for EO AD in 70% of the families. The chromosome 14 EOAD gene 
has not been identified yet. 

Introduction 

Alzheimer's disease (AD) is a neurodegenerative disorder of the central nervous 
system and the major cause of senile dementia in the developed countries. 
Neuropathologically the disease is characterized by the progressive deposition 
of f3A4 amyloid, a proteolysis product of a larger amyloid precursor protein 
(APP), in the parenchyma as "senile" plaques (SPs) and in the walls of the blood 
vessels of primarily the hippocampus and cerebral cortex. In addition, the 
intracellular neurofibrillary tangle, consisting mainly of abnormally phos
phorylated, microtubuli-associated protein tau, is a typical lesion in brains of 
AD patients. The aetiology of AD is complex and the primary causes of the 
disease have not yet been resolved. However, it has been recognized that genetic 
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factors play an important role in the pathogenesis of AD, Although most AD 
patients are sporadic cases, familial aggregation has been observed in about 
40% of the patients. In some families the inheritance pattern of AD is clearly 
autosomal dominant. The patients in these families most often have an early 
onset of AD (EOAD) before the age of 65 years. So far, using molecular genetic 
techniques, two separate genetic loci have been identified in EOAD families: one 
on chromosome 21, i.e., the amyloid precursor protein (APP) gene localized on 
21q21.2, and a second on chromosome 14 localized on 14q24.3. In the latter case 
the gene itself has not yet been identified. 

Chromosome 21 

The idea that chromosome 21 may be carrying a gene for AD came from the 
observation in aged Down's syndrome (trisomy 21) patients of a brain pathol
ogy very similar to that of AD patients (Wisniewski et al. 1988). Two findings 
eventually led to the detection of the gene mutations that are most likely 
responsible for AD in some EOAD families, i.e., linkage with DNA markers 
located on proximal 21q (St George-Hyslop et al. 1987, 1990) and the localiza
tion of the APP gene close to these DNA-markers (Kang et al. 1987; Tanzi et al. 
1987). The mutations were found in the APP gene in exons 16 and 17 coding for 
the f3A4 amyloid (e.g., Goate et al. 1991). f3A4 amyloid is a 4 kD proteolysis 
product of APP and is the major constituent of the SPs. APP is a membrane
bound glycoprotein encoded by a gene comprising 18 exons and localized in 
21q21.2. Three major isoforms of APP are produced by alternative splicing of 
two exons: APP770 (Tanzi et al. 1988; Kitaguchi et al. 1988) and APP751 (Ponte 
et al. 1988), containing a Kunitz protease inhibitor domain, and APP695 (Kang 
et al. 1987). Although many functions have been proposed for APP, its real 
function is unknown. APP is processed through different proteolytic pathways. 
The major pathway is a secretory pathway which cleaves APP extracelluarly 
within the f3A4 amyloid portion at condon 687 (a-secretase clip side; Esch et al. 
1990). The extracellular part of APP is secreted and, if it contains the Kunitz 
inhibitor domain, is homologous to the protease inhibitor nexin-II 
(Oltersdorf et al. 1989; Van Nostrand et al. 1989). Since this secretory pathway 
does not produce intact f3A4 amyloid, it is non-amyloidogenic and thus not 
responsible for AD pathology. A second pathway, a lysosomaljendosomal 
pathway, produces f3A4 amyloid containing carboxyl-terminal derivatives of 
APP (Estus et al. 1992; Golde et al. 1992; Haass et al. 1992a). It has also been 
shown that a second secretory pathway that secretes f3A4 amyloid must exist 
(Seubert et al. 1993). These amyloidogenic pathways exist not only in AD 
patients but also in normal individuals, since f3A4 amyloid was detected in 
media of cultured cells during normal metabolism and in cerebrospinal fluid of 
normal controls (Haass et al. 1992b; Seubert et al. 1992; Shoji et al. 1992). 
However, the proteolytic enzymes involved in the different APP pathways have 
not yet been isolated. 
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The mutations in the APP gene in familial EO AD patients change amino 
acids at codon 717 of APP (codon numbering according to APP770 isoform), 
i.e., Val to lIe (Go ate et al. 1991), Val to Phe (Murrell et al. 1991) and Val to Gly 
(Chartier-Harlin et al. 1991), and at codons 670/671 Lys to Asn and Met to Leu 
(Mullan et al. 1992a). Only the APP 717 (Val to lIe) mutation has been observed 
in distinct EOAD families of different ethnic backgrounds and it is, therefore, the 
most common APP mutation in AD. In the majority of the EO AD families with 
mutations in the APP gene, the mean age at onset is between SO and 60 years. 

Mutations in the APP gene have also been described in AD-related dis
orders. In patients with hereditary cerebral haemorrhage with amyloidosis
Dutch type (HCHWA-D), a mutation at codon 693 (Glu to GIn) was observed 
(Levy et al. 1990). HCHWA-D is a rare, autosomal dominant disease occurring 
in four families living in two coastal villages in the Netherlands. The disease is 
characterized by recurrent strokes due to extensive f3A4 amyloid deposition in 
the cerebral blood vessel walls. The first stroke occurs between the ages of 4S 
and 60 years, and SO% of the patients die (Luyendijk et al. 1988; Haan et al. 
1989). There are indications that, in patients who survive their first stroke, 
a progressive dementia develops that is similar to multi-infarct dementia (Haan 
et al. 1990a, b). HCHWA-D has been referred to as the vascular form of AD 
because of its predominant vascular involvement, and also since, in HCHWA-D 
patients, the neuronal cell population seems not to be involved because neither 
dystrophic neurites nor neurofibrillary tangles were detected (van Duinen et al. 
1987). 

We described a family with patients with probable EOAD according to 
NINCDS criteria and patients with cerebral haemorrhages due to cerebral 
amyloid angiopathy (Hendriks et al. 1992). The mean age at onset for all patients 
was 4S.7 ± 7.3 years. No signs of dementia were detected in the patients with 
cerebral haemorrhages prior to their stroke. Histopathological analysis of brain 
biopsy material obtained at brain surgery of one of these patients indicated that 
the cerebral haemorrhage was the consequence of f3A4 amyloid deposition in the 
blood vessel walls. Parenchymal f3A4 amyloid deposits surrounded by dystro
phic neurites were also present, but no neurofibrillary tangles could be observed. 
However, it remains to be seen if these patients will develop clinical signs of 
dementia which may be accompanied by the appearance of neurofibrillary 
tangles. In the patients with probable EOAD, there were no indications of major 
strokes prior to or during the dementia. At present, no autopsy data are 
available on these patients that might confirm the diagnosis of AD based on the 
presence of both SPs and neurofibrillary tangles. A mutation was found in the 
APP gene at codon 692 (Ala to Gly) in patients suffering from a cerebral 
haemorrhage and patients with probable EOAD. Since the current information 
on the function and processing of APP is only fragmentary, it is difficult to 
understand how one mutation can lead to two different phenotypes. However, it 
is also possible that, secondary to the APP692 mutation, other factors, genetic 
and/or environmental, are involved that are responsible for one or both pheno
types. 
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Fig. 1. Mutations in APP. Proposed domain structure of APP as a cell-surface glycoprotein (Kang 
et al. 1987): black box, signal sequence; open box, cysteine-rich domain; hatched box, highly 
negatively charged domain (45% Asp and Glu residues); filled circles, N-glycosylation sites. The fJA4 
amyloid is between the arrowheads with its amino acid sequence. The amino acid substitutions 
involving the different APP mutations are shown 

The EOAD mutations, APP717 and APP670j671, are located outside the 
f3A4 amyloid sequence, with APP717 close to the carboxyl-terminal clipping 
side within the transmembrane domain and APP670j 671 near the amino
terminal clipping side within the extracellular part of APP (Fig. 1). In contrast, 
the APP692 and APP693 mutations are located inside the f3A4 amyloid 
sequence, close to the ct-secretase clipping side. It is not yet known, however, 
how mutations in APP may be responsible for the pathology seen in AD and 
AD-related disorders. It was shown that the double mutation APP670 j 671 
provokes an overproduction of f3A4 amyloid in the medium of cell cultures 
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transfected with an APP cDNA bearing this mutation (Cai et aL 1993; Citron et 
aL 1992), In this case upregulation of the f3A4 amyloid secretion might be 
responsible for the acceleration of the cerebral amyloid deposition causing AD, 
In APP717 (Val to Ile) cDNA transfected cell cultures, no differences were 
detected in the f3A4 amyloid secretion (Cai et aL 1993). It is possible that in the 
APP717 mutations longer f3A4 amyloid pep tides are produced which are more 
amyloidogenic. In vitro experiments using synthetic f3A4 amyloid pep tides have 
shown that the 42 amino acids containing f3A4 amyloid peptide polymerize 
more rapidly into amyloid fibrils than the more common form of f3A4 amyloid 
of 40 amino acids (Jarrett et aL 1993). Also synthetic f3A4 amyloid peptides 
containing the APP693 mutation showed accelerated fibril formation 
(Wisniewski et aL 1991). Hitherto no effects of the APP692 mutation on the f3A4 
amyloid formation have been described. We have used site directed mutagenesis 
to introduce the APP692 as well as the APP693 and APP670/671 mutations in 
the human APP cDNA (Deng and Nicholoff 1992), and we are currently 
investigating their influence on the f3A4 amyloid production in transfected COS 
cell cultures. 

Chromosome 14 

Mutations in the APP gene have been found in only a small proportion 
(approximately 5%) ofthe EOAD families. In most EOAD families linkage with 
chromosome 21 was excluded and no mutation could be detected in the APP 
gene (Schellenberg et aL 1988; Kamino et aL 1992). These families became the 
subject of a genome search, and linkage was found with markers on chromo
some 14 (Schellenberg et aL 1992; St George-Hyslop et aL 1992; Van Broeck
hoven et aL 1992; Mullan et aL 1992b). We have been using two extended 
Belgian families, AD I A and AD IB, with EOAD. Both families have been 
studied intensively by neurologists and neuropathologists at the Born Bunge 
Foundation (Antwerp, Belgium). The clinical and pathological characteristics of 
the disease in the families are consistent with classical AD, although with an 
extremely early mean age of onset of 35.1 ± 4.8 years in family AD I A and 
34.7 ± 3.0 years in family AD IB (Martin et aL 1991). Linkage analysis with 
DNA polymorphisms in the APP gene demonstrated recombinations with 
EOAD, excluding the APP gene as the site of mutation in these two families 
(Van Broeckhoven et aL 1987). This finding was in part confirmed by sequencing 
exons 16 and 17 of the APP gene revealing no mutations. Linkage analysis with 
DNA markers localized at regular distances along the 21q arm excluded linkage 
with chromosome 21, with the exception of a region around the marker D21S13 
(zmax = 2.20 at e = 0.05; Van Broeckhoven et al. 1992). However, since highly 
negative lod scores were obtained with markers closely flanking D21S13, we 
decided that it was highly unlikely that an EOAD gene resided in this region. 
Therefore, we started a genome search using highly polymorphic short tandem 
repeat (STR) markers with a well-defined subchromosomal localization and 
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Fig. 2. Genetic maps of the chromosome 14q24.3 region according to the NIHjCEPH collab
orative mapping group (1992; left) and to Genethon (Weissenbach et al. 1992; right) 

a heterozygosity of minimal 70%. When the 10th marker, D14S43 localized in 
14q24.3, was tested a conclusive lod score (zmax = 13.25 at e = 0) was obtained 
(Van Broeckhoven et al. 1992). Additional STR markers were tested and the 
EOAD gene was initially mapped between the markers D14S42 and D14S53 
which are, respectively, centromeric and telomeric of the D14S43 (NIHjCEPH 
Collaborative Research Group 1992). However, new genetic mapping informa
tion has indicated that the position of D14S42 on the genetic map centromeric 
of D14S43 was wrong and that in fact this marker is located telomeric of 
D14S53 (communicated by the Cooperative Human Linkage Center, Iowa, 
USA). Our physical mapping data using yeast artificial chromosomes (YACs) 
support the new genetic position of D14S42 (data not published). Therefore, the 
closest flanking markers for the EOAD gene on the NIHjCEPH genetic map of 
chromosome 14 are centromeric D14S52 and telomeric D14S53 and the size of 
the candidate region is around 25 cM (Fig. 2). 

However, we also showed in families AD j A and AD jB that two previously 
unmapped markers, D14S57 and D14S59, are closely linked to EO AD, with 
D14S57 most likely localized centromeric of D14S43 and D14S59 located 
telomeric at distances of7 and 1 cM, respectively. New STR markers localized in 
the 14q24.3 region became available through the French human genome map
ping effort at Genethon (Evry, France; Weissenbach et al. 1992). Linkage studies 
in families AD j A and AD jB showed no recombinants between EOAD and the 
markers DI4S77 (zmax = 10.82, e = 0.0), D14S71 (zmax = 5.92, e = 0.0) and 
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D14S76 (zm.x = 8.66, e = 0.0; Fig. 2). Recombinants were detected, with the 
markers D14S63 (zm.x = 3.92 at e = 0.10) and D14S61 (zm.x = 5.91 at 
e = 0.07) delineating the candidate region for the EOAD gene to a region of 
18 cM on the Genethon map (Fig. 2). However, although both the NIHjCEPH 
and Genethon maps are based on genotype information obtained in the CEPH 
reference pedigrees, no published genetic map is available yet that merges the 
information of all markers. Also, no mapping data of D 14S57 and D 14S59 in the 
CEPH references pedigrees have been published. 

Our preliminary YAC mapping data support the following order for the 
linked markers: telomere-(DI4S63, DI4S57)-(DI4S71, D14S43)-DI4S76-
D 14S61-D 14S59 - D 14S53 - centromere. Therefore, the closest flanking marker 
of the EOAD gene on the tel om eric side is D14S61. On the centromeric side the 
closest flanking marker is not exactly known since we have not yet been able to 
resolve the order of the markers D14S63 and D14S57. However, since both these 
markers are contained within the same Y AC, the candidate region for the 
EOAD gene is essentially the region of 18 cM between D14S63 and D14S61. 
Since on average a genetic distance of 1 cM corresponds with a physical distance 
of 1 million base pairs, the region that contains the EO AD gene is still large and 
it will be necessary to test additional markers in order to narrow down the 
candidate region. 

Another possible way to get to the EOAD gene more quickly is to look for 
known genes localized in the candidate region. If it is accepted that f3A4 amyloid 
deposition is crucial to the AD pathogenesis, two genes localized on 14q24.3 are 
of particular interest, i.e., the proto oncogene c-Fos (FOS) and the 70 kD heat 
shock protein (HSPA2). FOS is a transcriptional activator and mutations in this 
protein might upregulate the APP transcription leading to overproduction of 
APP and, consequently, to f3A4 amyloid deposition. HSPA2, which is a molecu
lar chaperone, might be responsible for a shift in the cellular balance between the 
different proteolytic pathways of APP towards the production of higher 
amounts of f3A4 amyloid. We are now analyzing co segregation of these two 
genes with EOAD as well as determining their complete nucleotide sequence 
in patients. It remains possible, however, that the gene on chromosome 14 
does not interfere with APP metabolism. There are more EOAD families with 
linkage evidence to chromosome 14 than there are families with a mutation 
in the APP gene, suggesting that the chromosome 14 gene is a major cause of 
EOAD. Preliminary estimates indicate that about 70% of EOAD cases carry 
the chromosome 14 defect. Interestingly, the mean age of onset of EOAD in 
the chromosome 14-linked families is below the age of 50 years, whereas the 
mean onset age is above 50 years in the families with mutations in the APP 
gene. This may imply that the mean age at onset of the disease could be used 
as a discriminator in the identification of EOAD families with a genetic defect 
on chromosome 14 or chromosome 21. However, it has to be kept in mind 
that the genetics of EOAD is complicated by the fact that EOAD families 
have been identified that do not show linkage to either chromosome 14 or the 
APP gene. 
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APP Gene Mutations in Familial Alzheimer's Disease 
in Sweden 

L. Lannfelt*, N. Bogdanovic, J. Johnston, and R. Cowburn 

Summary 

The last few years have seen considerable advances in understanding the 
pathogenesis of Alzheimer's disease (AD). In 1992, we identified a double 
mutation in exon 16 of the amyloid precursor protein (APP) gene in two large 
Swedish AD families that results in a double amino acid substitution at codons 
670 and 671. A follow-up genealogical study of these two Swedish 670/671 
families has indicated that they are related to a common founder. We recently 
performed a two-point linkage analysis of this extended pedigree and obtained 
a lod score of 7.62 at zero recombination. Furthermore, following the death of 
a demented carrier from this family, we obtained pathological confirmation of 
the clinical diagnosis of AD in this family. The discovery of the Swedish 670/671 
mutation has provided strong evidence that the expression of an altered APP 
can cause AD and has significantly strengthened the case for the amyloid 
hypothesis of AD. 

Introduction 

Alzheimer's disease (AD) is a progressive neurodegenerative disorder for which 
there are three well-recognised risk factors, namely heredity, Down's syndrome 
and old age. AD is characterised neuropathologically by the accumulation of 
neuritic plaques and neurofibrillary tangles as well as by cerebrovascular 
amyloid deposition and neuronal cell loss. The major component of neuritic 
plaques and cerebrovascular amyloid is a 39-43 amino acid peptide, termed 
/i-amyloid, which is derived from a larger precursor protein (APP), localised on 
chromosome 21 (Glenner and Wong 1984). Increasing evidence has led to the 
hypothesis that an abnormal deposition of /i-amyloid initiates the pathological 
cascade that causes Alzheimer's disease (Hardy and Allsop 1991), as Downs 
syndrome individuals inevitably develop Alzheimer's disease pathology by the 
fifth decade as a consequence of an extra copy of the APP gene on chromosome 
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.j. .j. 

Gly Pile 

Fig. 1. The 40 amino acid residues constituting the /i-amyloid amino acid sequence is within the 
dotted vertical lines, with the codon 670/671 mutations and the codon 717 mutations framing the 
sequence 

21. The central importance of the fJ-amyloid protein in the pathogenesis 
of AD has also been strengthened considerably by the identification of 
mutations in the APP gene that co segregate with the disease in a number 
of autosomal dominant AD families. In this chapter, we will describe 
the background for these developments, with an emphasis on the Swedish 
APP 670/671 mutation. 

Pathogenic Point Mutations in the APP Gene 

In 1991, Hardy and co-workers (Go ate et al. 1991) identified an English 
AD family in which the disease co segregated with chromosome 21 DNA 
markers. They sequenced the region of the APP gene encoding the fJ-amyloid 
peptide and identified a pathogenic point mutation in exon 17. This mutation 
at codon 717 occurs C-terminal of the fJ-amyloid fragment and results in an 
amino acid substitution of valine to isoleucine (Fig. 1). Since then, two 
other pathogenic point mutations at codon 717 have been identified in other 
AD families (Chartier-Harlin et al. 1991; Murrell et al. 1991) that result in 
amino acid substitutions of valine to either glycine or phenylalanine. 

The Swedish APP 670/671 Double Mutation 

Recently, we identified a double mutation in codon 670/671 of the APP gene in 
two large Swedish families with early onset familial AD where the disease has an 
autosomal dominant pattern of inheritance (Mullan et al. 1992a). The mutation 
co-segregates with the disorder and consists of two base pair transversions 
(G -4 T, A -4 C) in exon 16 of the APP gene. The mutation produces both 
a lysine to asparagine substitution at codon 670 and a methionine to leucine 
substitution at codon 671. These substitutions occur N-terminal of fJ-amyloid at 
the proposed endosomal/lysosomal cleavage site for APP (Beyreuther and 



APP Gene Mutations in Familial Alzheimer's Disease in Sweden 211 

vn 

vm 
+ -

Fig. 2. Disguised and simplified pedigree of the Swedish family with an APP 670/671 mutation 
showing segregation of the mutation, where + denotes presence and - denotes absence of the 
mutation. Symbols with a diagonal line represent deceased individuals. Affected individuals are 
shown as ., healthy individuals as 0 and individuals where clinical information is incomplete as 
1/1 . Index case, where autopsy has been made, is indicated by an arrow 

Masters 1991). The importance of the Swedish APP 670/671 double mutation 
for the amyloid hypothesis of AD has become evident from recent studies in 
which the mutations were transfected into cell lines and were shown to result in 
a greatly enhanced production of f3-amyloid, compared to both wild type cells 
and cells transfected with codon 717 APP mutations (Citron et al. 1992; Cai et 
al. 1993). Moreover, of the two mutations, the 671 methionine to leucine 
substitution was sufficient to produce this effect. Taken together, these data have 
provided a direct link between the familial AD genotype and the clini
copathological genotype of the disorder, although we remain a long way from 
determining exactly how these APP mutations work to cause AD. 

Since our original identification of the Swedish 670/671 families we have 
carried out genealogical investigations in which we have traced the ancestors 
back eight generations and have shown that both families are related to 
a common founder in 1745 (Fig. 2). Subsequent two-point linkage analysis 
of the extended pedigree has given us a lod score of 7.62 at zero recombin
ation (Table 1). This finding, together with our estimation of 100% penetrance 
in this family, indicates that the Swedish APP 670/671 mutation is sufficient 
in itself to cause AD and that the mutation carriers will most likely develop 
the disease. 

The median age of onset in the Swedish 670/671 family is 54 years, with the 
latest onset age that we have been able to document being 61 years. In 
individuals with the mutation, death occurs around 60 years of age, and no 
diseased individual has lived past the age of 69. We are interested in why the 
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Table 1. Lod scores: APP 670/671 mutation versus AD 

Recombination fraction 

0.00 0.05 0.10 0.15 0.20 0.30 0.40 

Lod scores 7.62 7.00 6.34 5.66 4.95 3.43 1.77 

Fig.3. Silver-impregnated paraffin section (Bielschowsky) through the cortex of supramarginal 
gyrus showing neurofibrillary tangles in pyramidal cell bodies (solid arrows) and abundance of senile 
plaques (open arrows) throughout layer III. Bar = 50 J.lm 

Swedish family shows a diverse age of onset for the disease and we are currently 
investigating factors that may be important. 

An important recent finding concerning the significance of the Swedish APP 
670/671 mutation has come from the death of a demented carrier from the 
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family. Pathological investigation of the brain of this individual has confirmed 
the clinical diagnosis of AD for the family. Figure 3 shows the abundance of 
silver-stained neuritic plaques and neurofibrillary tangles in the cortex of the 
supramarginal gyrus from this individual. Of the other brain regions that we 
have studied from this individual, we have found large numbers of neuritic 
plaques throughout the cortex as well as in the nucleus basalis, hippocampus 
and cerebellum. Abundant neurofibrillary tangles, but not Lewy bodies, were 
seen in the hippocampus and cortex. 

Screening for the Swedish mutation is easy since the G ~ T transversion in 
codon 670 removes a Mboll restriction site. Using PCR and Mboll restriction 
enzyme digestion we have screened for the APP 670/671 mutation in sufferers 
from 46 other Swedish families with AD (Lannfelt et al. 1993a). The mutation 
was found only in the family previously reported and not in the other families 
that we have identified. Moreover, we have also screened for this and other APP 
gene mutations in our familial cases through direct sequencing of exons 16 and 
17 and by SSCP. Using this approach we have been unable to find either 
previously reported or novel APP gene mutations in any of our family material 
(Johnston et al. 1993), thus indicating that APP mutations are a rare cause of 
familial AD in Sweden. 

The ease of screening for the Swedish APP 670/671 mutation has also meant 
that we are able to perform pre symptomatic testing for family individuals at risk 
of developing the disorder. Three individuals have so far asked for information 
about their status, and we are building up medical and psychological compet
ence for taking care of them. 

Search for new AD Genes 

The realisation that APP mutations are a rare cause of familial AD in Sweden 
(Lannfelt et al. 1993a; Johnston et al. 1993), together with the knowledge that the 
disease is genetically heterogeneous, has stimulated us to look for new AD genes 
in our Swedish family material. Following the reports of chromosome 14 linkage 
in several early onset AD families (Schellenberg et al. 1992; St. George-Hyslop et 
al. 1992; Mullan et al. 1992b; Van Broeckhoven et al. 1992), we have screened 
our families with five chromosome 14 microsatellite markers. In both our early 
and late onset families we found significantly negative lod scores, indicating 
a lack oflinkage to chromosome 14 (Lannfelt et al. 1993b). Significantly negative 
lod scores were also obtained for the chromosome 21 marker D21S210 closely 
linked to the APP gene, in both early and late onset families. These data, taken 
together with that demonstrating chromosome 19 linkage in late onset AD 
families (Pericak Vance et al. 1991), indicate that there may be at least five genes 
involved in the aetiology of AD, namely the APP and perhaps another gene on 
chromosome 21, genes on chromosome 14 and 19 and a gene elsewhere in the 
genome. The goal for the future will be to identify these genes and to 
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determine whether they cause AD by affecting expression and metabolism of 
APP. This remains the "acid test" of the amyloid hypothesis of AD (Hardy 
1992). 
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Aging, Energy and Alzheimer's Disease 

A. C. Bowling* and M. F. Beal 

Summary 

The most important risk factor for Alzheimer's disease (AD) is increasing age. 
However, the mechanism by which increasing age contributes to an increase in 
risk is unknown. One possibility is that a decline in oxidative phosphorylation 
may occur due to progressive impairment of mitochondrial function. Mitochon
drial DNA is particularly susceptible to oxidative damage due to its lack of 
protective histones, its limited repair mechanisms, and its close relationship to 
the inner mitochondrial membrane, where free radicals are generated. Consis
tent with these findings, we and others have found progressive increases in 
mitochondrial deletions with normal aging in human postmortem brain tissue. 
The increase in deletions is most marked in the putamen, whereas the cerebel
lum, which has a lower metabolic rate, shows fewer deletions. We also made 
direct measurements of oxidative damage to both mitochondrial and nuclear 
DNA in human postmortem brain tissue. We measured the amounts of 
8-hydroxy-2-deoxyguanosine, one of approximately 20 modified bases which 
occur following oxidative damage to DNA. These measurements showed pro
gressive increases in oxidative damage to both nuclear and mitochondrial DNA 
with aging in human brain. A key issue is whether these changes are accom
panied by any functional changes. Prior studies showed a progressive decrease 
in mitochondrial complex I and complex IV activity with normal aging in 
human muscle biopsies. We examined the activity of the mitochondrial 
oxidative phosphorylation enzymes in cortical tissue of 20 rhesus monkeys 
across the life span of this species. These studies showed a progressive decline in 
complex I and complex IV activity with normal aging, yet complex II-III and 
complex V activities were unaffected. This finding is consistent with the observa
tion that several functionally important complex I and complex IV subunits are 
encoded by mitochondrial DNA, whereas complex II-III subunits are mostly 
encoded by nuclear DNA. In collaborative studies, we found a small number of 
point mutations in mitochondrial DNA in Alzheimer's disease patients, which 
may exacerbate age-related declines in activity of mitochondrial enzymes. We 
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hypothesize that such declines in mitochondrial enzyme activity may facilitate 
excitotoxicity or other pathologic processes. In the context of AD, impaired 
mitochondrial function may lead to increased generation of free radicals, which 
may oxidize p-amyloid and enhance its aggregation. This may also produce 
a form of p-amyloid which is neurotoxic. We have examined the effects of 
intracortical injections of p-amyloid or control peptides in both young and old 
rhesus monkeys. Although p-amyloid was not toxic in young monkeys, it 
produced neurotoxic effects in old monkeys. Age-related declines in energy 
metabolism may therefore serve as an important risk factor for amyloid depo
sition and toxicity in AD. 

Introduction 

The most important risk factor for Alzheimer's disease (AD) is advancing age. 
The incidence and prevalence of AD increase steeply with age after age 60, with 
one study showing a prevalence of 47% in patients over age 85 (Evans et al. 
1989). One theory to account for the age-dependent onset of degenerative 
diseases such as AD is that mitochondrial dysfunction may hasten neuronal 
death (Linnane et al. 1989; Miquel 1991; Wallace 1992). It has been proposed 
that the accumulation of mitochondrial genome mutations during life results in 
a progressive impairment of oxidative phosphorylation. The rate of mutations 
in mitochondrial DNA is about ten times greater than that in chromosomal 
DNA (Linnane et al. 1989). A high rate of mutation has been suggested by 
extensive restriction fragment polymorphism among individual human beings 
(Brown et al. 1979). Furthermore, mutations in mitochondrial DNA are more 
likely to have functional consequences since mitochondrial DNA has no non
coding sequences, except for a small segment involved in the replication of 
mitochondrial DNA. 

Age-Associated Changes in Mitochondrial Function 

Mitochondria in different tissues exhibit different sizes, shapes, and densities 
(Wallace 1986). Each mitochondrion consists of an outer membrane, an inner 
membrane, and the matrix, which is the space enclosed by the inner membrane. 
The tricarboxylic acid cycle occurs in the matrix, whereas oxidative phos
phorylation occurs on the inner membrane. Five different protein complexes 
catalyze oxidative phosphorylation: complex I (NADH: ubiquinone 
oxidoreductase), complex II (succinate: ubiquinol oxidoreductase), complex III 
(ubiquinol: cytochrome c oxidoreductase), complex IV (cytochrome c oxidase), 
and complex V (ATP synthase). The electron transport chain consists of com
plexes I, II, III, and IV. Each mitochondrion also contains mitochondrial DNA, 
which is a circular molecule that encodes for 22 tRNA molecules, two rRNA 
molecules, and 13 polypeptides, including seven complex I subunits, one 
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complex III subunit, three complex IV subunits, and two complex V subunits. 
The remaining subunits of the oxidative phosphorylation system are encoded by 
nuclear DNA. 

Previous studies in brain as well as other tissues have indicated that there 
may be an age-related impairment of mitochondrial energy metabolism. In rat 
brain, aging has been associated with reduced respiratory activity in intact 
mitochondria (Harmon et al. 1987) and reduced complex IV activity (Curti et al. 
1990). In aged rat muscle, one study demonstrated reduced activities of com
plexes I and IV and no change in complex II-III activity (Torii et al. 1992). In 
humans, previous studies have shown reduced state 3 and state 4 respiration in 
liver mitochondria (Yen et al. 1989), increased numbers of complex IV-deficient 
myocytes in skeletal and cardiac muscle (Muller-Hocker 1989), and reduced 
activities of several electron transport chain complexes in skeletal muscle 
mitochondria (Trounce et al. 1989; Cooper et al. 1992). 

Due to the lack of information regarding age-associated changes in oxidative 
phosphorylation in brain tissue from primates, we examined the activities of the 
enzymes that catalyze oxidative phosphorylation in frontoparietal cortex of 20 
rhesus monkeys with a wide range of ages (5-34 years old; Bowling et al. 1993). 
These studies demonstrated a significant negative correlation of enzyme activity 
with age for complexes I and IV; no significant age-associated changes in 
activity were observed for complexes II-III and V. The activities of complexes 
I and IV were both reduced by 22% in the oldest monkeys (30.7 ± 0.9 years) 
relative to the youngest monkeys (6.9 ± 0.9 years). 

Free Radicals, Oxidative Damage, and Mitochondrial Function 

One possible mechanism by which mitochondrial energy metabolism may 
become impaired is through free radical-induced oxidative damage. Mitochon
drial oxidative phosphorylation generates most of the free radicals in the cell, 
and mitochondrial DNA is particularly susceptible to oxidative damage 
(Richter et al. 1988). The respiratory chain components that make the greatest 
contribution to production of free radicals are ubiquinone and cytochrome 
bS66 of complex III (Cadenas et al. 1977; Nohl et al. 1978; Nohl and Hegner 
1978). An increase in production of superoxide radicals by cytochrome 
bS66 occurs with normal aging (NohI1986). In the presence of specific inhibitors 
of the electron transport chain, the generation of superoxide is increased 
(Turrens and Boveris 1980). 

The vulnerability of the mitochondrial DNA to oxidative damage may be 
due to its limited repair mechanisms (Clayton et al. 1974), its lack of protective 
his tones, and its close proximity to the inner mitochondrial membrane, where 
reactive oxygen species are generated (Linnane et al. 1989; Miguel 1991; Wallace 
1992). Recent studies have demonstrated the presence of an age-dependent 
deletion between nucleotide positions 8470 and 13459 of the mitochondrial 
genome (Linnane et al. 1990; Cortopassi and Arnheim 1990; Simonetta et al. 
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1992). In the heart, the deletion has been detected in individuals starting at age 
30 and increases exponentially with advancing age (Hattori et al. 1991; Corral
Debrinski et al. 1991). A recent quantitative study showed that the deletion was 
estimated at 3% and 9% in patients aged 80 and 90, respectively (Sugiyama et 
al. 1991). Furthermore, deletions are much more frequent in patients with 
ischemic heart disease (Corral-Debrinski et al. 1991). We and others have 
recently shown that there are marked increases in the deletion in human 
postmortem brain tissue with normal aging (Corral-Debrinski et al. 1992; Soong 
et al. 1992). The most marked increases were in the putamen, where as much as 
12% of the mitochondrial DNA exhibited the mutation in a 97-year old. 
Intermediate levels of the deletion were found in cerebral cortex, and low levels 
in cerebellum, consistent with a lower rate of metabolism in the cerebellum. This 
finding is consistent with the suggestion that patients with defects in oxidative 
phosphorylation generate increased amounts of oxygen free radicals which 
result in mitochondrial DNA damage (Linnane et al. 1989). 

Several studies show that 8-hydroxy-2-deoxyguanosine is a biomarker of 
oxidative DNA damage (Shigenaga et al. 1990). Of 13 base ad ducts formed after 
exposing purified mammalian chromatin to ionizing-radiation-generated free 
radicals, 8-hydroxy-2-deoxyguanosine is the most frequent (Dizdaroglu 1991). 
Several studies indicate that 8-hydroxy-2-deoxyguanosine most frequently 
codes correctly for cytosine, but also has the mono specific mutagenic ability to 
pair with adenine about 1 % of the time (Kuchino et al. 1987; Cheng et al. 1992; 
Wood et al. 1990; Shibutani et al. 1991). It also results in misreading at adjacent 
residues (Kuchino et al. 1987). Inhibitors of the electron transport chain increase 
the amount of 8-hydroxy-2-deoxyguanosine in mitochondrial DNA (Hayakawa 
et al. 1991a). Concentrations of 8-hydroxy-2-deoxyguanosine increase with 
normal aging in several rat tissues and in mitochondrial DNA isolated from 
human diaphragm and heart muscle (Fraga et al. 1990; Hayakawa et al. 1991b, 
1992). In heart muscle, the amount of mitochondrial deletions correlates 
with 8-hydroxy-2-deoxyguanosine concentrations in mitochondrial DNA 
(Hayakawa et al. 1992). 

We have examined oxidative damage to mitochondrial DNA and nuclear 
DNA in human post mortem brain tissue (Mecocci et al. 1993). In this study, we 
determined that the amount of 8-hydroxy-2-deoxyguanosine showed an age
related increase with age in the mitochondrial DNA and nuclear DNA. Also, the 
levels of 8-hydroxy-2-deoxyguanosine were 10 times greater in the mitochon
drial DNA than in the nuclear DNA. Age-related increases were much more 
marked in the mitochondrial DNA than in the nuclear DNA. 

In addition to mitochondrial DNA damage, aging has also been associated 
with oxidative damage to proteins (Stadtman 1992). In post mortem brain tissue, 
protein oxidative damage increases with age (Smith et al. 1991; Stadtman 1992). 
The protein complexes involved in oxidative phosphorylation may be parti
cularly susceptible to oxidative damage since free radicals are generated by oxi
dative phosphorylation and free radical levels may thereby be especially elev
ated near the mitochondrial inner membrane. Studies with submitochondrial 
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particles have demonstrated differential vulnerability to reactive oxygen species 
of the complexes involved in oxidative phosphorylation (Zhang et al. 1990). 
Complex I was particularly sensitive to hydroxyl radical and superoxide anion; 
only limited studies were conducted with complex IV. Studies of in vivo per
oxidative stress induced by 2-cyclohexene-1-one indicate that complex IV is the 
most vulnerable but that complexes I and II are also significantly affected (Benzi 
et al. 1991, 1992). 

Like reactive oxygen species, nitric oxide may interact with oxidative 
phosphorylation complexes to reduce activity. While nitric oxide regulates 
vasodilation and may play a role in mediating glutamate toxicity, it also 
inhibits complexes I and II and the mitochondrial matrix enzyme aconitase 
(Hibbs et al. 1988; Stadler et al. 1991). The effects of nitric oxide on 
these mitochondrial enzymes may be due to an interaction with iron-sulfur 
prosthetic groups to produce inactive iron-nitric oxide complexes. Nitric 
oxide may also react with superoxide to produce peroxynitrite anion, a free 
radical generator (Beckman et al. 1990). However, the significance of peroxy
nitrite is not clear at this time since the superoxide-induced formation of 
peroxynitrite may actually be a mechanism for inactivating nitric oxide 
(Oury et al. 1992). 

Finally, per oxidative damage to lipids in brain also increases with age 
(Tappel 1973). The mitochondrial membrane lipid composition under
goes changes with aging, with cardiolipin exhibiting a decrease in content 
in mitochondria from aged rat heart and brain (Paradies and Ruggiero 1990; 
Ruggiero et al. 1992). Several of the oxidative phosphorylation complexes 
are sensitive to the lipids in the environment, especially cardiolipin (Fry 
and Green 1980, 1981). Also, since the proteins of the oxidative phosphoryl
ation system are located in the inner mitochondrial membrane, these proteins 
may be more vulnerable than matrix proteins to free radicals generated by 
lipids. 

The fact that the oxidative phosphorylation system itself generates free 
radicals, and that the mitochondrial DNA encodes for polypeptides involved 
in oxidative phosphorylation, allows for several possible cycling mechanisms 
that may produce slowly progressive impairment of mitochondrial function. 
A minor defect in oxidative phosphorylation may produce mildly increased 
levels of free radicals, which may then damage mitochondrial DNA, proteins, 
and lipids, resulting in a more impaired oxidative phosphorylation system 
that may generate even greater levels of free radicals. In this manner, a defect 
in oxidative phosphorylation that is initially minor may become amplified 
over time. In addition, different genetic and environmental factors that 
influence oxidative damage and mitochondrial function may result in variable 
rates of amplification in different individuals, and thereby produce variable 
degrees of impairment of oxidative phosphorylation with age. Finally, these 
cycling mechanisms suggest that defects in mitochondrial function and defects 
that increase oxidative damage may share a final common pathway that results 
in cell death. 
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Evidence for Impaired Energy Metabolism in AD 

The largest body of evidence suggesting an impairment of energy metabolism in 
AD has come from studies of glucose metabolism using positron emission 
tomography. The major difficulty with these studies is determining whether 
alterations playa role in the disease process or are merely secondary to neuronal 
loss. Studies of cerebral blood flow, oxygen utilization and glucose metabolism 
show consistent decreases in AD in a temporo-parietal pattern (Haxby et al. 
1986). Comparisons of patients with early and more advanced dementia showed 
that a substantial decrease in cerebral glucose metabolism may precede cogni
tive impairment. Several reports showed reduced glucose transport in microves
sels of AD patients (Kalaria and Harik 1989); however, this does not appear to 
be sufficient to account for the decrease in glucose metabolism (Jagust et al. 
1991). 

Additional studies by Hoyer (1993) suggest that an impairment of energy 
metabolism occurs in AD. He examined the cerebral metabolic rates of oxygen, 
CO2, glucose, and lactate using a modified Kety-Schmidt technique. In these 
studies AD patients showed decreased oxygen and glucose utilization, and 
decreased ATP production. Neurochemical studies have also suggested that 
energy metabolism may be impaired in AD. Sims and colleagues (1983) studied 
cerebral biopsies and found that the adenyl ate energy charge was unchanged, 
but oxygen uptake was significantly increased under conditions of submaximal 
metabolic activity, consistent with uncoupling of mitochondrial energy meta
bolism. This result, however, is not consistent with a defect in electron transport, 
which would result in decreased oxygen uptake. 

Electron microscopic studies of cortical biopsies in AD show abnormal 
mitochondria with increased matrix density and paracrystalline inclusions in the 
intercristal space (Saraiva et al. 1985). This finding is of interest due to the 
observation of paracrystalline inclusions in the mitochondria of patients with 
known mitochondrial diseases. Mitochondrial dysfunction is also suggested by 
studies showing 70-100% reductions in activity of the thiamine-dependent 
mitochondrial enzymes pyruvate dehydrogenase and 2-ketoglutarate dehyd
rogenase (Gibson et al. 1988; Sorbi et al. 1983). Parker and colleagues (1990) 
reported a deficiency in cytochrome oxidase (complex IV) activity in mitochon
dria isolated from AD platelets. A recent study showed reduced cytochrome 
oxidase activity in several cortical regions in AD postmortem brain tissue (Kish 
et al. 1992). Paradoxically, however, an increase in expression of cytochrome 
oxidase subunit 3 mRNA was reported in AD brain (Albert et al. 1992). An 
increase in expression could occur as a compensatory response to an electron 
transport chain defect. The biochemical studies to date are inconsistent; some 
studies suggest uncoupling of mitochondria, whereas other studies indicate 
electron transport chain enzyme deficits or defects in tricarboxylic acid cycle 
enzymes. 

The role of point mutations in mitochondrial DNA in AD has recently been 
examined. It was reported that point mutations in subunit 2 of NADH 
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dehydrogenase may be associated with AD (Lin et al. 1992). This point muta
tion, however, was subsequently reported to be a normal polymorphism (Pet
ruzzella et al. 1992; Shoffner et al. 1993). Shoffner and colleagues, however, 
found three point mutations in mitochondrial DNA of patients with either AD, 
Parkinson's disease (PD) or AD with PD (Shoffner et al. 1993). The most 
frequent was a tRNAGln gene mutation found in 5.2% of patients, but only 0.7% 
of Caucasian controls. An ND1 point mutation in an evolutionarily highly 
conserved region was found in two unrelated patients who had AD with PD. 
A third mutation was an insertion in the 12s rRNA gene. The significance of 
these mutations remains to be clarified, but they may be analogous to the 
situation in Leber's disease, in which some mutations are high risk factors for the 
illness whereas others increase one's risk but are not sufficient by themselves to 
cause the illness (Brown et al. 1992). 

Increases in protein oxidation products (carbonyl groups) occur in aged 
controls and AD brain samples as compared with young controls (Smith et al. 
1991). The activity of glutamine synthetase is particularly susceptible to free 
radical damage. There is a loss of enzyme activity with normal aging in gerbil 
brain (Floyd 1991). In AD, there is a significant decrease in activity in the frontal 
pole but not in the occipital pole as compared with age-matched controls (Smith 
et al. 1991). This finding has been interpreted as supporting increased oxidative 
damage in AD. There is also evidence that lipid per oxidation is increased in AD 
cerebral cortex (Hajimohammadreza and Brammer 1990; Subbaro et al. 1990). 

Regional Localization of Cytochrome Oxidase 

Recent studies of Chandrasekaran and colleagues (1992a) have examined the 
localization of cytochrome oxidase activity and cytochrome oxidase mRNA in 
the hippocampus and entorhinal cortex of monkey brain. Within the hippocam
pal formation, the terminal field of the perforant pathway showed the highest 
levels of cytochrome oxidase activity while cytochrome oxidase subunit 2 (COX 
II) mRNA was mainly localized to neuronal cell bodies. Within the en to rhinal 
cortex COX II mRNA was particularly high in layers II and IV, which are 
known to be predisposed to neurofibrillary tangle formation in AD. In the 
hippocampus COX II mRNA was particularly high in the CA3 and CAl 
regions. The expression of mRNAs for mitochondrially encoded cytochrome 
oxidase subunits is higher in frontal pole, as well as association cortex, as 
compared to primary visual and somatosensory cortex (Chandrasekaran et al. 
1992b). More recently cytochrome oxidase activity and COX II mRNA were 
localized in the perirhinal and superior temporal sulci of rhesus monkey brain 
(Chandrasekaran et al. 1993). Cytochrome oxidase activity was highest in layers 
I and IV, whereas COX II mRNA was localized to cell bodies. In the perirhinal 
region, COX II mRNA was found in cell bodies oflayers III and V-VI. A similar 
distribution was found in the superior temporal cortex. Therefore, these studies 
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show that COX II mRNA is preferentially localized to layer 2 and 4 neurons in 
the entorhinal cortex and in those involved in cortico-cortical connections in 
superior temporal cortex. These neurons are known to be particularly vulner
able to neurofibrillary tangle formation in AD. 

Amyloid and Energy Metabolism 

An interesting issue is whether defects in energy metabolism could play either 
a primary or secondary role in the pathogenesis of AD. A defect in energy 
metabolism may lead to the production of free radicals by mitochondria as 
discussed above. In this circumstance several amino acid residues of fJ-amyloid 
may be oxidized, leading to increased aggregability of amyloid (Dyrks et al. 
1992). A progressive decline in energy metabolism associated with normal aging 
could therefore playa crucial role in amyloid deposition. 

The potential neurotoxic role of amyloid is much more speculative. We and 
others had demonstrated that fJ-amyloid can exert neurotoxic effects in vivo 
(Kowall et al. 1992). However, whether this has any relevance to the pathogensis 
of AD is unclear. The distribution of neurofibrillary tangles in AD does not bear 
any close relationship to the distribution of amyloid deposition. Nevertheless, 
both in vitro and in vivo studies show that amyloid, particularly in its aggregated 
state, can exert neurotoxic effects. Interestingly, these neurotoxic effects are 
worsened by energy deprivation in vitro (Copani et al. 1991). In cell culture, 
amyloid also enhances glutamate neurotoxicity (Koh et al. 1990; Mattson et al. 
1992). 

We examined the effects of injections of fJ-amyloid or reverse peptide in both 
young adult and aged rhesus monkeys (Kowall et al. 1992). In the young adult 
monkeys, we found that fJ-amyloid injections produced some neuronal toxicity, 
however, no Alz-50 or thioflavin positive lesions were observed. In contrast, in 
aged primates the cortex surrounding the fJ (1--40) lesions contained ar
gyrophilic, thioflavin S fluorescent, Alz 50, and ubiquitin immunoreactive 
perikaryal and neuritic alterations. The morphologies of these alterations close
ly resembled those associated with AD in human brains. 

Therefore, these studies show that aged as opposed to young primate 
cerebral cortex is vulnerable to neurotoxic effects of fJ-amyloid, which results in 
lesions which show many characteristic features of AD. We hypothesize that the 
increased vulnerability of these aged monkeys may be a consequence of the 
decline in energy metabolism which accompanies normal aging. 

Conclusion 

The studies discussed above show that mitochondrial DNA is particularly 
susceptible to free radical damage. An increase in oxidative damage to 
mitochondrial DNA occurs with normal aging. A consequence of this may be 
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a decrease in the activity of specific complexes of the oxidative phosphorylation 
system. This decline in functional activity may playa crucial role in enhancing 
the neurotoxicity of both glutamate and j3-amyloid. As a result, the deteriora
tion in mitochondrial energy metabolism which occurs with normal aging may 
playa role in the age-dependent incidence of AD. 
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Molecular Biology and Genetics of Human Prion 
Diseases and PrP Amyloid Plaque Formation 

S. B. Prusiner* 

Summary 

Prion diseases include kuru, Creutzfeldt-Jakob disease (CJD) and Gerstmann
Striiussler-Scheinker disease (GSS) of humans, as well as scrapie and bovine 
spongiform encephalopathy (BSE) of animals. For many years, the prion dis
eases were thought to be caused by viruses, despite intriguing evidence to the 
contrary (Alper et al. 1966, 1967, 1978). The unique characteristic common to all 
of these disorders, whether sporadic, dominantly inherited or acquired by 
infection, is that they involve the aberrant metabolism ofthe prion protein (PrP; 
Prusiner 1991). In many cases, the cellular prion protein (PrPC) is converted into 
the scrapie isoform (PrPSC) by a post-translational process which involves 
a conformational change. Often, the human prion diseases are transmissible to 
experimental animals (Gajdusek et al. 1966; Gibbs et al. 1968; Masters et al. 
1981a; Tateishi et al. 1992) and all of the inherited prion diseases segregate with 
PrP gene mutations (Dlouhy et al. 1992; Gabizon et al. 1993; Hsiao et al. 1989a; 
Petersen et al. 1992; Poulter et al. 1992). 

Introduction 

Advances in understanding of neurodegeneration in humans and animals 
caused by prions have been unexpected and striking. For more than 25 years, 
two uncommon human diseases and several animal disorders were labeled 
transmissible encephalopathies, spongiform encephalopathies or slow virus dis
eases (Gajdusek 1977, 1985; Sigurdsson 1954). These illnesses were transmissible 
to experimental animals after a prolonged incubation period and some features 
of the transmissible pathogen resembled those of viruses. Yet, early attempts to 
characterize the infectious pathogen causing scrapie of sheep and goats argued 
that these transmissible agents differed from both viruses and viroids (Alper 
et al. 1967, 1966, 1978; Hunter 1972). 

A set of remarkable discoveries in the past three decades has led to the 
molecular and genetic characterization of the transmissible pathogen causing 
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scrapie in animals and a trio of human illnesses: kuru, Creutzfeldt-Jakob disease 
(CJD), Gerstmann-Striiussler-Scheinker disease (GSS; Prusiner 1991). To distin
guish this pathogen from viruses and viroids, the term "prion" was introduced to 
emphasize its proteinaceous and infectious nature (Prusiner 1982). An abnormal 
isoform of the prion protein (PrP), Prpsc, is the only known component of the 
prion (Prusiner et al. 1981, 1984). PrP is encoded by a gene on the short arm of 
chromosome 20 in humans (Sparkes et al. 1986). Prpsc differs physically from 
the normal, cellular isoform Prpc by its insolubility in detergents, its propensity 
to aggregate and its relative resistance to proteolysis (Meyer et al. 1986; Oesch 
et al. 1985). 

Accumulation of Prpsc in the brain has been found in most of the human 
prion diseases. The presence of Prpsc implicates prions in the pathogenesis of 
these diseases. However, in rare patients and in some transgenic mice which 
appear to have low or undetectable amounts ofPrpsc neurodegeneration appears, 
at least in part, to be caused by abnormal metabolism of mutant PrP (Hsiao et al. 
1990). In these cases, horizontal transmission of neurodegeneration from such 
patients to experimental animals may not be demonstrable (Tateishi et al. 1992). 
Whether it will be useful to distinguish between those prion diseases in which 
transmission can be demonstrated and those in which it cannot with current 
animal models remains to be established (Hsiao and Prusiner 1990). As our 
knowledge of the prion diseases increases and more is learned about the molecular 
and genetic characteristics of prion proteins, these disorders will undoubtedly 
undergo modification with respect to their classification. Indeed, the discovery of 
the PrP and the identification of pathogenic PrP gene mutations have already 
forced us to view these illnesses from perspectives not previously imagined. 

Clinical Manifestations of Prion Diseases 

The human prion diseases are manifest as infectious, inherited, and sporadic 
disorders and are often referred to as kuru, CJD, GSS and fatal familial 
insomnia (FFI), depending upon the clinical and neuropathological findings 
(Table 1). 

Table 1. Human prion disease 

Disease 

Kuru 
Creutzfeldt-Jakob disease 

Iatrogenic 
Sporadic 
Familial 

Gerstmann-Striiussler-Scheinker disease 
Fatal familial insomnia 

Etiology 

Infection 

Infection 
Unknown 
PrP mutation 
PrP mutation 
PrP mutation 
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Infectious forms of prion diseases result from the horizontal transmission 
of the infectious prions, as occurs in iatrogenic CJD and kuru. Inherited 
forms, notably GSS, familial CJD and FFI comprise 10-15% of all cases 
of prion disease. A mutation in the open reading frame (ORF) or protein 
coding region of the PrP gene has been found in all reported kindreds with 
inherited human prion disease (Bertoni et al. 1992; Dlouhy et al. 1992; 
Doh-ura et al. 1989; Gabizon et al. 1993; Goldfarb et al. 1990b, 1991c, 1992b; 
Goldgaber et al. 1989; Hsiao et al. 1989a; Kitamoto et al. 1993a, b; Medori 
et al. 1992b; Petersen et al. 1992; Poulter et al. 1992). Sporadic forms of prion 
disease comprise most cases of CJD and possibly some cases of GSS (Masters 
et al. 1978). How prions arise in patients with sporadic forms is unknown but 
has been hypothesized to involve horizontal transmission, somatic mutation 
of the ORF of the PrP gene as well as the spontaneous conversion of Prpc into 
Prpsc (Gajdusek 1977; Hsiao et al. 1991a; Prusiner 1989). Numerous attempts 
to establish an infectious link between sporadic CJD and a preexisting prion 
disease in animals or humans have been unrewarding (Bobowick et al. 1973; 
Brown et al. 1987; Cousens et al. 1990; Harries-Jones et al. 1988; Malmgren 
et al. 1979). 

Diagnosis of Human Prion Diseases 

Human prion disease should be considered in any patient who develops a pro
gressive subacute or chronic decline in cognitive or motor function. Adults 
between 40 and 70 years of age often exhibit clinical features helpful in providing 
a premorbid diagnosis of prion disease, particularly sporadic CJD (Brown et al. 
1986a; Roos et al. 1973). There is as yet no specific diagnostic test for prion 
disease in the cerebrospinal fluid. A definitive diagnosis of human prion disease, 
which is invariably fatal, can usually be made from the examination of brain 
tissue. Over the past four years, knowledge of the molecular genetics of prion 
diseases has made it possible to diagnose inherited prion disease in living 
patients using peripheral tissues. 

A broad spectrum of neuropathological features in human prion diseases 
precludes a precise neuropathological definition. The classic neuropathological 
features of human prion disease include spongiform degeneration, gliosis, and 
neuronal loss in the absence of an inflammatory reaction. When present, 
amyloid plaques which stain with (X-PrP antibodies are diagnostic. 

The presence of protease-resistant PrP (PrPSC or PrPCJD) in the infectious 
and sporadic forms and most of the inherited forms of these diseases implicates 
prions in their pathogenesis. However, in some patients with inherited prion 
disease, Prpsc is barely detectable or undetectable (Brown et al. 1992c; Little 
et al. 1986; Manetto et al. 1992; Medori et al. 1992a), a situation mimicked in 
transgenic mice which express a mutant PrP gene and spontaneously develop 
neurologic illness indistinguishable from experimental murine scrapie (Hsiao et 
al. 1990). 
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In humans and transgenic mice which have no detectable protease-resistant 
PrP but express mutant PrP, neurodegeneration may, at least in part, be caused 
by abnormal metabolism of mutant PrP. Because molecular genetic analyses of 
PrP genes in patients with unusual dementing illnesses are readily performed, 
the diagnosis of inherited prion disease can often be established where there was 
either little or no neuropathology (Collinge et al. 1990), atypical neuro
degenerative disease (Medori et al. 1992a), or misdiagnosed neurodegenerative 
diseases (Azzarelli et al. 1985; Heston et al. 1966), including Alzheimer's disease. 
Although horizontal transmission of neurodegeneration to experimental hosts 
was for a time the "gold standard" of prion disease, it can no longer be used as 
such. Some investigators have reported that transmission of the inherited prion 
diseases from human to experimental animals is frequently negative using 
rodents, despite the presence of a pathogenic mutation in the PrP gene (Tateishi 
et al. 1992), while others state that this is not the case with apes and monkeys as 
hosts (Brown et al. 1993). 

The hallmark common to all of the prion diseases, whether sporadic, 
dominantly inherited or acquired by infection, is that they involve the aberrant 
metabolism of the prion protein (Prusiner 1991). 

Making a definitive diagnosis of human prion disease can be rapidly ac
complished if Prpsc can be detected immunologically. Frequently Prpsc can be 
detected by either dot blot method or Western immunoblot analysis of brain 
homogenates, where samples were subjected to limited proteolysis to remove 
Prpc prior to immunostaining (Bockman et al. 1985, 1987; Brown et al. 1986b; 
Serb an et al. 1990). The dot blot method exploits enhancement of Prpsc im
munoreactivity following denaturation in the chaotropic salt, guanidinium 
chloride. Because of regional variations in Prpsc concentration, methods using 
homogenates prepared from small brain regions can give false negative results. 
Alternatively, Prpsc may be detected in situ in cryostat sections bound to 
nitrocellulose membranes followed by limited proteolysis to remove Prpc and 
guanidinium treatment to denature Prpsc and thus, enhance its avidity for 
IX-PrP antibodies (Taraboulos et al. 1992). Denaturation of Prpsc in situ prior to 
immunostaining has also been accomplished by autoclaving fixed tissue sections 
(Kitamoto et al. 1992). 

In the familial forms of the prion diseases, molecular genetic analyses ofPrP 
can be diagnostic and performed on DNA extracted from blood leucocytes ante 
mortem. Unfortunately, such testing is of little value in the diagnosis of the 
sporadic or infectious forms of prion disease. Although the first missense PrP 
mutation was discovered when the two PrP alleles of a patient with GSS were 
cloned from a genomic library and sequenced (Hsiao et al. 1989a), all subsequent 
novel missense and insertional mutations have been identified in PrP open 
reading frames (ORF) amplified by polymerase chain reaction (PCR) and 
sequenced. The 759 base pairs encoding the 253 amino acids of PrP reside in 
a single exon of the PrP gene, providing an ideal situation for the use of PCR. 
Amplified PrP ORFs may be screened for known mutations using one of several 
methods, the most reliable of which is allele-specific oligonucleotide 
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hybridization. If known mutations are absent, then novel mutations may be 
found when the PrP ORF is sequenced. 

When PrP amyloid plaques in brain are present, they are diagnostic for 
prion disease as noted above. Unfortunately, they are thought to be present in 
only ~ 10% of CJD cases, and by definition all cases of GSS. The amyloid 
plaques in CJD are compact (kuru plaques). Those in GSS are either multi
centric (diffuse) or compact. The amyloid plaques in prion diseases contain PrP 
(Kitamoto et al. 1986; Roberts et al. 1986, 1988). The multicentric amyloid 
plaques which are pathognomonic for GSS may be difficult to distinguish from 
the neuritic plaques of Alzheimer's disease except by immunohistology (Ghetti 
et al. 1989; Ikeda et al. 1991; Nochlin et al. 1989). In these kindreds the diagnosis 
of Alzheimer's disease was excluded because the amyloid plaques failed to stain 
with f3-amyloid antiserum but stained with PrP antiserum. In subsequent 
studies, missense mutations were found in the PrP genes of these kindreds. 

In summary, the diagnosis of prion or prion protein disease may be made in 
patients on the basis of 1) the presence of Prpsc, 2) mutant PrP genotype or 3) 
appropriate immunohistology, and should not be excluded in patients with 
atypical neurodegenerative diseases until one or preferably two of these exam
inations have been performed (Collinge et al. 1990, 1992; Lantos et al. 1992). 

Molecular Genetics of Inherited Human Prion Diseases 

Genetics were first thought to have a role in CJD with the recognition that 
~ 10% of cases are familial (Gajdusek 1977; Masters et al. 1981 b; Rosenthal et 

al. 1976). Like sheep scrapie, the relative contributions of genetic and infectious 
etiologies in the human prion diseases remained puzzling. The discovery of the 
PrP gene and its linkage to scrapie incubation times in mice (Carlson et al. 1986) 
raised the possibility that mutation might feature in the hereditary human prion 
diseases. A proline (P) --+ leucine (L) mutation at codon 102 was shown to be 
linked genetically to development ofGSS with a LOD score exceeding 3 (Fig. 1); 
Hsiao et al. 1989a). This mutation may be due to the deamination of a methyl
ated CpG in a germline PrP gene resulting in the substitution of a thymine (T) 
for cytosine (C). The P102L mutation has been found in ten different families in 
nine different countries including the original GSS family (Doh-ura et al. 1989; 
Goldgaber et al. 1989; Kretzschmar et al. 1991a, b). 

An insert of 144 bp at codon 53 containing six octarepeats has been de
scribed in patients with CJD from four families all residing in southern England 
(Fig. 1); Collinge et al. 1989, 1990, 1992; Crow et al. 1990; Owen et al. 1989, 
1990b, 1991; Poulter et al. 1992). This mutation must have arisen through 
a complex series of events since the human PrP gene contains only five oc
tarepeats, indicating that a single recombination event could not have created 
the insert. Genealogic investigations have shown that all four families are 
related, arguing for a single founder born more than two centuries ago (Crow 
et al. 1990). The LOD score for this extended pedigree exceeds 11. Studies from 
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Octarepeat Sequence 
P(Q/H)GGG(G/-)WGQ 

~ 
V1801 

F19aS V2101 
Y145~------E20oK 

Genetic Linkage 

Fig. 1. Human prion protein gene (PRNP). The open reading frame (ORF) is denoted by the large 
gray rectangle. Human PRNP wild-type polymorphisms are shown above the rectangle, whereas 
mutations that segregate with the inherited prion diseases are depicted below. The wild-type human 
PrP gene contains five octarepeats [P(Q/H)GGG(G/-)WGQ] from codons 51 to 91 (Kretzschmar 
et al. 1986). Deletion of a single octarepeat at codon 81 or 82 is not associated with prion disease 
(Laplanche et al. 1990; Puckett et al. 1991; Vnencak-Jones and Phillips 1992); whether this deletion 
alters the phenotypic characteristics of a prion disease is unknown. There are common polymor
phisms at codons 117 (Ala -> Ala) and 129 (Met -> Val); homozygosity for Met or Val at codon 129 
appears to increase susceptibility to sporadic CJD (Palmer et al. 1991). Octarepeat inserts of 16,32, 
40,48,56,64, and 72 amino acids at codons 67, 75 or 83 are designated by the small rectangle below 
the ORF. These inserts segregate with familial CJD and significant genetic linkage has been 
demonstrated where sufficient specimens from family members are available (Collinge et al. 1989, 
1990; Crow et al. 1990; Goldfarb et al. 1990c, 1991a; Owen et al. 1989, 1990b; Palmer et al. 1993). 
Point mutations are designated by the wild-type amino acid preceding the codon number and the 
mutant residue follows, i.e., P102L. These point mutations segregate with the inherited prion 
diseases, and significant genetic linkage (underlined mutations) has been demonstrated where 
sufficient specimens from family members are available. Mutations at codons 102 (Pro -> Leu), 117 
(Ala -> Val), 198 (Phe -> Ser) and 217 (Gin -> Arg) are found in patients with GSS (Doh-ura et al. 
1989; Goldfarb et al. 1990a, 1990c, 1990d; Goldgaber et al. 1989; Hsiao et al. 1989a,b, 1991b; Hsiao 
and Prusiner 1990; Tateishi et al. 1990). Point mutations at codons 178 (Asp -> Asn), 200 (Glu-> 
Lys) and 210 (Val-> Iso) are found in patients with familial CJD (Gabizon et al. 1991; Goldfarb et al. 
1990b, 1991c; Hsiao et al. 1991a; Ripoll et al. 1993). Point mutations at codons 198 (Phe -> Ser) and 
217 (Gin -> Arg) are found in patients with GSS who have PrP amyloid plaques and neurofibrillary 
tangles (Dlouhy et al. 1992; Hsiao et al. 1992). Additional point mutations at codons 145 
(Tyr -> Stop), 105 (Pro -> Leu), 180 (Val-> Iso) and 232 (Met -> Arg) have been recently reported 
(Kitamoto et al. 1993a,b). Single letter code for amino acids is as follows: A, Ala; D, Asp; E, Glu; F, 
~L~~~L.~~~~~~~Q~R~&~~~~~~ 

several laboratories have demonstrated that two, four, five, six, seven, eight or 
nine octarepeats in addition to the normal five are found in individuals with 
inherited CJD (Brown 1992; Collinge et al. 1989, 1990; Goldfarb et al. 1991a; 
Owen et al. 1989, 1990b, 1992), whereas deletion of one octarepeat has been 
identified without the neurologic disease (Laplanche et al. 1990; Palmer et al. 
1993; Vnencak-Jones and Phillips 1992). 

For many years the unusually high incidence of CJD among Israeli Jews of 
Libyan origin was thought to be due to the consumption oflightly cooked sheep 
brain or eyeballs (Alter and Kahana 1976; Herzberg et al. 1974; Kahana et al. 
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1974, 1991; Neugut et al. 1979; Zilber et al. 1991}. Recent studies have shown 
that some Libyan and Tunisian Jews in families with CJD have a PrP gene point 
mutation at codon 200 resulting in a glutamate (E) --+ lysine (K) substitution 
(Gabizon et al. 1991; Goldfarb et al. 1990d; Hsiao et al. 1991a). One patient was 
homozygous for the E200K mutation but her clinical presentation was similar 
to that ofheterozygotes (Hsiao et al. 1991a), arguing that familial prion diseases 
are true autosomal dominant disorders like Huntington's disease (Wexler et al. 
1987). The E200K mutation has also been found in Slovaks originating from 
Orava in North Central Czechoslovakia (Goldfarb et al. 1990d), in a cluster of 
familial cases in Chile (Goldfarb et al. 1991b) and in a large German family 
living in the United States (Bertoni et al. 1992). Some investigators have argued 
that the E200K mutation originated in a Sephardic Jew whose descendants 
migrated from Spain and Portugal at the time of the inquisition (Goldfarb et al. 
1991b). It is more likely that the E200K mutation has arisen independently 
multiple times by the deamidation of a methylated CpG as described above the 
codon 102 mutation (Hsiao et al. 1989a, 1991a). In support ofthis hypothesis are 
historical records of Libyan and Tunisian Jews indicating that they are descend
ed from Jews living on the island of Jerba, where Jews first settled around 500 
B.C., and not from Sephardim (Udovitch and Valensi 1984). 

Many families with CJD have been found to have a point mutation at codon 
178 resulting in an aspartic acid (D) --+ asparagine (N) substitution (Brown et al. 
1992b; Fink et al. 1991; Goldfarb et al. 1991c, 1992c; Haltia et a. 1991). In these 
patients as well as those with the E200K mutation PrP amyloid plaques are rare; 
the neuropathologic changes generally consist of widespread spongiform degen
eration. Recently a new prion disease which presents with insomnia has been 
described in three Italian families with the D178N mutation (Medori et al. 
1992a). The neuropathology in these patients with fatal familial insomnia is 
restricted to selected nuclei of the thalamus. It is unclear whether all patients 
with the D178N mutation or only a subset present with sleep disturbances. It 
has been proposed that the allele with the D178N mutation encodes a me
thionine at position 129 in fatal familial insomnia, whereas a valine is encoded at 
position 129 in familial CJD (Goldfarb et al. 1992c). The discovery that fatal 
familial insomnia is an inherited prion disease clearly widens the clinical spec
trum of these disorders and raises the possibility that many other degenerative 
diseases of unknown etiology may be caused by prions (Johnson 1992; Medori 
et al. 1992a). 

Like the E200K and D178N (V129) mutations, a valine (V) --+ isoleucine (I) 
mutation at PrP codon 210 produces CJD with classic symptoms and signs 
(Pocchiari et al. 1993; Ripoll et al. 1993). It appears that this V210I mutation is 
also incompletely penetrant. 

Other point mutations at codons 105, 117, 145, 198, 217 and possibly 232 
also segregate with inherited prion diseases (Brown 1992; Doh-ura et al. 1989; 
Hsiao et al. 1991b, 1992; Kitamoto et al. 1993a,b; Tranchant et al. 1992). 
Patients with a dementing or telencephalic form of GSS have a mutation at 
codon 117. These patients as well as some in other families were once thought to 
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have familial Alzheimer's disease, but are now known to have prion diseases on 
the basis of PrP immunostaining of amyloid plaques and PrP gene mutations 
(Farlow et al. 1989; Ghetti et al. 1989; Giaccone et al. 1990; Nochlin et al. 1989). 
Patients with the codon 198 mutation have numerous neurofibrillary tangles 
that stain with antibodies to r and have amyloid plaques (Farlow et al. 1989; 
Ghetti et al. 1989; Giaccone et al. 1990; Nochlin et al. 1989) that are composed 
largely of a PrP fragment extending from residues 58 to 150 (Tagliavini et al. 
1991). A genetic linkage study of this family produced a LOD score exceeding 
6 (Dlouhy et al. 1992). The neuropathology of two patients of Swedish ancestry 
with the codon 217 mutation (Ikeda et al. 1991) was similar to that of patients 
with the codon 198 mutation. 

Patients with GSS who have a substitution of leucine for proline at PrP 
codon 105 have been reported (Kitamoto et al. 1993b). One patient with 
a prolonged neurologic illness spanning almost two decades with PrP amyloid 
plaques was found to have an amber mutation of the PrP gene resulting in 
a stop codon at residue 145 (Kitamoto et al. 1993a). Staining ofthe plaques with 
a-PrP peptide antisera suggested that they might be composed exclusively of the 
truncated PrP molecules. That a PrP peptide ending at residue 145 polymerizes 
in amyloid filaments is to be expected since an earlier study noted above showed 
that the major PrP peptide in plaques from patients with the F198S mutation 
was an 11 kDa PrP peptide beginning at codon 58 and ending at ~ 150 
(Tagliavini et al. 1991). Furthermore, synthetic PrP pep tides adjacent to and 
including residues 109 to 122 readily polymerize into rod-shaped structures with 
the tinctorial properties of amyloid (Come et al. 1993; Forloni et al. 1993; Gasset 
et al. 1992; Goldfarb et al. 1993b; Verga et al. 1992). 

Nomenclature for the Inherited Human Prion Diseases 

Although each of the PrP mutations is associated with a typical clinical pre
sentation as noted above, there are a sufficient number of exceptions that 
a particular mutation in a single pedigree can present with symptom complexes 
typical of CJD in some patients and GSS in others. Since we now know the 
molecular basis of the disorders, it seems preferable to name them according to 
the mutation and no longer refer to them as familial CJD, GSS or FFI. Once the 
PrP gene has been determined, then we suggest that Prion Disease (D102L) be 
u~ed in place of ataxic GSS such as that found in the original GSS family 
(Gerstmann et al. 1936; Kretzschmar et al. 1991a), Prion Disease (E200K) 
instead of familial CJD in Libyan Jews, and Prion Disease (D178N, M129) 
instead of FFI (Table 2). These designations describe the precise etiologies of the 
disorders and remove any possible ambiguities. While some investigators argue 
against these changes in terminology on the grounds that they will diminish the 
esteem in which we hold such historical figures as Creutzfe1dt, Jakob and 
Gerstmann (Brown et al. 1992a, 1993), using the most concise and clear descrip
tors of the diseases available would seem to be the only approach consistent 
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Table 2. Inherited prion diseases of humans 

Proposed Designation 

Inherited prion disease (P102L) 
Inherited prion disease (P105L) 
Inherited prion disease (Al17V) 
Inherited prion disease (Y145Stop) 
Inherited prion disease (D 178N) 
Inherited prion disease (V180I) 
Inherited prion disease (F198S) 
Inherited prion disease (E200K) 
Inherited prion disease (V210I) 
Inherited prion disease (Q217R) 
Inherited prion disease (octarepeat insert) 

Alternative Name 

GSS 
GSS 
GSS 
GSS 
familial C1D, FFI 
GSS 
GSS 
familial C1D 
familial C1D 
GSS 
familial C1D 

with the goals of modern medicine, which identify the molecular basis of disease 
and create effective therapies. 

The need to designate the inherited prion diseases by their mutations 
(molecular lesions) is emphasized by the vastly different clinical presentations 
and post mortem neuropathologies observed in four afflicted members of 
a family with Prion Disease (6 octarepeat insert; Collinge et al. 1992). One of the 
four family members with the insert presented a classical case of CJD and had 
pronounced spongiform change in the cerebral cortex whereas another pre
sented with ataxia and had numerous PrP amyloid plaques at autopsy. The 
second case might have been called GSS with hesitation. The third and fourth 
members of the family died in hospitals with the diagnosis of dementia but had 
no spongiform change at autopsy and were not given the diagnosis of CJD. 

Human PrP Gene Polymorphisms 

At PrP codon 129, an amino acid polymorphism for the methionine (M) or 
valine (V) (Fig. 1) has been identified (Owen et al. 1990a). This polymorphism 
appears able to influence prion disease expression not only in inherited forms, 
but also in iatrogenic and sporadic forms of prion disease. 

Susceptibility to infection may be partially determined by the PrP codon 129 
genotype (Collinge et al. 1991), analogous in principle to the incubation-time 
alleles in mice (Carlson et al. 1986; Collinge et al. 1991). Population frequencies 
for the codon 129 polymorphism in Caucasians are 12% VjV, 37% MjM, and 
51 % MjV (Collinge et al. 1991). In 16 patients (15 Caucasian, one Afro
American) from the UK, USA, and France with iatrogenic CJD from con
taminated growth hormone extracts, eight (50%) were VjV, five (31 %) were 
MjM, and three (19%) were MjV (Brown et al. 1992d; Buchanan et al. 1991; 
Collinge et al. 1991; Fradkin et al. 1991; Goldfarb et al. 1993a). Thus, a 
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disproportionate number of patients with iatrogenic CJD were homozygous for 
valine at PrP codon 129. Heterozygosity at codon 129 may provide partial 
protection. Whether these associations are strongly significant awaits statistical 
analysis of larger samples. Thousands of children who received pituitary growth 
hormone extracts are still at risk for the development of CJD. Fortunately, the 
use of genetically engineered growth hormone will eliminate this form of 
iatrogenic CJD. 

No specific mutations have been identified in the PrP gene of patients with 
sporadic CJD. However, patients with sporadic CJD are largely homozygous at 
codon 129 (Hardy 1991; Palmer et al. 1991). This finding supports a model of 
prion production which favors PrP interactions between homologous proteins, 
as appears to occur in transgenic mice expressing Syrian hamster PrP in
oculated with either hamster prions or mouse prions (Prusiner et al. 1990; Scott 
et al. 1989), as well as transgenic mice expressing a chimeric mouse/hamster PrP 
transgene inoculated with "artificial" prions (Scott et al. 1993). 

Approximately 15% of patients with sporadic CJD develop ataxia as an 
early sign, accompanied by dementia (Brown et al. 1984). Most but not all 
patients with ataxia have compact (kuru) plaques in the cerebellum (Pearlman et 
al. 1988). Patients with ataxia and compact plaques exhibit a protracted clinical 
course which may last up to three years. The molecular basis for the differences 
between CJD of shorter and longer duration has not yet been fully elucidated. 
However, some preliminary analyses have suggested that patients with protrac
ted, atypical clinical courses are more likely to be heterozygous at codon 129 
(Collinge and Palmer 1991; Doh-ura et al. 1991). 

Homozygosity at codon 129 has been reported to be associated with an 
earlier age of onset in the inherited prion disease by the six octarepeat insert but 
not by the E200K mutation in Libyan Jews (Baker et al. 1991; Gabizon et al. 
1993). As noted above, the FFI phenotype is found in patients with the D178N 
mutation who encode a methionine at codon 129 on the mutant allele, whereas 
those with dementing illness (familial CJD) encode a valine at 129 (Goldfarb 
et al. 1992c). Homozygosity for either M or V at codon 129 is thought to be 
associated with an earlier age of onset for the D178N mutation. 

De Novo Synthesis of Prions in Tg(MoPrP-PlOlL)H Mice 

The codon 102 point mutation found in GSS patients was introduced into the 
mouse (Mo) PrP gene and Tg(MoPrP-PI0IL)H mice were created expressing 
high (H) levels of the mutant transgene product. The Tg(MoPrP-P101L)H mice 
spontaneously developed CNS degeneration, characterized by clinical signs 
indistinguishable from experimental murine scrapie and neuropathology con
sisting of widespread spongiform morphology and astrocytic gliosis (Hsiao et al. 
1990) and PrP amyloid plaques. Brain extracts prepared from Tg(MoPrP
P101L)H mice transmitted CNS degeneration to inoculated recipients. Al
though inoculated CD-1 Swiss mice failed to develop illness, some Syrian 



238 S.B. Prusiner 

hamsters and many Tg 196 mice expressing low levels of the P101L mutant 
trangene product did become ill. By inference, these results contend that PrP 
mutations cause GSS and familial CJD. It is unclear whether the low levels of 
protease-resistant PrP in the brains of Tg mice with the GSS mutation is Prpsc 
or residual Prpc. Undetectable or low levels of Prpsc in the brains of these Tg 
mice are consistent with the results of transmission experiments that suggest low 
titers of infectious prions (K.K. Hsiao et aI., in preparation). These findings 
argue that prions are devoid of foreign nucleic acid, in accord with many studies 
that use other experimental approaches (Bellinger-Kawahara et aI. 1987a, 1987b; 
Diedrich et aI. 1987; Diener et aI. 1982; Duguid et aI. 1988; Gabizon et aI. 
1988a; Kellings et aI. 1992; McKinley et aI. 1983; Meyer et aI. 1991; Neary et aI. 
1991; Oesch et aI. 1988; Weitgrefe et aI. 1985). 

One view of the PrP gene mutations has been that they render individuals 
susceptible to a common "virus" (Aiken and Marsh 1990; Chesebro 1992; 
Kimberlin 1990). In this scenario, the putative scrapie virus is thought to persist 
within a worldwide reservoir of humans, animals or insects without causing 
detectable illness. Yet 1/106 individuals develop sporadic CJD and die from 
a lethal "infection", whereas ~ 100% of people with PrP point mutations or 
inserts appear eventually to develop neurologic dysfunction. That germline 
mutations found in the PrP genes of patients and at-risk individuals are the 
cause of familial prion diseases is supported by experiments with the 
Tg(MoPrP-P101L) mice described above (Hsiao and Prusiner 1990; Hsiao et aI. 
1991c; Weissmann 1991). The Tg mouse studies also argue that sporadic CJD 
might arise from the spontaneous conversion of Prpc to PrPCJD due to either 
a somatic mutation of the PrP gene or rare event involving modification of 
wild-type Prpc (Prusiner 1991). 

Species Barriers for Transmission of Prion Diseases 

The passage of prions between species is a stochastic process characterized by 
prolonged incubation times (Pattison 1965, 1966; Pattison and Jones 1967). 
Prions synthesized de novo reflect the sequence of the host PrP gene and not that 
of the Prpsc molecules in the inoculum (Bockman et aI. 1987). On subsequent 
passage in a homologous host, the incubation time shortens to that recorded for 
all subsequent passages and it becomes a nonstochastic process. The species 
barrier concept is of practical importance in assessing the risk for humans of 
developing CJD after consumption of scrapie-infected lamb or BSE beef (Deal
ler and Lacey 1990; Goldmann et aI. 1991; Hope et aI. 1988; Prusiner et al. 1993; 
Wile smith et aI. 1992a, b). 

To test the hypothesis that differences in PrP gene sequences might be 
responsible for the species barrier, Tg mice expressing Syrian hamster (SHa) PrP 
were constructed (Prusiner et aI. 1990; Scott et aI. 1989). The PrP genes of Syrian 
hamsters and mice encode proteins differing at 16 positions. Incubation times in 
four lines of Tg(SHaPrP) mice inoculated that Mo prions were prolonged 
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compared to those observed for non-Tg, control mice (Fig. 2A). Inoculation of 
Tg(SHaPrP) mice with SHa prions demonstrated abrogation of the species 
barrier resulting in abbreviated incubation times due to a nonstochastic process 
(Fig. 2B; Prusiner et al. 1990; Scott et al. 1989). The length of the incubation time 
after inoculation with SHa prions was inversely proportional to the level of 
SHaPrpc in the brains of Tg(SHaPrP) mice (Fig.2B and 2C; Prusiner et al. 
1990). SHaPrpsc levels in the brains of clinically ill mice were similar in all four 
Tg(SHaPrP) lines inoculated with SHa prions (Fig.2D). Bioassays of brain 
extracts from clinically ill Tg(SHaPrP) mice inoculated with Mo prions revealed 
that only Mo prions and no SHa prions were produced (Fig. 2E). Conversely, 
inoculation of Tg(SHaPrP) mice with SHa prions led to the synthesis of only 
SHa prions (Fig. 2F). Thus, the de novo synthesis of prions is species-specific and 
reflects the genetic origin of the inoculated prions. Similarly, the neuropathology 
of Tg(SHaPr P) mice is determined by the genetic origin of prion inoculum. Mo 
prions injected into Tg(SHaPrP) mice produced a neuropathology character
istic of mice with scrapie. A moderate degree of vacuolation in both the gray and 
white matter was found, whereas amyloid plaques were rarely detected (Fig. 2G; 
Table 3). Inoculation of Tg(SHaPrP) mice with SHa prions produced intense 
vacuolation of the gray matter, sparing of the white matter and numerous 
SHaPrP amyloid plaques characteristic of Syrian hamsters with scrapie 
(Fig.2H). 

The foregoing investigations indicate that PrP transgenes modulate virtually 
all phases of scrapie including; 1) replication of prions, 2) incubation times, 3) 
synthesis of Prpsc, 4) species barrier, and 5) neuropathologic changes. 

PrP Amyloid 

The discovery of PrP 27~30 in fractions enriched for scrapie infectivity was 
accompanied by the identification of rod-shaped particles (Prusiner et al. 1982, 
1983). The rods are ultrastructurally indistinguishable from many purified 
amyloids and display the tinctorial properties of amyloids (Prusiner et al. 1983). 
These findings were followed by the demonstration that amyloid plaques in 
prion diseases contain PrP, as determined by immunoreactivity and amino acid 
sequencing (Bendheim et al. 1984; DeArmond et al. 1985; Kitamoto et al. 1986; 
Roberts et al. 1988). Some investigators believe that scrapie-associated fibrils are 
synonymous with the prion rods and are composed of PrP even though these 
fibrils can be distinguished ultrastructurally and tinctorially from amyloid 
polymers (Diener 1987; Diringer et al. 1983; Kimberlin 1990; Merz et al. 1981, 
1983, 1984, 1987; Somerville et al. 1989). 

The formation of prion rods require limited proteolysis in the presence of 
detergent (McKinley et al. 1991). Thus, the prion rods in fractions enriched for 
scrapie infectivity are largely, if not entirely, artifacts of the purification proto
col. Solubilization of PrP 27~30 into liposomes with retention of infectivity 
(Gabizon et al. 1987) demonstrated that large PrP polymers are not required for 
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Fig. 2. Transgenic (Tg) mice expressing Syrian hamster (SHa) prion protein exhibit species-specific 
scrapie incubation times, infectious prion synthesis and neuropathology (Prusiner et al. 1990). 
A Scrapie incubation times in non-transgenic mice (Non-Tg) and four lines of Tg mice expressing 
SHaPrP and Syrian hamsters inoculated intracerebrally with ~ 106 IDso units of Chandler Mo 
prions serially passaged in Swiss mice. The four lines ofTg mice have different numbers of trans gene 
copies: Tg69 and 71 mice have two to four copies of the SHaPrP transgene, whereas Tg81 have 30 to 
50 and Tg7 mice have > 60. Incubation times are number of days from inoculation to onset of 
neurologic dysfunction. B Scrapie incubation times in mice and hamsters inoculated with ~ 107 
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Table 3. Species-specific prion inocula determine the distribution of spongiform change and depos
ition of PrP amyloid plaques in transgenic mice 

Animal SHa prions Mo prions 

Spongiform PrP Spongiform PrP 
change" plaquesb change" plaquesb 

nC Gray White Frequency Diametersd nC Gray White Frequency 

Non-Tg N.D.~ N.D. 10 + + 
Tg 69 6 + Numerous 6.5 ± 3.1 (389) 2 + + 
Tg 71 5 + Numerous 8.1 ± 3.6 (345) 2 + + 
Tg 81 7 + Numerous 8.3 ± 3.0 (439) 3 + + Few 
Tg 7 3 + Numerous 14.0 ± 8.3 (19) 4 + + 
SHa 3 + Numerous 5.7 ± 2.7 (247) N.D. N.D. 

" Spongiform change evaluated in hippocampus, thalamus, cerebral cortex and brainstem for gray 
matter and the deep cerebellum for white matter. 
b Plaques in the subcallosal region were stained with SHaPrP mAb 13A5, anti-PrP rabbit antisera 
R073 and trichrome stain. 
c n, number of brains examined. 
d Mean diameter of PrP plaques given in microns ± standard error with the number of observa
tions in parentheses. 
N.D., not determined. +, present; -, not found. 

infectivity and permitted the immunoaffinity copurification of Prpsc and infec
tivity (Gabizon et al. 1988b; Gabizon and Prusiner 1990). 

By comparing the amino acid sequences of 11 mammalian and one avian prion 
protein, structural analyses predicted four IX-helical regions (Huang et al. 1994; 
Cohen et al. 1986). Peptides corresponding to these regions of the SHaPrP were 
synthesized and, contrary to predictions, three of the four spontaneously formed 
amyloids, as shown by electron microscopy and Congo red staining (Gas set et 
al. 1992). By infrared spectroscopy, these amyloid peptides were found to exhibit 
a secondary structure comprised largely of fJ-sheets. The first of the predicted 

IDso units of Sc237 prions serially passaged in Syrian hamsters and as described in (A). C Brain 
SHaPrpc in Tg mice and hamsters. SHaPrpc levels were quantified by an enzyme-linked immunoas
say. D Brain SHaPrpsc in Tg mice and hamsters. Animals were killed after exhibiting clinical signs of 
scrapie. SHaPrpsc levels were determined by immunoassay. E Prion titers in brains of clinically ill 
animals after inoculation with Mo prions. Brain extracts from Non-Tg, Tg71, and Tg81 mice were 
bioassayed for prions in mice (left) and hamsters (right). F Prion titers in brains of clinically ill 
animals after inoculation with SHa prions. Brain extracts from Syrian hamsters as well as Tg71 and 
Tg81 mice were bioassayed for prions in mice (left) and hamsters (right). G Neuropathology in 
Non-Tg mice and Tg(SHaPrP) mice with clinical signs of scrapie after inoculation with Mo prions. 
Vacuolation in gray (left) and white matter (center); PrP amyloid plaques (right). Vacuolation score: 
o = none, 1 = rare, 2 = modest, 3 = moderate, 4 = intense. H Neuropathology in Syrian hamsters 
and transgenic mice inoculated with SHa prions. Degree of vacuolation and frequency of PrP 
amyloid plaques as described in (G). Adapted from Prusiner, 1991 
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helices is the 14-residue peptide correspond ing to SHaPrP codons 109-122; 
this peptide and the overlapping 15-residue sequence 113-127 both form 
amyloid. The most highly amyloidogenic peptide is the sequence AGAAAAGA 
corresponding to PrP codons 113-120. This peptide is in a region of PrP that is 
conserved across all known species. Two other predicted IX-helices correspond
ing to SHaPrP codons 178-191 and 202-218 form amyloids and exhibit 
considerable {3-sheet structure when synthesized as peptides. These findings 
suggest the possibility that the conversion of Prpc to Prpsc involves the 
transition of one or more putative PrP IX-helices into {3-sheets. Infrared spectro
scopy of PrP 27-30 has shown a high {3-sheet content (Caughey et al. 1991) 
which decreased when PrP 27-30 was denatured and scrapie infectivity dimin
ished concomitantly (Gas set et al. 1993). 

Some investigators have suggested that scrapie agent multiplication pro
ceeds through a crystallization process involving PrP amyloid formation (Gaj
dusek 1988, 1990; Gajdusek and Gibbs 1990). Arguing against this hypothesis is 
the absence or rarity of amyloid plaques in many prion diseases, as well as the 
inability to identify any amyloid-like polymers in cultured cells chronically 
synthesizing prions (McKinley et al. 1991; Prusiner et al. 1990). Purified infec
tious preparations isolated from scrapie-infected hamster brains exist as amor
phous aggregates; only if Prpsc is exposed to detergents and limited proteolysis 
does it then polymerize into prion rods exhibiting the ultrastructural and 
tinctorial features of amyloid (McKinley et al. 1991). Furthermore, dispersion of 
prion rods into detergent-lipid-protein complexes results in a 10- to 100-fold 
increase in scrapie titer, and no rods could be identified in these fractions by 
electron microscopy (Gabizon et al. 1987). 

Perspectives and Conclusions 

The knowledge accrued from the study of prion diseases may provide an 
effective strategy for defining the etiologies and dissecting the molecular 
pathogenesis of the more common neurodegenerative disorders such as Al
zheimer's disease, Parkinson's disease and amyotrophic lateral sclerosis (ALS). 
Advances in the molecular genetics of Alzheimer's disease and ALS suggest that, 
like the prion diseases, an important subset are caused by mutations that result 
in nonconservative amino acid substitutions in proteins expressed in the CNS 
(Goate et al. 1991; Levy et al. 1990; Mullan et al. 1992; Rosen et al. 1993; 
Schellenberg et al. 1992; St George-Hyslop et al. 1992; Van Broeckhoven et al. 
1990, 1992). 

Currently, there are no effective therapies for treatment of prion diseases. 
These diseases are invariably fatal. The inherited prion diseases can be pre
vented by genetic counseling coupled with prenatal DNA screening, but such 
testing presents ethical problems. For example, during the child-bearing years, 
the parents are generally symptom free and may not want to know their own 
genotype. The apparent incomplete penetrance of some of the inherited prion 
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diseases makes predicting the future for an asymptomatic individual uncertain 
(Gabizon et al. 1993; Hsiao et al. 1991a). 

Unexpectedly, ablation of the PrP gene in Tg(Prn-po/O) mice has not affected 
the development of these animals, and they remain healthy at almost two years 
of age (Bueler et al. 1992). Since Prn_p% mice are resistant to prions and do 
not propagate scrapie infectivity (Bueler et al. 1993; Prusiner et al. 1993), gene 
therapy or antisense oligonucleotides might ultimately provide an effective 
therapeutic approach. Mice that were heterozygous (Prn-po/+) for ablation of 
the PrP gene had prolonged incubation times when inoculated with mouse 
prions. This finding is in accord with studies on Tg(SHaPrP) mice, where 
increased SHaPrP expression was accompanied by diminished incubation times 
(Prusiner et al. 1990). 

Because the absence of Prpc expression does not provoke disease, it seems 
reasonable to conclude that scrapie and other prion diseases are a consequence 
of Prpsc accumulation rather than an inhibition of Prpc function. The function 
ofPrpc remains unknown, to date. These findings suggest that perhaps the most 
effective therapy may evolve from the development of drugs which block the 
conversion of Prpc into Prpsc. 
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