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Preface 

Molecular and biochemical studies of Alzheimer's disease have recently under
gone a major revolution with the discovery of the presenilin genes. Since 1995 
when these genes were first identified to carry defects responsible for up to half of 
early onset familial Alzheimer's disease cases (Sherrington et al. 1995; Levy-Lahad 
et al. 1995), over 50 Alzheimer-associated mutations have been found in the prese
nilin genes, PSI and PS2 (reviewed in Tanzi et al. 1996). Over 200 papers have 
been published regarding the characterization of the presenilins. Not since the 
amyloid ~ protein Precursor (APP) was isolated in 1987 (Kang et al. 1987; Goldga
ber et al. 1987; Robakis et al. 1987; Tanzi et al. 1987) has the discovery of novel 
genes had such an impact on the field of Alzheimer's disease research. To whit, 
five separate sessions at the 1997 Society for Neuroscience Meeting are devoted 
solely to studies of the presenilins. The presenilins genes have clearly taken the 
field of Alzheimer's disease research by storm and appropriately so since defects 
in these genes can cause Alzheimer's disease as early as in one's late twenties. 

One of the greatest revelations to arise from molecular studies of the preseni
lins is the finding that, like the familial Alzheimer's disease mutations in APP, the 
mutations in the presenilin genes lead to increased production and secretion of 
the longer form of the A~ peptide, A~42 (Scheuner et al. 1995), which seeds ~
amyloid formation in the brain. The presenilins have also been implicated in the 
process of programmed cell death (apoptosis; Kim et al. 1997; Wolozin et al. 
1997). At the more basic biological level, these proteins have been linked to the 
developmental pathway involving the Notch genes (Levitan and Greenwald, 
1995). These and other findings have provided great clues to the roles of the pre
senilin in both health and disease. It is thus appropriate that the Fondation 
IPSEN organized a meeting in July of 1997 to bring together a group of leaders in 
the area of presenilin biology to discuss ideas regarding the biological function of 
the presenilins and how defects in these genes cause the earliest onset form of 
Alzheimer's disease. An understanding of the mechanisms by which mutations in 
the presenilin genes cause neurodegeneration and dementia should greatly facili
tate the development of novel strategies for treating Alzheimer's disease and 
related disorders. 

January 1998 Rudolph TANZI 
Steven YOUNKIN 
Yves CHRISTEN 
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Molecular Genetics of the Presenilins 
in Alzheimer's Disease 

P. E. Fraser, G. Yu, G. Levesque, M. Ikeda, M. Nishimura, E. Rogaeva, 

D. Westaway, P. H. St. George-Hyslop and G. A. Carlson * 

Molecular Genetics of Alzheimer's Disease 

Molecular genetic studies in pedigrees with a reasonably unambiguous single 
gene autosomal dominant pattern of inheritance have led to the identification of 
the four different genes associated with inherited susceptibility to Alzheimer's 
disease (AD) - namely ~-amyloid precursor protein (~APP; Goate et al. 1991; 
Murrell et al. 1991; Naruse et al. 1991; Hendricks et al. 1992; Karlinsky et al. 
1992; Mullan et al. 1992), apolipoprotein E (APOE; Saunders et al. 1993), preseni
lin 1 (PSI; Sherrington et al. 1995), and presenilin 2 (PS2; Rogaev et al. 1995). 
There is also genetic evidence that some of these genes may function within 
the same biochemical pathway and have additive effects. Thus, carriers of 
~APPVaI71711e who have one or more £4 alleles at APOE have an earlier onset than 
relatives with the same ~APP mutation and the E2 allele at APOE (St. George
Hyslop et al. 1994; Nacmias et al. 1995; Sorbi et al. 1995). However, because a 
significant number of pedigrees multiply affected by AD have been found which 
do not segregate mutations/polymorphisms in any of the four known AD 
susceptibility genes, it is suspected that at least one and possible several addi
tional AD susceptibility genes must also exist but have not yet been identified 
(Sherrington et al. 1996). 

Presenilin 1 

After the discovery that ~APP missense mutations were quite rare as a cause of 
AD (Tanzi et al. 1992), several groups undertook a survey of the remaining non
sex-linked chromosomes other than chromosomes 19 and 21. These studies 
identified a series of polymorphic genetic markers located on chromosome 
14q24.3 (DI4S43, D14S71, DI4S77 and D14S53) which showed robust evidence of 
linkage to an early onset from of familial AD, z 2.': 23.0 at 8 = 0.01 (Schellenberg 
et al. 1992; St. George-Hyslop et al. 1992; Van Broeckhoven et al. 1992). Subse-
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quent genetic mapping studies narrowed the region containing this third Alzhei
mer susceptibility locus (AD3) to a region of approximately 10 centiMorgans 
between the marker D14S271 at the centromeric end and D14S53 at the telomeric 
end, a physical distance of approximately 7 megabases. The actual disease gene 
(presenilin 1; PS 1) was isolated using a positional cloning strategy (Sherrington 
et aL 1995) and is a novel gene that is highly conserved in evolution, being pres
ent in C. elegans (Levitan and Greenwald 1995) and D. melanogaster (Boulianne 
et aL 1997), and appears to encode a poly topic integral membrane protein. 

To date, more than 35 different mutations have been discovered in the PSI 
gene (Table 1). The majority of these mutations are missense mutations giving 
rise to the substitution of a single amino acid. These mutations are predomin
antly located in highly conserved transmembrane domains, at or near putative 
membrane interfaces, or in the N-terminal hydrophobic or C-terminal hydro
phobic residues of the putative TM6-TM7 loop domain. A single splicing defect 
mutation has been identified which involves a point mutation in the splice 
acceptor site at the 5' end of exon 10 (Perez-Tur et aL 1996; Sato et aL 1997; Kwok 
et aI., 1997). No deletions, rearrangements or nonsense mutations resulting in 
truncated proteins have yet been found in AD-affected subjects. The absence of 
the latter types of mutations, all of which would cause loss of function effects, 
raises the question as to whether such mutations might be lethal or might lead to 
other disease genotypes. However, it is of note that mice with heterozygous 
knock out of the murine PSI gene are phenotypically normal (Wong et aL 1996). 

Presenilin 2 

During the cloning of the PSI gene on chromosome 14, a very similar sequence 
was identified in the public nucleotide sequence databases (Rogaev et aL 1995). 
Further analysis revealed that this similar nucleotide sequence was derived from 
a gene on chromosome 1 and encodes a polypeptide whose open reading frame 
contained 448 amino acids with substantial amino acid sequence identity with 
that of the PSI protein (overall identity approximately 60%), and many of the 
intron exon boundaries (especially those relating to the highly conserved trans
membrane (TM) domains) are identical between this gene and PSI (Levy-Lahad 
et aL 1996; Sherrington et aL 1996). Cumulatively, these observations therefore 
suggested that this novel gene (presenilin 2; PS2) was a homologue of PSI gene 
on chromosome 14. 

Mutational analyses uncovered two different missense mutations in the PS2 
gene in families segregating early-onset forms of AD (Table 1). The first mutation 
(AsnI41Ile) was detected in a proportion of families of Volga German ancestry 
(Levy-Lahad et aL 1995; Rogaev et aL 1995), in which the familial AD (FAD) locus 
had been independently mapped by genetic linkage studies to chromosome 1 
(Levy-Lahad et aL 1995). The second mutation (Met239Val) was discovered in an 
Italian pedigree (Rogaev et aL 1995) and affects a residue (Met239) that is also 
mutated in PSI (Met233; Kwok et aL 1997). However, in contrast to the frequency 
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Table 1. Missense mutations in the presenilin genes. Mutations in the PSI and PS2 genes. The majority 
of the mutations are located in or near putative TM domains. Certain models predict that many of the 
mutations would be aligned on the internal face of intramembrane helix bundles except were noted by 
1. Mutations marked by 2 have been shown to produce high levels of A~I-42 in plasma and from 
fibroblasts. The PSI residues equivalent to PS2 mutations are denoted 3 = equivalent to Asn135 in PSI; 
4 = equivalent to Metm in PSI. The sel-12 Cys60Ser loss of function mutation affects the equivalent 
CYS92 in PSI. Mutation 6 creates putative glycosylation site; 7 causes a PSI Exon 10 splicing defect that 
inhibits physiologic endoproteolytic cleavage 

Presenilin 1 (SI82) 
Codon Location Mutation Phenotype 

79 N-term loop Ala~? FAD, onset 64 years (personal comm) 
8z! TM1 Val~Leu FAD, onset 55 years (Campion et al. 1995) 
96 TM1 Val~Phe FAD (Kamino et al. 1996) 

115 TM1~TM2100p Tyr~His FAD, onset 37 years (Campion et al. 1995) 
120 TM1~TM2100p Glu~Asp FAD, onset 48 years 
139 TM2 Met~Thr FAD, onset 49 years (Campion et al. 1995) 
139 TM2 Met~Val FAD, onset 40 years (The Alz. Dis. Collab. Group 

1995) 
143 TM2 Il~Thr FAD, onset 35 years (Cruts et al. 1995) 
146 TM2 Met~Leu FAD, onset 45 years (Sherrington et al. 1995) 
1462 TM2 Met~Val FAD, onset 38 years (The Alz. Dis. Collab. Group 

1995) 
146 TM2 Met~Ile FAD, onset 40 years 
163 TM3 interface His~Arg FAD, onset 50 years (Sherrington et al. 1995) 
163 TM3 interface His~Tyr FAD, onset 47 years (The Alz. Dis. Collab. Group 

1995) 
171 TM3 Leu~Pro FAD, onset 40 years (Ramirez-Duenas et aI., 1997) 
2092 TM4 interface Gly~Val FAD (Kamino et al. 1996) 
213 TM4 interface Il~Thr FAD (Kamino et al. 1996) 
231 1 TM5 Ala~Thr FAD, onset 52 years (Campion et al. 1995) 
2334 TM5 Met~Thr FAD, onset 35 years (Kwok et aI., 1997) 
235 TM5 Leu~Pro FAD, onset 32 years (Campion et al. 1996) 
246 TM6 Ala~Glu FAD, onset 55 years (Sherrington et al. 1995) 
260 TM6 Ala~Val FAD, onset 40 years (Rogaev et al. 1995) 
263 TM6~TM7 loop Cys~Arg FAD, onset 47 years 
264 TM6~TM7 loop Pr~Leu FAD, onset 45 years (Campion et al. 1995) 
267 TM6~TM7 loop Pro~Ser FAD, onset 35 years (The Alz. Dis. Collab. Group 

1995) 
2806 TM6~TM7 loop Glu~Ala FAD, onset 47 years (The Alz. Dis. Collab. Group 

1995) 
280 TM6~TM7 loop Glu~Gly FAD, onset 42 years (The Alz. Dis. Collab. Group 

1995) 
285 TM6~TM7 loop Ala~Val FAD, onset 50 years (Rogaev et al. 1995) 
286 TM6~TM7 loop Leu~Val FAD, onset 50 years (Sherrington et al. 1995) 
de1291-319' TM6~TM7 loop short loop FAD (Perez-Tur et al. 1996; Sato et al. 1996; Kwok 

et aI., 1997) 
384 TM6~TM7 loop Gly~Ala FAD, onset 35 years (Cruts et al. 1995) 
392 TM6~TM7 loop Leu~Val FAD, onset 25-40 years (Rogaev et al. 1995) 
410 TM7 Cys~Tyr FAD, onset 48 years (Sherrington et al. 1995) 
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Table 1. continue 

Codon Location 

TM2 

2394 TM5 

Presenilin 2 

Mutation Phenotype 

Asn~Ile FAD, onset 50-65 years (Levy-Lahad et aI. 1995; 
Rogaev et al. 1995) 

Met~Val FAD, onset variable 45-85 years (Rogaev et al. 
1995) 

of PSI mutations, screening oflarge data sets reveals that PS2 mutations are likely 
to be rare (Sherrington et al. 1996). 

Other Genes 

Several large surveys of subjects with FAD have indicated that the four currently 
known AD susceptibility loci do not account for the disease in all pedigrees 
(Sherrington et al. 1996). Since pedigrees lacking mutations in any of the four 
known AD genes do not have a singular phenotype, but instead comprise a mix 
of early-onset autosomal dominant pedigrees and late-onset multiplex pedigrees, 
it is likely that there are several FAD genes remaining to be found. Some of these 
FAD loci will probably be associated with rather rare but highly penetrant 
defects, similar to those seen with mutations in PSI and BAPP. Other genes may 
result in incompletely penetrant autosomal dominant traits like that associated 
with PS2, while still others may be AD susceptibility genes similar to APOE. 

Several association studies have been performed on likely candidate genes, 
including al-anti-chymotrypsin (Kamboh et al. 1995) and the VLDL receptor 
(Okuizumi et al. 1995). However, follow-up studies have not generated consistent 
confirmation of these associations (e.g., no replication was found of the a l-anti
chymotrypsin association in a large follow-up study; Haines et al. 1996), and so 
other loci are currently being sought. Recently, genetic linkage studies in a large 
data set of pedigrees with late onset AD have provided provisional evidence for 
the existence of another AD susceptibility locus on chromosome 12. 

Biology of the Human Presenilins 

In an attempt to elucidate the biological functions of the presenilin proteins, we 
and others have generated a series of antibodies directed at different epitopes of 
PSI and PS2. The most convincing of these antibodies have been those directed 
at the N-terminus (such as the antibody ABI4; Thinakaran et al. 1996b) and to 
the large hydrophilic loop domain between residues 260 and 409 of PSI (or the 
equivalent sequences in PS2; Walter et al. 1996). Antibodies to the highly con
served C-terminus, while clearly recognizing the C-terminus of both PSI and 
PS2, generally also depict several other bands on Western blots, the specificity of 
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which is in doubt. The N-terminal and loop antibodies have been used by our 
group to show that the presenilin proteins are predominantly located in the peri
nuclear envelope and the contiguous endoplasmic reticulum, the Golgi appara
tus, and some as yet uncharacterized cytoplasmic vesicles (Walter et al. 1996; De 
Strooper et al. 1997; Fig. 1). This distribution of PSI and PS2 immunoreactivity 
has been observed in a number of different transfected cell types as well as in 
native cell types such as fibroblasts or explanted hippocampal neurons from 
embryonic mice (De Strooper et al., in preparation). The association of preseni
lin immunoreactivity with intracellular membranes has also been confirmed by 
electron microscopy (Fraser et al., unpublished). In addition to the predomin
antly perinuclear distribution of presenilin immunoreactivity that is observed in 
non-neuronal cells, we have also recently shown that there is an aggregation of 
presenilin immunoreactivity in growth cones of cultured hippocampal neurons 
(De Strooper et al., in preparation). It is important to note that the distribution 
of presenilin immunoreactivity is essentially identical regardless of whether the 
antibodies are directed to the N -terminus or to residues after residue 290. This 
latter observation is important because we and others have shown that both PSI 
and PS2 undergo an endoproteolytic cleavage near residue 290 (Thinakaran et al. 
1996a, b). Furthermore, under basal conditions in non-transfected cells, the 

Fig.I. Laser confocal micrograph (64 X magnification) of a human native fibroblast stained with the 
N-terminal PSI antibody Ab14. PSI immunoreactivity is predominantly located in the ER, perinuclear 
envelope, Golgi and some cytoplasmic vesicles. Little or no immunoreactivity is seen at the cell surface 
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majority of PSI immunoreactivity detectable on Western blots consists of a N
terminal 35 kDa and a C-terminal 18 kDa fragments. Thus, the predominant 
immunoreactivity detected by these antibodies in cultured cells probably reflects 
mostly the distribution of the N - and C-terminal cleavage products. It is unclear 
whether the distribution of the endoproteolytic cleavage products mirrors, or 
differs from, the distribution of the precursor holoprotein. 

To explore the topology of the presenilin proteins, we have also undertaken 
studies using immunocytochemistry and differential solubilization of cellular 
membranes with digitonin and saponin (De Strooper et al. 1997). These studies 
reveal that the N-terminus and the large hydrophilic loop domain between resi
dues 260 and 409 of PSI are oriented into the cytoplasm. Conversely, the second 
hydrophilic domain between TMI and TM2 is located within the luminal side of 
intracellular membrane structures. In our hands, the orientation of the C
terminus has been ambiguous. In conjunction with hydrophobicity analyses, 
these studies suggest that there are minimally six TM domains between the N
terminus and the exposed large hydrophilic loop domain from residue 260 to 409. 
These studies do not, however, resolve whether there are additional TM domains 
toward the C-terminus ofthe presenilins. Consequently, current models suggest
ing six, seven, eight or nine TM domains would be compatible with our experi
mental observations. Others, however, have suggested that there are eight TM 
domains (Thinakaran et al. 1996a, b). 

The observations that the exposed loop domain between residues 260 and 
409 is located in the cytoplasm, is the site of endoproteolytic cleavage, is the site 
of alternate splicing (Rogaev et al. 1995, 1997), and is the site of several patho
genic mutations including a splicing mutation have cumulatively led to the spec
ulation that this loop domain may be a functional region of the presenilin pro
teins. We have therefore begun to use this loop domain in yeast-two-hybrid inter
actionassays to identify proteins that have a functional interaction with the pre
senilins. Such studies may be helpful in identifying the biochemical pathways in 
which the presenilins function. While these studies are still incomplete, the two 
initial interacting proteins, depicted by clone GT24 (Levesque et al., unpublished 
data) and by clones PSILY2H-29 and -31 (Fraser et al., unpublished data), seem to 
indicate, respectively, that the presenilins may function both in intracellular signal 
transduction during embryogenesis and may have a role in protein processing. 

Animal Models Using Presenilin Sequences 

To attempt to generate an animal model that replicates the human illness, we are 
creating animal models that either overexpress a human mutant PSI or PS2 
transgenes or express an endogenous murine presenilin gene that has been mod
ified by homologous recombination so that it contains a missense mutation cor
responding to a human FAD-related mutation. To date, careful sequential analy
sis of behaviour, electrophysiology, neuropathology, and neurochemistry of the 
brain of transgenic mice with mutant PSI transgenes up to one year of age has 
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revealed two subtle differences in comparison to transgenic mice overexpressing 
wild-type human PSI and non-transgenic littermates. First, there is a modest 
increase in the ratio of A~42/ A~total in the brain of transgenic mice with mutant 
human PS 1 transgenes (Citron et al. 1997) which is not related to the transgene 
copy number or insertion site and which is similar to that observed both in 
transfected cells expressing mutant PSI cDNAs and in cultured fibroblasts and 
plasma from humans with PSI mutations (Martin et al. 1995; Scheuner et al. 
1996; Citron et al. 1997). Despite this alteration in ~APP processing, which is 
compatible with a postulated role for the presenilins in protein trafficking, by 
one year of age there has been no evidence of overt deposition of A~ peptide in 
the brains of the transgenic mice with mutant human PSI transgenes and wild 
type endogenous murine ~APP or wild type human ~APP transgenes. Secondly, 
we have observed electrophysiological evidence of disturbed neuronal function 
as manifested by an enhancement oflong-term depression (LTD) and a reduction 
in long-term potentiation (LTP) in hippocampal slices from several different 
lines of transgenic mice bearing mutant human PSI sequences (Agopyian et al., 
unpublished data). These electrophysiological changes were not observed in con
trol mice overexpressing a wild-type human PSI transgene or in non-transgenic 
littermates. These changes in electrophysiological correlates of memory and 
learning are accompanied by a subtle behavioral difference in the mutant PSI 
transgenic mice manifested by longer swim paths and faster swim speeds in the 
Morris water maze test using a hidden platform. These differences were not 
apparent when the platform was visible and could not be attributed to any loco
motor, sensory or musculo-skeletal differences from control mice. It remains to 
be determined whether these changes in electrophysiology and behaviour are 
progressive, and whether they related to the modest increase in A~42/ A~total ratios 
or whether they reflect another intrinsic property of overexpression of a mutant 
PSI transgene. Studies of mice created with targeted mutagenesis by homologous 
recombination and studies of mice with mutant PSI sequences but null muta
tions of the endogenous murine ~APP genes are underway to address these ques
tions. 
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The genetics of early onset autosomal dominant Alzheimer's disease has been 
very largely elucidated. A small proportion of disease is caused by mutations in 
the amyloid precursor protein gene (Goate et al. 1991), a moderate proportion by 
mutations in the presenilin 1 gene (Sherrington et al. 1995) and a small propor
tion by mutations in the presenilin 2 gene (Levy-Lahad et al. 1995). While there 
are many modest sized families with early onset disease in which no mutations 
have been found (Hutton et al. 1996), most of these are single sibships, which 
leaves open the possibility that, in these nuclear families, more complex genetic 
factors are responsible for disease. Our group had only two families that were 
larger than a single sibship in which we had not found a pathogenic mutation 
and, in at least one of these, we now believe that there is a structural PSI muta
tion (see below). Thus it is possible that, in terms of simple pathogenic mutations 
~ disease, we have discovered all the pathogenic loci. It is noteworthy that the 
nuclear families with early onset disease which remain in our collection have a 
high apolipoprotein E4 allele frequency, in contrast to the large kindreds in 
which we identified PSI mutations, which independently suggests that more 
complex genetic factors are at work and that apolipoprotein E is one of these 
factors (authors' unpublished data). 

Of particular and central importance is that mutations in all three patho
genic genes share the characteristic that, in a variety of tissues and preparations, 
they all lead to the overproduction of AB42(43) (Scheuner et al. 1996; Duff et al. 
1996; Borchelt et al. 1996 see Duff, this volume, and Younkin, this volume) and 
this finding, together with the data implicating AB42(43) in amyloid fibrillogene
sis (Jarrett et al. 1993) and in the pathology of the disease (Mann et al. 1996) has 
led to the "amyloid cascade hypothesis" becoming the dominant theory to 
explain the etiology and pathogenesis of the disease (for a recent review, see 
Hardy 1997). 

The mechanisms of pathogenesis of mutations in the APP gene are well 
understood (except that the precise enzymes involved in APP processing are not 
known): they either potentiate B-secretase cleavage, inhibit a-secretase cleavage, 
or alter the position of y-secretase cleavage (see Scheuner et al. 1996 and Hardy 
1997 for references). By these three mechanisms, they lead to the production of 
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more AP42(43). However, the mechanisms that tie presenilin mutations to 
AP42(43) overproduction are not at all understood, and this problem is discussed 
here. 

The putative structures of presenilin 1 and 2, together with the exon bound
aries, the positions of mutations and the homologies between the proteins are 
shown in Figures 1 and 2. It is clear that the presenilin proteins are membrane 
proteins, and that in transfected cells they occur in Golgi and endoplasmic reti
culum (Kovacs et ai. 1996); however, they may also occur on other membranes. It 
is likely that both the N- and C-terminals of the proteins are cytoplasmic. 

All the reported mutations, except one, are missense mutations (for review 
see Hardy 1997). This leads to the suggestion that the mutations are unlikely to 
be simple "loss of function" mutations since simple loss of function would most 
simply be caused by nonsense and frameshift mutations that have not yet been 
found. The single exception is the PSI ~9 mutation (Perez-Tur et ai. 1996), in 
which exon 9 is deleted in frame through a splice site mutation. This mutation is 
of particular importance in considering the mechanisms of pathogenesis (see 
below). 

The normal functions of the presenilins are not known; the clearest data 
comes from analysis of se112 and spe4, which are C. elegans homologues of the 
presenilins. It seems most likely that these are involved in Notch signalling and in 
protein trafficking in the Golgi, respectively. Both presenilin 1 and presenilin 2 

can rescue the se112 phenotype in C. elegans (Levitan et ai. 1996; Baumeister et ai. 
1997; see Haass et aI., this volume). Interestingly, the many missense mutations 
in the presenilin 1 gene fail to rescue the phenotype effectively (ibid). This sug
gests that there is a loss of function component to the mutations (see below). 
Surprisingly, however, the ~9 mutation does rescue the se112 phenotype (Levitan 
et ai. 1996; Baumeister et ai. 1997; see Haass et aI., this volume). 

What is the Mode of Action of Autosomal Dominant Mutations 
Leading to AD? 

With respect to the APP mutations, it is now clear that the mode of action of the 
mutations is a gain of a normal function of the APP molecule. AP42(43) appears 
to be a normal product of APP metabolism; however, the pathogenic mutations 
in APP appear to accentuate this metabolic route. Thus the mutations are "gain 
in function" mutations. To some extent, the presenilin mutations are similar in 
that they result in the same gain in function. However, from a molecular per
spective, it is not immediately clear whether the presenilin mutations act as gain, 
loss or change of function mutations. 

1) Loss of Function 
It is unlikely that presenilin mutations are simple loss of function mutations 
because the simplest way to lose function would be through a nonsense or frame-
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shift change leading to the production of a non-functional protein. All the muta
tions are "careful" to maintain the integrity of the presenilin protein. On the 
other hand, the analogy with se112 suggests that there is likely to be a loss of 
function component to the mechanism of the mutation, although these data are 
derived from an apparently independent egg-laying phenotype. However, the fact 
that antisense-transfection protocols also lead to an A~42 cellular phenotype also 
suggest that a loss of function component may be important in the pathogenesis 
of Alzheimer's disease (Younkin, this volume). 

2) Gain of Function 
While the overall effect of presenilin mutations is a gain in function, unless the 
analogy with se112 is completely misleading, there must be a loss of function 
component to the presenilin mutations since the mutant proteins fail to compen
sate for the se112 knockout phenotype. 

3) Dominant Negative 
A dominant negative phenotype is one in which the mutant presenilin disrupts 
the function of the wild-type allele. This would imply a direct interaction 
between presenilin molecules. One could easily imagine interactions between dif
ferent presenilin molecules in a hetero- or homo-multimeric structure. There is, 
however, no evidence for this idea. 

4) Displacement 
Displacement could be envisaged in a scheme in which there were only a limited 
number of sites in the cell at which presenilins could have their function, and the 
mutant presenilins could out-compete the wild-type presenilins at those sites 
(either for some structural reason or because they have a longer half life), but 
then be less effective at those sites. This hypothesis is difficult to distinguish from 
"dominant negative:' but one might expect that cells or transgenic animals carry
ing mutant alleles would have altered amounts of wild-type protein. 

The A9 Mutation 

It is clear that most mutations in the presenilins are missense mutations. The sole 
exception, so far, has been the ~9 mutation (Perez-Tur et al. 1996), which is a 
splice site mutation that cuts out exon 9 in frame from the protein. This mutation 
had been reported in two families so far (Perez-Tur et al. 1996; Kwok et al. 1997). 
In both of these families there are interesting, and slightly anomalous, data con
cerning the phenotype of the mutation. In the first family, while the clinical fea
tures are typical of Alzheimer's disease, the detailed pathological description 
reports rather anomalous A~ deposition (Mann et al. 1996). In the second, the 
clinical phenotype begins with the very unusual presentation of paraplegia 
(Kwok et al. 1997; see also below). 
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A major processing pathway for presenilin 1 involves cleavage within this 
exon; the ~9 mutation completely prevents this processing (Thinakaran et al. 
1996). At face value, this observation is important for two reasons: 
1) it suggests that full length protein, rather than the processed fragment is 

important in pathogenesis. 
2) it suggests that inhibition of processing is one possible mechanism of patho

genesis. Interestingly, while the data are less strong, there is evidence that 
other presenilin mutations do alter presenilin processing (Mercken et al. 1996; 
Guo et al. 1996; Kim et al. 1997). Of course, inhibition of processing would fit 
well with the notion of displacement as a general mechanism of mutation 
pathogenesis (see above). 

However, the ~9 mutation may be anomalous in mechanism. There are three dis
parate but flawed pieces of data which point to this suggestion: 
1) the ~9 mutant rescues the se112 phenotype but other mutations do not. 
2) the ~9 mutant has the largest effect on A~42(43) production although the age 

of onset of disease in these families is not exceptional (author's unpublished 
data). 

3) the ~9 mutation appears, in some circumstances, to have unusual clinical pre
sentations. 

Other Structural Mutations in PS1? 

Within our laboratory we have found - 15 families with PSI missense mutations, 
a single family with the ~9 PSI mutation, five families with APP mutations and 
no families with PS2 mutations. We have three extended families (i.e., more than 
a single sibship with constant and early onset) in which we have not found APP 
or PS2 mutations (eliminated by linkage analysis as well as by limited sequencing) 
and in which we have not been able to find PSI mutations. In two of these fami
lies we have enough samples for effective linkage analysis, and in both of these 
the marker D14S77 (the closest marker to PSI) shows evidence for segregation 
with disease. In one of these families, through analysis of cDNA from affected 
individuals, we have recently found evidence for a structural mutation deleting 
part of the gene. Thus it remains possible that there are other structural muta
tions, besides the ~9 exon splice mutation, within PSI which can lead to disease 
(our basic mutation searching strategy will pick up all missense mutations and 
mutations that occur within - 20 bp of an exon; Hutton et al. 1996). Thus, there 
are no families that consist of more than a single sibship within our dataset 
which are unequivocally not caused by APP, PSI or PS2 mutations. In this regard, 
we have previously described our ascertainment procedure which selected for 
families with early and constant onset age (Hutton et al. 1996). 

In addition, we have many families within our dataset which consist of single 
sibships with early onset in which we have not found mutations, but these fami
lies have a high apolipoprotein E4 allele frequency, leaving open the possibility 
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that this form of the disease is polygenic (explaining why they are single sibships) 
with apolipoprotein E as one of the genes. 
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Alternative Endoproteolysis of the Presenilins 
and Familial Alzheimer's Disease 

R. E. Tanzi**, T.- W. Kim, D. M. Kovacs, W. Wasco, R. D. Moir, W. Pettingell, 

J. Henderson and R. Mancini 

Introduction 

Familial Alzheimer's disease (FAD) is a genetically heterogeneous neurodegener
ative disorder which can be caused by defects in at least three early-onset 
« 60 yr.) genes located on chromosomes 1 (presenilin 2, PS2; Levy-Lahad et al. 
1995), 14 (Presenilin 1, PSI; Sherrington et al. 1995) and 21 (amyloid B protein 
precursor, APP; Tanzi et al. 1987; Goate et al. 1991). The enhanced deposition of 
AB and formation of B-amyloid appear to be a common pathogenic phenotype 
associated with all of the known early-onset FAD genes (Citron et al. 1992; 
Suzuki et al. 1994). Increased production of B-amyloid has also been observed in 
middle-aged patients with Down Syndrome (DS, trisomy 21), most likely due to 
the presence of three copies of the gene encoding the amyloid B-protein precur
sor on chromosome 21. Mutations within or immediately proximal to the AB por
tion of the APP gene are responsible for only a small proportion (2-3%) of 
reported cases of FAD (Tanzi et al. 1992), whereas up to half of all cases of early 
onset FAD are caused by mutations in the PSI and PS2 genes (reviewed in Tanzi 
et al. 1996a,b). 

Plasma and fibroblasts from patients and at-risk carriers with the presenilin 
mutations have been shown to contain increased amounts of a longer, more amy
loidogenic form of the AB peptide, ABx-42 (Scheuner et al. 1996). Similar in
creases have been observed in transfected cell lines and transgenic animals 
expressing mutant forms of PSI and PS2 (Borchelt et al. 1996; Duff et al. 1996; 
Citron et al. 1997; Tomita et al. 1997). Increased deposition of AB42 (Lemere 
et al. 1996; Gomez-Isla et al. 1997) and AB40 (Gomez-Isla et al. 1997) has been 
observed in the brains of patients with PSI FAD mutations. The critical role for 
AB deposition in AD is further strengthened by the fact that the apolipoprotein 
E4 (APOE4) isoform of APOE (chromosome 19) confers increased risk for late 
onset FAD, especially in cases with onset between 60 and 70 years (Saunders et al. 
1993; Blacker et al. 1997), and is also associated with significantly increased 
amyloid burden in AD and DS patients who are APOE4-positive relative to those 
patients who do not carry an APOE4 allele (Hyman et al. 1995). Collectively, the 
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genetic and corresponding phenotypic data support the notion that mutations in 
APP and the presenilins influence the processing of APP (particularly at the 
gamma-secretase site allowing for increased generation of AB42, the longer more 
amyloidogenic form of AB), whereas APOE most likely influences the rate of AB 
aggregation and subsequent B-amyloid deposition (Tanzi et al. 1996a,b). 

The Presenilins 

The presenilin proteins exhibit a "serpentine" topology with six to nine predicted 
transmembrane (TM) domains (Sherrington et al. 1995; Levy-Lahad et al. 1995; 
seven TM; Slunt et al. 1995; nine TM; Doan et al. 1996; Li and Greenwald 1996; 
eight TM; Lehmann et al. 1997; six TM). Although PSI and PS2 share 67% amino 
acid identity, two particularly non-homologous regions are found in the N
terminus and the large hydrophilic loop lying between predicted TM6 and TM7. 
PSI and PS2 both appear to be ubiquitously expressed throughout the body 
(Sherrington et al. 1995; Rogaev et al. 1995; Levy-Lahad et al. 1995) and in situ 
hybridization analysis for rat brain has shown that PSI is expressed predomin
antly in neurons (Kovacs et al. 1996; Page et al. 1996). In the brain, the highest 
levels of PSI are found in the hippocampus, cerebellum, and choroid plexus fol
lowed by cortex, striatum, and midbrain. Expression of PSI in glia in the white 
matter is relatively low. 

Both PSI and PS2 are primarily localized to intracellular membranes in the 
endoplasmic reticulum (ER) and, to a lesser extent, the Golgi (Kovacs et al. 1996). 
Meanwhile, no staining for PSI or PS2 was observed on the plasma membrane. 
Cook et al. (1996) have recently shown PSI to be localized to the rough ER as well 
as in dendrites of NT2N human neuronal cells infected with human PSI. The 
biological role of the presenilins is not known. However, clues can be derived 
from the fact that both PS 1 and PS2 share homology with two C. elegans proteins, 
sel-12 (Levitan and Greenwald 1995) and spe-4 (L'Hernault and Arduengo 1992). 
SEL-12 may function as a co-receptor for LlN-12, facilitate downstream in the 
LlN-12 Notch receptor signaling pathway, or playa role in the trafficking or 
recycling of LIN -12. Mutations in spe-4 have been shown to disrupt the fibrous 
body membrane organelle (FB-MO) which, during spermatogenesis in the nema
tode, transports proteins designated for degradation in the residual body. 
Together, these homologies, along with the subcellular localization of the pre
senilins to the ER and Golgi, suggest that the presenilins may play roles in intra
cellular trafficking and transport. Since FAD mutations in both PSI and PS2lead 
to relative increases in the ratio of AB42:AB40, it is reasonable to assume that the 
normal intracellular trafficking and/or processing of APP is disrupted either 
directly or indirectly by presenilin FAD mutations. 



Alternative Endoproteolysis of the Presenilins and Familial Alzheimer's Disease 21 

Presenilin Processing and Metabolism 

To begin to understand the biology of the presenilins, we have recently analyzed 
and compared the processing and degradation of PSI and PS2 in inducible cell 
lines expressing these proteins. Full-length PS2 was observed in the transfected 
cells as a 53-54 kDa band (Kim et al. 1997a,b). In H4 cells stably transfected with 
PSI, the full-length species was observed as a 48 kDa band, in general agreement 
with published reports (Thinakaran et al. 1996; Duff et al. 1996; Citron et al. 
1997; Mercken et al. 1996), and for both PSI and PS2, the full-length endogenous 
species were largely undetectable in brain and native H4 human neuroglioma 
cells. However, some antisera are apparently able to recognize full-length endo
genous forms of the presenilins (S. Younkin, personal communication). Both of 
presenilins undergo regulated proteolytic processing to yield two stable frag
ments. In native H4 cells, we have observed the endogenous endoproteolytic 
fragments of PSI to be 27 kDa (N-terminal) and 21 kDa (C-terminal); these frag
ments have previously been shown to be both saturable and regulated (Thinaka
ran et al. 1996). Along similar lines, we have found that PS2 undergoes regulated 
endoproteolytic cleavage in brain and native H4 cells to generate a 30 kDa N
terminal fragment and a 25 kDa C-terminal fragment (unpublished observa
tions). 

Recently, we have found that when PS2 is overexpressed in stably transfected, 
inducible H4 cells, an alternative, non-regulated endoproteolytic clip occurs 
distal of the normal cleavage site to yield a 34 kDa N-terminal and 20 kDa 
C-terminal fragment (Kim et al. 1997a,b; Tanzi et al. 1996a,b). The 20 kDa 
alternative PS2-CTF is enriched in the detergent (1 % triton)-resistant cellular 
fraction and exhibits a very slow rate of turnover (Kim et al. 1997a,b; Tanzi et al. 
1996a,b). Meanwhile, the normal regulated 25 kDa C-terminal fragment is found 
only in the detergent-soluble fraction. The localization of the 20 kDa alternative 
PS2 C-terminal fragment to the detergent-resistant fraction suggests that it may 
be associated with cytoskeletal elements. Alternatively, this fragment may be able 
to self-aggregate into a triton-resistant protein complex/aggregate. 

We have previously shown that PS2 is poly-ubiquitinated when overex
pressed in the transfected H4 cell lines and is degraded by the ubiquitin
proteasome pathway (Kim et al. 1997a,b; Tanzi et al. 1996a,b). It is therefore con
ceivable that proteasomal degradation of full-length PS2 serves as a means for 
regulating the endoproteolysis of the full-length protein. Interestingly, when the 
proteasome was blocked with either ALLN or lactacystin, an elevation in ubiqui
tinated, high-molecular weight PS2 material and the alternative C-terminal frag
ment occurred. Overexpression of PS2 and inhibition of proteasomal degrada
tion lead to not only an increase in the alternatively cleaved PS2 fragments, but 
also in the amount of full-length PS2. Thus, we postulate that excess levels of full
length PS2 may override the regulated endoproteolytic cleavage pathway and 
divert PS2 into the alternative endoproteolytic pathway which yields the 
detergent-resistant C-terminal fragment. The alternative C-terminal fragment 
has also been shown to be localized exclusively in the ER, whereas the normal 
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detergent-soluble C-terminal fragment is found in both the ER and Golgi 
(W. Wasco, personal communication). 

We have observed a processing/degradation pathway for PSI that is similar to 
that for PS2. When PSI was highly overexpressed in stably-transfected H4 cells, 
the normal regulated 27 kDa N-terminal and 21 kDa C-terminal fragments along 
with two alternative cleavage fragments were generated. The alternative frag
ments were 34 kDa (N-terminal) and 14 kDa (C-terminal). As was observed for 
PS2, the alternative 14 kDa C-terminal fragment, but not the regulated 21 kDa C
terminal fragment, was enriched in the detergent-resistant fraction. Moreover, 
inhibition of PS 1 degradation by the proteasome using lactacystin or ALLN led to 
an increase in ubiquitinated high molecular weight forms of PSI and elevated 
amounts of the alternative fragments. 

Collectively, our data on the processing and degradation of the presenilins 
indicate that increases in the level of full-length PSI or PS2 divert the presenilins 
into alternative cleavage pathways and lead to the generation of highly stable, 
detergent-resistant C-terminal fragments. Increased levels of full-length PSI or 
PS2 can be attained by either overexpression or inhibition of proteasome 
degradation of endogenous or transgene-derived PSlIPS2 (Fig. 1). But the most 
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Fig.l. The normal and alternative cleavage pathways of the presenilins. The "Normal" endoproteolytic 
pathway is regulated leading to a saturable amount of N-terminal and C-terminal fragments. The nor
mal clip site is encoded in exon nine of PSI and PS2. Following their generation, the two detergent
soluble cleavage products can undergo oligomerization. When PSI or PS2 are overexpressed or their 
degradation is blocked with proteasomal inhibitors, the full-length presenilins can be diverted into an 
alternative pathway in which cleavage takes place distal of the normal endoproteolytic clip site and 
gives rise to a larger N-terminal fragment and a smaller, detergent-resistant (insoluble) C-terminal 
fragment . Since the Volga German FAD mutation PS2-Nl411leads to increased ratios of A~42:A~40, it 
is postulated that the generation of the alternative presenilin cleavage fragments may contribute to 
abnormal processing of APP and FAD pathogenesis 
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interesting finding is that the Volga German N141I FAD mutation can directly 
lead to excess generation of the alternative cleavage fragments. 

Conclusions 

These data beg the question of whether the generation of the alternative preseni
lin endoproteolytic fragments enhances, compromises, or has no effect on cell 
viability. For PS2, we have observed that PS2 containing the Volga German FAD 
mutation N141I leads to a 3.5-fold increase in the ratio of alternative (20 kDa): 
normal (25 kDa) C-terminal fragments in a comparison of stably transfected 
inducible cells lines expressing either wild-type PS2 or PS2-N141I (five clonal cell 
lines each). These observations imply that the generation of the alternative PS2 
endoproteolytic fragments may be directly involved in the neuropathogenic 
mechanism of the PS2-N141I mutation. It is interesting to note that the splice 
acceptor FAD mutation that leads to the deletion of exon nine in PSI (Perez-Tur 
et al. 1996) would also remove the normal cleavage site while preserving the 
more distal alternative clip site. In preliminary studies, we have also observed 
that the rate of production of the alternative detergent-resistant PS2 C-terminal 
fragment correlates with the degree of apoptotic cell death that is observed over 
time in the H4 cells induced to express PS2-N141I (unpublished observations). 
Moreover, other preliminary studies reveal that prevention of the alternative 
cleavage of the FAD mutant PS2-N141I appears to reduce the increase in the 
A~42:A~40 ratio associated with this mutation (unpublished observations). It is 
thus important in future studies to test whether therapeutic strategies aimed at 
blocking the alternative cleavage of the presenilins can effectively and consis
tently prevent apoptotic cell death or increases in the A~42:A~40 ratio that are 
observed with FAD mutant forms of the presenilins. 
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The APP and PS1/2 Mutations Linked to Early Onset 
Familial Alzheimer's Disease Increase the 
Extracellular Concentration of AP1-42(43) 

S. G. Younkin' 

Introduction 

The amyloid ~ protein (AB) is an ~4 kD secreted protein that is derived from a 
set of large, alternatively spliced precursor proteins collectively referred to as the 
amyloid B protein precursor (BAPP). Secreted AB is readily detected in cerebro
spinal fluid (CSF), plasma, and medium conditioned by cultured cells (Seubert 
et al. 1992; Shoji et al. 1992; Haass et al. 1992; Busciglio et al. 1993). Most sec
reted AB is ABl-40, but a small component (5-10%) is ABl-42 (Dovey et al. 1993; 
Vigo-Pelfrey et al. 1993; Suzuki et al. 1994). A large amount of amyloid B protein 
(AB) is deposited extracellularly in the senile plaques that are invariably 
observed in the brains of patients with all forms of Alzheimer's disease (AD). 
A~1-42 appears to be particularly important in AD because it forms insoluble 
amyloid fibrils more rapidly than ABl-40 in vitro (Hilbich et al. 1991; Burdick 
et al. 1992; Jarrett et al. 1993; Jarrett and Lansbury 1993) and is deposited early 
and selectively in senile plaques (Iwatsubo et al. 1995). Extracellular A~ deposi
tion could be 1) an essential early event in AD pathogenesis, 2} an "innocent" 
marker that is invariably associated with some other change that drives AD 
pathogenesis, or 3} an unimportant, end-stage consequence of AD pathology. To 
examine the importance of AB in AD, we have analyzed the effect of the amyloid 
~ protein (APP; Goate et al. 1991; Mullan et al. 1992), presenilin 1 (PSi; Sherring
ton et al. 1995) and presenilin 2 (PS2; Levey-Lahad et al. 1995; Rogaev et al. 1995) 
mutations that are known to cause early onset familial AD (FAD) on extracellular 
AB concentration. 

Swedish ~APPK670N, M671L mutation 

In 1992, Mullan et al. identified a large Swedish family in which the AD pheno
type co segregates with a double mutation that converts the lysine-methionine at 
~APP670,671 to asparagine-leucine. The age of disease onset in this family is 
53±4 years (mean ± SD) with a range from 44 to 61 years. Clinical progression is 
indistinguishable from other forms of AD, and the clinical diagnosis has been 
confirmed by neuropathologic examination of the brain of a deceased mutation 
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carrier. Previous analyses of this mutation have shown 1) that ~APPK670N.M671L 
undergoes altered processing in transfected cultured cells, releasing 5-6 times 
more A~1-40 and A~1-42(43) than wild type ~APP (Citron et al. 1992; Cai et al. 
1993; Suzuki et al. 1994), and 2) that fibroblasts from affected and pre
symptomatic individuals with the ~APPK670N.M671L mutation secrete more 4 kD A~ 
than fibroblasts from age-matched controls (Citron et al. 1994). Thus there is 
good evidence that this mutation causes AD by coordinately increasing secretion 
of A~1-40 and A~1-42(43), thereby increasing A~ concentration in a way that fos
ters amyloid deposition. 

We have developed sandwich ELISAs that specifically detect fmol amounts of 
A~1-40 or A~1-42 in plasma (Scheuner et al. 1996) and in medium conditioned 
by cultured cells (Suzuki et al. 1994). Since the ~APPK670N.M671L family is quite 
large and well characterized, it provided an excellent opportunity to determine 
whether measurement of plasma A~ is useful in identifying individuals who 
develop AD because of elevated A~ concentration. Plasma samples from 43 indi
viduals in this family were analyzed (Scheuner et al. 1996); 12 of these individ
uals carried the ~APPK670N,M67lL mutation and 31 were non-carriers. In each of the 
12 carriers, the concentration of A~1-40 in plasma (Fig. 1) was substantially 
higher than in any of the 31 non-carriers. Plasma levels of A~1-40 were 
51l±124 pM (mean ± SD) and 178±29 pM (p<O.OOOl) in carriers and non
carriers, respectively. In the 12 carriers, A~1-40 ranged from 329-752 pM, and 
there was no significant difference between the seven pre-symptomatic carriers 
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Fig.t. Plasma A~1-40 concentration in the Swedish FAD (~APPK670N.M671d family. Non-carriers (0), 
pre-symptomatic carriers (A), symptomatic carriers (_). Methods were as described by Scheuner 
et al. 1996 
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(522±82 pM), who were 28-51 years old, and the 5 symptomatic carriers 
(495± 178 pM), who were 55-68 years old. In the 31 non-carriers, plasma ABl-40 
ranged from 119-231 pM and it showed no obvious change with age, which 
ranged from 20 - 74 years. 

The concentration of the A~1-42(43) in the plasma of non-carriers was 
27±8 pM, it ranged from 18-59 pM, and it also showed no obvious change with 
age (Fig. 2). In the carriers, A~1-42 was significantly elevated at 57± 16 pM 
(p<O.OOOI), and it ranged from 41-99 pM. Like A~I-40, A~I-42(43) was not sig
nificantly different in presymptomatic (52±5 pM) as compared to symptomatic 
carriers (64±24 pM). 

To determine whether the apolipoprotein E4 (ApoE4) allele, which has been 
shown to influence the age of onset of AD (Pericak-Vance et al. 1991), influences 
the concentration of AB in plasma, we analyzed AB in 30 non-carriers (5 E4,E3; 
3 E4,E2; 14 E3,E3; and 8 E3,E2), seven pre-symptomatic carriers (4 E4,E3; 2 E3, 
E3; and 1 E3,E2), and five symptomatic carriers (1 E4,E4; 2 E3,E3, and 2 E3,E2) 
whose ApoE genotype had been determined. We observed no significant effect of 
ApoE genotype on the concentration of A~1-40 or ABl-42(43) in plasma. This 
result is consistent with recent reports (Ma et al. 1994; Wisniewski et al. 1994; 
Castano et al. 1995; Evans et al. 1995) that amyloid fibril formation occurs more 
rapidly in vitro in the presence of ApoE4 as compared to ApoE3, a finding that 
suggests that ApoE4 may act in vivo by influencing complexes that foster amyloid 
deposition rather than by altering processing in a way that increases AB concen
tration. 
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It has previously been reported that the concentration of A~ in CSF declines 
as AD progresses (Motter et al. 1995). We therefore analyzed the carriers to deter
mine if plasma A~I-40 or A~I-42(43) decrease in the Swedish (~APPK670N,M671d 
family as cognitive performance, measured by Mini-Mental Status examination 
(MMSE), declines. Although no significant correlations were found, A~I-40 
and to a lesser extent A~I-42(43) appeared to decline in the carriers as 
they approached the age of onset of AD and became slightly demented 
(MMSE >20). 

Overall, this analysis of the Swedish FAD family shows that the ~APPK670N, 
M67lL mutation produces a substantial, highly significant increase in plasma ABI-
40 and ABI-42(43), and that this increase is present long before disease develops. 
By measuring plasma AB, one can, in fact, identify the carriers within the 
BAPPK670N,M67lL family who are destined to develop AD. These findings, which are 
completely consistent with previous in vitro studies (Citron et al. 1992, 1994; Cai 
et al. 1993; Suzuki et al. 1994), show unequivocally that the BAPPK670N,M67lL muta
tion increases AB concentration in vivo. Thus they provide strong additional evi
dence that BAPPK670N,M67lL causes AD by increasing secretion of ABI-40 and ABI-
42(43), thereby increasing A~ concentration in a way that fosters amyloid deposi
tion. Perhaps more importantly, the findings indicate that measurement of 
plasma A~ is a powerful tool for identifying individuals who develop AD because 
A~ concentration is elevated. 

Other FAD-Linked Mutations 

On this basis, we performed a second study (Scheuner et al. 1996) in which we 
analyzed nine subjects with one of four PSI mutations, three subjects with the 
Volga German PS2N14lI mutation, and one subject with a BAPPY7171 mutation 
as compared with 14 controls. Plasma ABl-40 did not increase in subjects with 
PS1I2 or BAPPV717I mutations. The mean concentration of A~I-42(43) was sig
nificantly (p<O.OOOl) increased in the eight symptomatic subjects with PSI 
mutations (PSIG209'h PSIM146'h PSIH163R, or PSIE120D)' A similar increase in ABl-
42(43) was observed in the presymptomatic subject with a PSIG209y mutation and 
the symptomatic subject with an BAPPy717! mutation. In the three subjects with 
PS2N1411 mutations, mean plasma ABI-42(43) was also significantly (p = 0.009) 
increased. 

Sporadic AD 

To evaluate plasma A~ in sporadic AD, we performed a third study (Scheuner 
et al. 1996) in which we analyzed plasma A~ in 71 elderly patients with sporadic 
AD and 75 controls well matched for age, sex and ethnicity. We observed no sig
nificant difference in plasma ABI-40 or A~1-42(43) in the sporadic AD patients as 
compared to controls. Although most of the sporadic AD patients that we ex
amined clearly did not have increased plasma A~42(43), inspection of the data 
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Table 1. Effect of ApoE genotype on plasma AB concentration 

ApoE genotype 2/3 3/3 4/2 4/3 4/4 

ABI-40 157 ± 7 196 ± 15 163 ± 10 166 ± 6 157 ± 8 
ABI-42(43) 27 ± 5 30 ± 3 34 ± 7 25 ± 1 24 ± 1 
No. Subjects 16 67 8 38 17 
No. AD (%AD) 6 (38%) 21 (31 %) 4 (50%) 23 (61%) 17 (100%) 

from 71 sporadic AD patients and 75 controls showed that in 11 of the 146 sub
jects examined, A~1-42(43) was elevated into the range observed in subjects with 
the FAD-linked APp, PSl, and PS2 mutations. In this group of 11, the frequency 
of sporadic AD was substantially and significantly (p<0.03) increased; nine of 
the 11 subjects had sporadic AD, the two unaffected individuals were younger 
subjects still at risk for AD, and the five subjects over the age of 80 all had spo
radic AD. Remarkably, two of the nine subjects with elevated plasma A~1-42(43) 
showed this elevation before the onset of clinically apparent disease; they were in 
the control group initially and subsequently developed AD. Thus an elevated con
centration of A~1-42(43) that is detectable in plasma may play an important role 
in 10-20% of sporadic AD cases, and this elevation may be present before 
symptoms develop. 

To further evaluate the effect of the ApoE4 allele on plasma A~, we analyzed 
the sporadic AD subjects and the controls after categorizing them for their ApoE 
genotype (Table O. In this series, as in our analysis of the Swedish FAD family, 
there was no indication that the ApoE4 allele increases A~1-40 or A~1-42(43). If 
anything, there was a slight reduction in A~1-40 and A~1-42(43) in the subjects 
with E4/E4 or E4/E3 genotypes as compared to subjects with E3/E3 genotypes 
(Table O. 

Discussion 

Our results show unequivocally that a fundamental effect of the FAD-linked APP, 
PSI, and PS2 mutations is to increase the extracellular concentration of A~l-
42(43) or of both A~1-40 and A~1-42(43) in vivo. This will foster the A~ deposi
tion that is invariably observed in all forms of AD. Thus our results provide 
strong evidence that A~, specifically A~42, plays an important early role in AD 
pathogenesis, making it very unlikely that A~ deposition is an unimportant end
stage consequence of AD pathology. Although it is formally possible that the 
increases we have observed are a good "marker" generated by another process 
that produces AD independently of alterations in A~ metabolism, this seems 
highly unlikely. Other observations that provide strong support for the concept 
that A~ deposition in AD is likely to be toxic rather than an innocent epipheno
menon include 1) the finding that aggregated synthetic A~ is toxic to cultured 
neurons in vitro and in vivo, 2) the observation that A~ can trigger the classic 
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complement cascade in vitro, and 3) the finding that the A~ deposited in neuritic 
plaques is intimately associated with proteins of the classic complement cascade 
and with reactive microglia likely to be releasing cytokines and reactive free rad
icals that could have neurotoxic effects. 

It is highly unlikely that cerebral A~42(43) deposition is a direct result of the 
increased plasma A~42(43) produced by the FAD-linked APP and PSl/2 muta
tions. Instead, this deposition is almost certainly due to an increase in the extra
cellular concentration of A~42(43) in the brain that occurs as part of a general
ized, system-wide effect of these mutations. This is supported by recent studies 
showing increased brain A~42(43) in transgenic mice expressing mutant as com
pared to wild type PSI (Duff et al. 1996; Borchelt et al. 1996; Citron et al. 1997) 
and by studies showing increased secreted A~42(43) in a number of different 
transfected cell lines expressing mutant as compared to wild type PSI (Borchelt 
et al. 1996; Citron et al. 1996). 
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Summary 

Neither the normal functions of presenilins nor the mechanism(s) by which 
familial Alzheimer's disease (FAD)-linked mutations cause AD have been 
defined. Presenilin I (PSI) is a poly topic membrane protein that is subject to 
endoproteolytic processing in vivo; PSI derivatives accumulate to saturable levels 
and to ~ I: I stoichiometry by mechanism(s) that are not fully defined. We show 
here that the two fragments co assemble. Moreover, we have detected neither 
interactions between PSl/PS2 and amyloid precursor protein (APP) nor influ
ences of presenilin expression on APP maturation/secretion. To examine the in 
vivo function(s) of PSI, we developed mice with functionally inactivated PSl al
leles. These animals die before birth and exhibit several developmental defects, 
including a poorly differentiated vertebral column, a phenotype traced to abnor
mal segmentation of somites. Whole mount in situ hybridization analyses reveal 
that specification of somitic cell lineages is apparently unaffected, despite the 
clear disruption in somite segmentation. However, notable differences in expres
sion of Notchl and DIll mRNAs were observed in psrl - embryos; in contrast to 
wild-type embryos in which abundant expression of Notchl and DIll mRNAs are 
observed in the presomitic mesoderm, the expression of these genes is nearly 
abolished in the PSI-1- embryos. Hence, PSI serves to regulate the spatiotemporal 
expression of Notchl and DIll in the paraxial mesoderm. Finally, we failed to 
detect any differences in the lev~ls of AB42 and AB40 in brains of mice heterozy
gous for PSl relative to wild-type litter mates. Thus, mutations in PSI probably 
cause AD not by the loss but rather by the gain of deleterious function of mutant 
polypeptides. 
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Introduction 

Alzheimer's disease (AD), the most common cause of dementia in the elderly, is 
associated with several risk factors, including age and inheritance. The majority 
of early-onset cases of AD (onset <60 years) are inherited as autosomal domi
nant disorders. To date, mutations have been identified in three genes that coseg
regate with affected members of FAD pedigrees: the APP gene on chromo
some 21 (Goate et al. 1991; Chartier-Harlin et al. 1991; Naruse et al. 1991; Mullan 
et al. 1992; Hendricks et al. 1992), the PSI gene on chromosome 14 (Schwab 
1977; Sherrington et al. 1995), and the PS2 gene on chromosome 1 (Levy-Lahad 
et al. 1995; Rogaev et al. 1995). Although mutations in APP cosegregate with - 19 
pedigrees with FAD, mutations in PSI are causative in - 25-30% of pedigrees 
with early-onset FAD (Schellenberg 1995). Over 35 missense mutations (Cam
pion et al. 1995; Chapman et al. 1995; Clark et al. 1995; Cruts et al. 1995; Sher
rington et al. 1995; Wasco et al. 1995; Boteva et al. 1996) and a point mutation 
upstream of a splice acceptor site that results in an inframe deletion of exon 9 
(PSl~E9; Perez-Tur et al. 1995) have been identified in the PSI gene in families 
with early onset FAD. 

The normal function(s) of presenilins in vertebrates has not been defined. In 
this regard, a homologous gene in C. elegans, termed sel-12, has been identified 
that facilitates signalling mediated by the lin-12/Notch family of receptors 
involved in developmental cell fate specification and lateral inhibition (Levitan 
and Greenwald 1995). Moreover, the mechanism(s) by which FAD-linked muta
tions cause AD is unresolved. The absence of nonsense or frameshift mutations 
leading to truncated PSlIPS2 supports the notion that AD is caused not by the 
loss but rather by the gain of deleterious function of mutant polypeptides. In 
support of this view, studies of A/340 and A/342 (43) production in the condi
tioned medium from fibroblasts or plasma of affected members of pedigrees with 
PSIIPS2-linked mutations (Scheuner et al. 1996) transfected mammalian cells, 
and the brains of transgenic mice (Borchelt et al. 1996; Duff et al. 1996; Citron 
et al. 1997; Tomita et al. 1997) reveal that one mechanism by which mutant PSI 
cause AD is by the acquisition (or enhancement) of property(ies) that influence 
APP processing in a manner that leads to increased extracellular concentrations 
of A/342 (43). In addition, ICC studies have demonstrated massive A/342 (43) 
deposition in the cerebral cortex and severe cerebellar pathology, including 
A/342-reactive plaques, many bearing dystrophic neurites and reactive glia in 
individuals with a PSI-linked E280A mutation (Lemere et al. 1996). These data 
suggest that the FAD-linked PSlIPS2 variants influence processing at the "y
secretase" site and cause AD by increasing the extracellular concentration of 
highly amyloidogenic A/342 (43) species, thus fostering A/3 amyloid deposition in 
the brain. 
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Presenilin Structure 

Secondary structure algorithms predict that PSI contains between seven (Sher
rington et al. 1995) and nine (Slunt et al. 1995) transmembrane domains, includ
ing a hydrophilic acidic "loop" region encompassing amino acids 263 -407. We 
examined the topology of PSI using two strategies: first, putative "transmem
brane helices" were tested for their ability to export a protease-sensitive substrate 
across a lipid bilayer; and second, the plasma membrane of cultured cells ex
pressing human PSI or the FAD-linked PSl~E9 variant were selectively permea
bilized, and the accessibility of antibodies specific for the N-terminus "loop" and 
C-terminus to cognate epitopes was analyzed by indirect immunofluorescence 
microscopy. These studies established that the N-terminus, "loop:' and C
terminus of PSI are cytoplasmic (Doan et al. 1996). In parallel, the topology of 
the C. elegans presenilin homolog, termed "sel-12:' was determined using a series 
of sel-12 ~-galactosidase chimeras, an approach that relies on the observation 
that ~-galactosidase is active in the cytoplasm of cells and is inactive in the 
lumen of membrane compartments. The deduced topology of sel-12 indicated 
that the protein spans the membrane eight times, with the N- and C-termini 
being exposed to the cytosol (Li and Greenwald, 1996). Based on the high homo
logy of the first six transmembrane domains between PSI, PS2, and sel-12, these 
regions may mediate the tertiary structure important for functional activity. A 
unique feature of the topology model is the predicted association of a potential 
transmembrane helix near the N-terminus of the "loop" domain with the lipid 
bilayer. This type of association of a putative transmembrane helix is highly 
reminiscent of putative transmembrane helix (TMDII) of the subunits of AMPA 
glutamate receptors, GluRl (Hollmann et al. 1994) and the goldfish kainate bind
ing proteins (GFKARa and GVKAR~) (Wo and Oswald, 1994), and has recently 
proven for the ionotropic NMDA receptor channel M2 segment (Kuner et al. 
1996). 

Endoproteolysis of PSl 

The biosynthesis and metabolism of PSI has been investigated in cultured cells 
and in vivo. Surprisingly, although PSI is synthesized as an - 42-43 kD polypep
tide, the preponderant PSI-related species that accumulate in cultured mamma
lian cells and in brain and systemic tissues of rodents, primates, humans, and 
transgenic mice are - 27-28 kD N-terminal (NTF) and - 16-17 kD C-terminal 
(CTF) derivatives (Duff et al. 1996; Lee et al. 1996; Mercken et al. 1996; Thinaka
ran et al. 1996; Citron et al. 1997; Hendricks et al. 1997; Lah et al. 1997; Tomita 
et al. 1997; Levey et al. 1997). Epitope mapping studies suggest that PSI is cleaved 
within a region encompassing amino acids 260-320, a domain in which over 
50% of identified FAD-linked PSI mutations occur. Studies suggest that cleavage 
occurs between amino acids 298 and 299 (D. J. Selkoe, personal communication). 
These results are consistent with the demonstration that the FAD-linked PSl~E9 
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variant that lacks amino acids 290-319 fails to be cleaved (Thinakaran et al. 
1996). Notably, the accumulation of - 17 kD and - 27 kD human-specific PSI 
derivatives in brains of transgenic mice expressing human PS 1 is highly regulated 
and saturable; the levels of PSI derivatives are disproportionate to the levels of 
transgene-derived mRNA of full-length human PSI. Moreover, the stoichiometry 
of accumulated - 17 kD and - 27 kD PSI fragments is - 1:1 in nontransgenic 
and transgenic mouse brain, and this ratio is independent of the level of 
transgene-derived human PSI mRNA expression (Thinakaran et al. 1996). The 
mechanism(s) involved in regulating the levels of accumulated PSI-derivatives 
has not been established. 

A conserved feature of the topology models for the presenilin homologues is 
that the site for endoproteolytic cleavage is located in the cytosolic compartment. 
At present, neither the identity of the protease nor the physiological significance 
of PSI proteolysis is known. However, and in view of the demonstration of a pau
city of full length PS 1 and highly regulated accumulation of processed derivatives 
in vivo, it is highly likely that the PSI fragments are the functional units (Thina
karan et al. 1996). Moreover, evidence that human PS2 (Citron et al. 1997; Tomita 
et al. 1997; Kim et al. 1997) and sel-12-~-galactosidase chimeras (Li and Green
wald, 1996) are also subject to endoproteolytic cleavage indicate that endoproteo
lysis is a highly conserved process and arguably, a processing event that regulates 
PS accumulation (see below). 

Association of PSl NTF and CTF 

Our demonstration that the accumulation of PSI NTF and CTF is coregulated to 
1:1 stoichiometry, independent of the level offull-Iength PSI, suggested that the 
two derivatives may be coresident in vivo. We utilized two strategies to address 
this issue. First, we treated untransfected African green monkey kidney, COS-I, 
cells with a membrane permeable, sulfhydryl-cleavable crosslinking agent, DSP, 
then lysed cells with an SDS-containing detergent cocktail. PSI-related polypep
tides were immunoprecipitated from the lysate with an N-terminal antibody, 
AbI4, and the resulting immunocomplex was treated with ~-mercaptoethanol 
and then fractionated by SDS-PAGE. Fractionated proteins were subject to immu
noblotting with uPSILoop, an antibody specific for epitopes between amino 
acids 320-380 of the PSI loop domain. We documented that the PSI CTF was co
isolated with the PSI NTF using this paradigm. Conversely, we documented that 
the PSI NTF could be coprecipitated along with the PSI CTF after crosslinking 
and detergent solubilization. Concerned with the specificity of the crosslinking 
procedure, we probed blots containing immunoisolated proteins with antibodies 
specific for APP. We failed to detect any endogenous monkey APP
immunoreactive species in this experiment, despite the demonstration that APP 
is easily detectable following direct immunoblot analysis of one-tenth of the 
lysate used for the coimmunoprecipitation analysis. 
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Second, we employed a strategy to demonstrate the association of PSI NTF 
and CTF in the presence of mild detergents. In this case, the PSI NTF and CTF 
were immunoprecipitated from lysates of mouse neuroblastoma cells, N2a, that 
co express human PSI and human APP. Cells were lysed in 0.25% N-dodecy12-D 
maltoside, in the absence of crosslinkers or stabilizers. Under these conditions, 
we clearly demonstrated that the PSI NTF and CTF could be coisolated. In paral
lel investigations, we have confirmed that the PS2 NTF and CTF can be coisolated 
from 0.25% N-dodecyl maltoside lysates of N2a cells expressing human PS2. 
Notably, we failed to document the coisolation of human APP, an integral mem
brane protein, or superoxide dis mutase 1 (SODl), an abundant cytosolic protein 
from human PSI- or human PS2-expressing N2a cells. 

In support of the coimmunoprecipitation experiments in cultured cells, gel 
filtration chromatography and sucrose density gradient fractionation of PSI iso
lated from cells extracted in mild detergents or homogenized in isotonic buffers, 
respectively, reveal that the PSI N- and C-terminal fragments appear to remain 
associated in larger complexes of - 100 kD (Seeger et al. 1997). It is not presently 
clear whether the coisolated fragments are in homomeric or heteromeric 
assemblies. 

Mechanisms of PSl NTF and eTF Stabilization 

We examined the fate of mouse PSI and PS2 in mouse neuroblastoma cell lines 
that overexpress human PSI or PS2. Remarkably, murine PSI and PS2 derivatives 
fail to accumulate in these cells. These observations in cultured cells have been 
confirmed by the demonstration that murine PSI and PS2 are "replaced" by 
human PSI derivatives in brains of transgenic mice expressing human PSI. 

An important issue in the use of models of cultured cells that overexpress 
membrane-bound or secretory proteins is the potential artifact of overloading 
the endoplasmic reticulum (ER) and/or other compartments of the secretory 
pathway. Since PSI and PS2 largely reside in the ER, it is conceivable that over
expression of either polypeptide could severely compromise the synthesis or 
steady-state levels of endogenous PSI, PS2, and/or other ER-resident polypep
tides. To document the specificity of PSl/PS2 overexpression on murine PSl/PS2 
accumulation, we performed several control experiments. We now document 
that neither the steady-state levels of PSl/PS2 mRNA, overall protein synthesis, 
nor the steady-state levels of membrane-bound or lumenal ER resident proteins, 
i.e., calnexin and Grp78/Bip, respectively, are altered in these cell lines. 

One potential mechanism by which overexpression of human PSI or PS2 
might lead to the loss of endogenous PSI or PS2 derivatives and concurrent 
"replacement" with human PS 1 derivatives is by competing with limiting levels of 
the protease responsible for endoproteolytic cleavage. To address this issue, we 
generated stable N2a lines harboring a modified PSI eDNA encoding a C
terminally truncated PSI polypeptide (PSI36o~) in which the last 107 amino acids 
of human PSI (including part of the large hydrophilic "loop" domain, the last two 
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transmembrane domains and the C-terminus) were deleted. The rationale for 
this experiment was to ask whether a truncated PSi that contained a native site 
for endoproteolysis could effectively "compete" with endogenous full-length 
murine PSl/PS2 for endoproteolysis, hence diminishing the levels of murine PSl/ 
PS2 derivatives. Although the PSi360~ polypeptide contains the site of cleavage 
(between residues 298 and 299) and extends 60 amino acids C-terminus to the 
cleavage site, immunoblot analysis using a monoclonal antibody specific for 
human PSi N-terminal region failed to reveal the presence of - 28 kDa human 
PSi NTP. Thus, PSi360~ molecules are not subject to endoproteolytic cleavage. 
Furthermore, and despite high levels of accumulation of PSi360~ molecules, the 
steady-state levels of murine PSi derivatives remained unchanged. Essentially 
identical results were obtained by analysis of stable lines expressing PSi403~' a 
truncated PSi polypeptide lacking the C-terminal64 amino acids of human PSi. 
These studies raised the suggestion that endoproteolysis is a prerequisite for 
replacement of murine PSi derivatives. However, we showed that, in stable N2a 
cell lines expressing an FAD-linked PSi variant (PSi~E9) that fails to undergo 
endoproteolysis, the accumulation of endogenous PSi derivatives was compro
mised. Thus, endoproteolysis is not entirely a prerequisite for "replacement:' 

Although little information is available regarding the molecular identity of 
the enzyme(s) responsible for PSl/PS2 endoproteolysis and factors responsible 
for fragment stability, we consider less likely the view that the regulated accumu
lation of PS fragments is dependent on competition for protease(s) responsible 
for cleavage. We demonstrate that expression of C-terminally truncated human 
PSi polypeptides (PSi360~ and PSi403~) that contain the proteolytic cleavage site 
but which fail to be cleaved does not influence murine PSl/PS2 fragment accu
mulation. On the other hand, expression of a non-cleavable FAD-linked PSl~E9 
variant results in the replacement of murine PSl/PS2 derivatives, and offers an 
attractive model wherein PS 1 ~E9 polypeptides are incorporated to similar, if not 
identical, cellular compartments where PSI derivatives are generated, and subse
quently accumulate. Under these circumstances, the PSl~E9 molecule effectively 
outcompetes the newly-synthesized full-length murine PSl/PS2 molecules for 
limiting factors responsible for stabilization. In this setting, the PSl~E9 molecule 
behaves as the functional unit. On the other hand, C-terminally truncated 
(PSI36o~ and PSI403~) molecules never "arrive" at the cleavage/stabilization 
compartment, because they are either misfolded or lack sequences that are 
required for trafficking to the appropriate compartments. In support of this view, 
we and others have demonstrated that although the PS 1 ~E9 variant efficiently 
rescues an egg-laying defect in C. elegans lacking SEL-12 (Levitan et al. 1996; 
Baumeister et al. 1997), the human PSI lacking the "loop" and C-terminal 
domains fails to do so (Baumeister et al. 1997). Thus, it is highly likely that the 
"functional" rescue by the PSl~E9 variant is a reflection of its stabilization in a 
limiting cellular compartment that is normally occupied by endoproteolytic 
derivatives of PS. 

Our studies offer several attractive, though not mutually exclusive, hypothe
ses regarding the mechanisms underlying the cross-regulation of PSl/PS2 frag-
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ment accumulation, including: full-length PSI and PS2 compete for a limiting 
cellular pool of factors necessary for endoproteolytic processing; and stabiliza
tion of both PSI and PS2 derivatives is regulated by the association of shared, but 
limiting, cellular factors. Characterization of the protein trafficking signals and 
the enzyme(s) responsible for endoproteolysis of PSI and PS2 will facilitate 
future efforts aimed at clarifying the limiting step(s) that regulates the accumu
lated levels of processed PSl/PS2 derivatives. 

PSl Function 

The first major insight regarding presenilin function emerged from the discovery 
of the C. elegans sel-12 gene that was uncovered in a suppressor screen aimed at 
reversing a lin-12 hypermorphic phenotype (Levitan and Greenwald 1995). Lin-
12 is highly homologous to Notch, a member of a family of transmembrane 
receptors required for specification of cell fate and lateral inhibition during 
development (Artavanis-Tsakonas et al. 1995). Although details regarding the 
molecular mechanisms by which sel-12 facilitates signalling mediated by lin-12 
have not been established, it is conceivable that sel-12 could regulate lin-12 traf
ficking and cell-surface expression or, alternatively, act in a signalling capacity to 
modulate pathways activated by the binding of lin-12 to cognate ligands. The 
extremely high amino acid homology between the presenilins and sel-12, partic
ularly in the first six transmembrane domains and the C-terminal ~ 90 residues, 
led to the prediction that the related proteins would be functionally interchange
able. Consistent with this hypothesis, an egg-laying defect associated with loss of 
sel-12 function in C. elegans is efficiently rescued by the expression of human PS 1 
and PS2; the rescue efficiency of wild-type human PSI and PS2 is essentially 
indistinguishable to transgenic worms expressing sel-12 (Levitan et al. 1996; 
Baumeister et al. 1997); notably, the egg-laying defect was only weakly rescued in 
transgenic worms expressing several human FAD-linked PSI variants (Levitan 
et al. 1996; Baumeister et al. 1997). The PSl~E9 variant was the exception, show
ing considerable rescue activity relative to other PSI missense variants. This lat
ter observation argues that endoproteolytic cleavage is not obligatory for PSI 
function (Levitan et al. 1996; Baumeister et al. 1997). 

In view of the structural and functional homology between sel-12 and the 
presenilins, a role for presenilins in mammalian development was anticipated. In 
situ hybridization studies and RT-PCR approaches in mouse embryos reveal that 
presenilins are expressed in a ubiquitous manner during embryonic develop
ment, and as early as E8.5 (Lee et al. 1996; Wong et al. 1997). Most notably, the 
general spatial and temporal expression patterns of presenilins mRNAs do not 
directly coincide with the expression patterns of any specific member of the 
known mammalian Notch homologs (Reaume et al. 1992; Weinmaster et al. 1992; 
Lardelli et al. 1994; Lindsell et al. 1995; Williams et al. 1995). For example, 
although Notchl mRNA expression in the developing neural tube is limited to 
cells near the ventricular zone, PSI mRNAs are expressed in neuroblasts in the 



42 S. S. Sisodia et al. 

ventricular zones as well as in terminally differentiated neurons. These results 
suggest that PSI function is not limited to Notch signalling alone. Moreover, 
since PSI mRNA is expressed widely, it is unlikely that PSI is restricted to signal
ling mediated by a single member of the Notch family, and it is more reasonable 
to suggest that PS may serve to mediate signalling by multiple Notch family 
members. 

To examine the in vivo role of PSI in mammalian development, we generated 
mice with a targeted disruption of the PSl gene (PSrl - mice; Wong et al. 1997). 
Although homozygous mutant mice failed to survive beyond day one after birth, 
psrl - embryos were present at expected Mendelian frequencies at various stages 
of gestation ranging from E8.S to El8.S; developmental deficits have not been 
observed in mice with a hemizygous mutation of PS1. The most striking pheno
type observed in psrl - embryos was a severe perturbation in the development of 
the axial skeleton and ribs. The axial skeleton is drastically shortened and poorly 
segmented, while the ribs were poorly ossified, bifurcated, and malformed. The 
failed development of the axial skeleton in psrl - animals was traced to defects in 
the differentiation and condensation of the sclerotome. The delayed condensa
tion of sclerotome and the observation of fused DRGs in psrl - embryos sug
gested that these phenotypes might have arisen as a consequence of earlier defi
cits in somitogenesis. This concept was confirmed by the observation that, in 
E8.S and E9.S embryos, somites were irregularly shaped and misaligned along 
the entire length of the neural tube; somites were largely absent at the caudal
most regions. The abnormal somite patterns in psrl - embryos were highly remi
niscent of a phenotype described in mice with functionally inactivated Notch 1 
alleles in which a delay and lack of coordination in somite segmentation was 
apparent (Conlon et al. 1995). 

Whole mount in situ hybridization studies revealed that the expression of 
genes that identify specific somitic lineages (i.e., PAX 1 for sclerotome, myogenin 
for myotome) was unaffected in psrl - mice. On the other hand, expression of 
mRNA encoding Notchl and DIll, a Notch ligand, were dramatically reduced in 
the presomitic mesoderm of psrl - mice. The presomitic mesoderm was a loosely 
packed population of mesenchymal cells that differentiate into somites, a highly 
ordered epithelial structure. Thus, the loss of PSI expression in psrl - mice 
affected the spatial and temporal expression of Notch 1 and DIll in the presomitic 
mesoderm. 

In addition to the defects in the axial skeleton, post Ell.S psrl - embryos 
exhibited hemorrhages limited to the brain and/or spinal cord; these lesions were 
not seen in PS1+1- or PS1+1+ littermates. The underlying cellular and molecular 
defects responsible for the eNS hemorrhages in psrl - mice have not been deter
mined. Nonetheless, this phenotype has been consistently observed in mice in 
which the genes encoding mammalian ligands of Notch have been ablated by 
gene targeting strategies. The murine ligands of Notch, termed Jagged and Dill, 
are homologs of Drosophila Serrate and Delta, respectively. Jagged-I- embryos 
die at ~ E9.5 and exhibit hemorrhages limited to the CNS, while Dill-/- embryos 
showed defects in somitogenesis, CNS hemorrhage and die at ~ Ell.S 
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(T. Gridley and A. Gossler, personal communication). The similarities in pheno
types of psrl - and Notchrl - mice, and psrl - and Jagged-I- or Dll1-l - alleles, sug
gest that PSI may playa role in regulating the spatial and temporal expression of 
Notchl and Dill/Jagged in the presomitic mesoderm and in the development of 
the CNS vasculature, respectively. 

Presenilins in the Pathogenesis of AD 

The mechanisms by which FAD-linked PSI and PS2 variants cause AD are 
unclear. However, studies of AB40 and AB42 (43) production in the conditioned 
medium from fibroblasts of plasma of affected members of pedigrees with PSl/ 
PS2-linked mutations (Scheuner et al. 1996), from transfected mammalian cells 
and from the brains of transgenic mice expressing FAD-linked presenilin variants 
(Borchelt et al. 1996; Duff et al. 1996; Citron et al. 1997; Tomita et al. 1997) reveal 
that one mechanism by which mutant PSI cause AD is by the acquisition (or 
enhancement) of property(ies) that influence APP processing in a manner that 
leads to increased extracellular concentrations of highly fibrillogenic AB42 (43) 
peptides. 

Our demonstration that mutant presenilins exhibited reduced (but not fully 
disrupted) rescue of an egg-laying defect in C. elegans lacking sel-12 suggested 
that FAD-linked presenilin variants may cause AD by a loss of function mecha
nism. To address this issue directly, we bred transgenic mice that express human 
APP to mice with a heterozygous disruption of endogenous PSl. The rationale 
for this experiment is based solely on the hypothetical model that PSI functions 
to regulate (or limit) the production of AB42/43; this haploinsufficiency model 
predicts that loss of a functional allele might lead to increased ABl-42 produc
tion. Using a sensitive sandwich ELISA, we have failed to detect any differences 
in the absolute levels of AB42 and AB40 in brains of mice heterozygous for PSl 
relative to wild-type littermates. These studies lead us to conclude that mutations 
in PS 1 cause AD not by loss but rather by gain of deleterious function of mutant 
polypeptides. In support of this view, nonsense or frameshift mutations leading 
to truncated PSl/PS2 have not been identified in FAD pedigrees. 

Conclusions 

Despite the wealth of information that has accrued over the last two years regard
ing the biology of presenilins, there are remarkable lacunae in our understanding 
of the molecular mechanisms that regulate presenilin biology in normal and dis
ease settings. Several of these unresolved issues include: the mechanisms that 
regulate presenilin endoproteolysis and accumulation; the mechanisms by which 
PSI influences Notch expression during development; the physiology of wild
type and mutant presenilin in the adult CNS; the identification and regulation of 
proteins that directly associate with PSI and PS2; and the cell biological mecha-
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nisms by which mutant presenilins alter APP trafficking/metabolism to promote 
A~1-42 production. Clearly, the generation of transgenic mice expressing mut
ated PSI and PS2 that recapitulate the neuropathological features of AD is an 
essential and extremely important goal. Biochemical, neuropathological and 
behavioral evaluation of these animals will provide important information 
regarding the pathogenic mechanisms of AD and serve as a foundation for the 
design of rational therapeutic strategies aimed at ameliorating this devastating 
neurodegenerative disorder of the elderly. 
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Mechanistic Studies of the Effect of Presenilins 1 
and 2 on APP Metabolism 

D. J. Selkoe * W. Xia *, J. Zhang*, M. B. Podlisny*, C. A. Lemere*, M. Citron **, 

and E. H. Koo *** 

Introduction 

Humans inheriting missense mutations in the presenilins (PS) 1 and 2 genes 
undergo progressive cerebral deposition of the amyloid B-protein (AB) at a very 
early age and develop a clinically and pathologically severe form of the familial 
Alzheimer's disease (FAD). Because PSI and PS2 mutations cause the most 
aggressive known form of AD, it is important to elucidate the structure and func
tion of this multi-transmembrane protein and the mechanism by which it produ
ces disease. To these ends, we have carried out a series of studies during the last 
two years that provide strong evidence that mutant presenilins act by enhancing 
the amyloidogenic processing of the B-amyloid precursor protein (APP). Here, 
we will review some of the salient findings from studies of the presenilin poly
peptides and their pathogenic effects from our laboratory. 

PS1 Undergoes Heterogeneous Endoproteolysis Between Thr291 and Ala299 
and Occurs as Stable N- and (-terminal Fragments in Normal and Alzheimer 
Brain Tissue 

To detect and characterize the PS polypeptides in brain and other tissues, we 
raised antibodies to synthetic peptides or a recombinant fusion protein from sev
eral PS regions (Podlisny et al. 1997). Upon immunoprecipitation of 35S_ 
methionine-labeled transfected cells, antibodies 4627 to the C-terminus and 4624 
to the putative hydrophilic loop detected full-length PSI as two closely spaced 
proteins migrating at ~43-45 kDa. We always saw a characteristic band pattern: 
a tightly focused, sharp upper band and a broad, fuzzy lower band. Both of these 
bands were immunospecific, as confirmed by peptide absorptions and use of pre
immune antisera (Podlisny et al. 1997). Attempts to demonstrate a posttransla
tional modification that could explain the occurrence of these two apparently 
full-length PSI polypeptides revealed no evidence of glycosylation or sulfation 
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(Xia et al. 1997). Studies by Walter et al. (1996) of the phosphorylation status of 
PSI and PS2 under basal conditions demonstrated serine phosphorylation in the 
amino terminal portion of PS2 but no constitutive phosphorylation of PSI. In 
view of this lack of evidence of a posttranslational modification explaining the 
two PSI bands, we carried out radiosequencing using 35S-methionine. This 
showed that both the 43 and 45 kDa bands began at the predicted methioninej at 
the PSI N-terminus (Xia et al. 1997). We concluded that the two polypeptides 
seen in transfected cells expressing PSI and PS2 represent SDS-stable conformers 
of the PSI full-length protein. 

Under brief labeling conditions, immunoprecipitation of COS transient PSI 
transfectants revealed very few or no N- and C-terminal PSI proteolytic frag
ments, which have been described previously (Thinakaran et al. 1996) and which 
we subsequently detected in stable PSI transfectants after longer metabolic label
ing. In addition to recognizing the PS monomers, all of our PS antibodies specifi
cally precipitated higher molecular weight (MW) bands at roughly 100, 150 and 
>250 kDa (Podlisny et al. 1997). The facts that the immunoprecipitated higher 
MW proteins can be directly immunoblotted without PS antibodies and that the 
ratio of their amounts to the amount of the 43-45 kDa monomers is constant at 
different levels of PSI expression are consistent with the conclusion that they 
represent SDS-stable oligomers (see also Walter et al. 1996). 

Because our initial attempts to detect endogenous PS proteins in brain and 
non-transfected cultured cells by immunoblotting or immunoprecipitation (i.p.) 
suggested that the amount ofholoprotein was very low, we developed a more sen
sitive detection method. We covalently coupled our polyclonal antibodies 4627 
(PS C-terminus) or X81 (PSI N-terminus) to protein A Sepharose beads, immu
noprecipitated PS proteins from ~ 1 mg of cold celllysates (or 20-40 mg of brain 
or other tissues) and immunoblotted the precipitates with these and other PSI 
antibodies. In PSI-transfected human 293 cells, the characteristic 43-45 kDa PSI 
polypeptides (see above) were specifically detected. In the PSI-untransfected 293 
cells, we specifically detected small amounts of the 43-45 kDa polypeptides, 
which comigrated with those overexpressed in the PSI transfectants. The 
untransfected cells also contained a strongly labeled smaller protein of ~ 18 kDa 
flanked by a group of four or more weaker bands from ~ 17 - 25 kDa that were 
precipitated and Western blotted by PSI antibodies. An additional smaller band 
at ~ 14 kDa (sometimes flanked by two weaker bands) was also specifically preci
pitated and detected by C-terminal but not by "loop" PSI antibodies, suggesting 
that the smaller fragments begin after the beginning of the loop domain. Interes
tingly, the majority of these various low molecular weight bands were only 
modestly increased in amount in the PSI transfectants compared to untrans
fected cells, consistent with the regulation of PSI endoproteolysis reported by 
Thinakaran et al. (1996). 

We also detected complementary N-terminal fragments (NTF). In non
transfected cells, our antibody X81 precipitated a strongly reactive ~ 28 kDa pro
tein and a slightly larger minor band. Again, these proteins were only modestly 
increased in amount in PSI-transfected cells. In addition, there were several 
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faintly labeled bands below the major 28 kDa N-terminal fragment that were not 
visible at all in untransfected cells. 

To show directly that a precursor-product relationship exists between the 
holoprotein and its endoproteolytic fragments, we carried out pulse-chase exper
iments on PSl-transfected 293 cells. Labeling for 20 min followed by a cold chase 
showed that the holoprotein and the higher molecular weight aggregates gradu
ally declined in amount with a calculated half-life of 55 minutes (Podlisny et al. 
1997). The 28- and 18-kDa major proteolytic fragments were absent at time 0 and 
first appeared at 20 min of chase and increased modestly thereafter, up to 
approximately 80 min. Cells transfected with wild-type or FAD-linked mutant 
PSI showed the same fragment formation, and no major difference in the pulse
chase kinetics was observed. To assess the stability of the fragments once they 
were formed, cells were labeled for one hour and then chased for up to six hours. 
In this experiment, PS holoprotein declined rapidly over one hour as expected, 
whereas the 28 and 18 kDa N-terminal and C-terminal fragments did not show a 
substantial decrease over time, even after all of the holoprotein had been catabol
ized. These data indicate that the endoproteolytic fragments have a half-life of 
well over six hours. 

Radiosequencing Establishes the Sites of Endoproteolysis in PS1 

To determine the exact location of the endoproteolytic cleavages that generate 
the fragments, we performed radio sequencing with 35S-methionine or 3H-valine 
on the major 18 kDa C-terminal fragment immunoprecipitated from PSl
transfected human 293 cells. The positions of radioactive methionine and valine 
in the Edman degradation clearly indicated that the major site of endoproteolysis 
in these cells was between residues 298 and 299 of PSI and minor sites were 
observed between 291 and 292 and between 292 and 293. Therefore, even the 
major C-terminal immunoreactive fragment detected as a single radioactive gel 
band in these cells shows N-terminal heterogeneity. Because there are other N
and C-terminal immunoreactive fragments flanking the major bands, it is clear 
that PSI (and presumably PS2) undergoes considerable heterogeneity of endo
proteolysis. 

Detection of Presenilin Proteins in Monkey and Human Brain Tissue 

Based on the above characterization of PSI and its fragments in 293 and other 
cells, we used combined i.p./Western blotting to substantially enrich PS proteins 
from fresh frozen Rhesus monkey and mouse brains and from AD, FAD and con
trol postmortem human brains. In the case of the fresh animal brain, amounts of 
starting tissue as high as 40 mg wet weight failed to reveal any specifically reac
tive holoprotein in the 40-50 kDa range. Instead, we consistently detected a 
major 18 kDa C-terminal fragment (CTF) and minor flanking proteins. Blotting 
with C-terminal PSI antibodies revealed the additional 14 kD fragment (see 
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above) that apparently lacks the "loop" region. These studies also revealed the 
major 28 kDa N-terminal fragment and two to three faint, slightly larger bands. 

Similar experiments on homogenates of frozen human cerebral cortex again 
failed to reveal definite, full-length PS polypeptides, despite the large amounts 
(20-40 mg) of starting tissue used for i.p./Western blotting. The NTF and CTF 
patterns were similar to those of monkey brain, except that in most human 
brains, a ~3S kDa NTF and a 14 kDa CTF were detected at similar intensities to 
the 28 kDa N-terminal and 18 kDa C-terminal bands. Thus, adult human brain 
appears to have substantial amounts of these alternative endoproteolytic frag
ments in cortex, and these must arise from a cleavage somewhat C-terminal to 
the usual 298/299 position. To examine whether FAD-linked missense mutations 
in PSI alter the fragment pattern in vivo, we obtained postmortem brain (cour
tesy of Dr. D. Pollen, University of Massachusetts, Worcester) from four different 
patients of the FAD family harboring the cys410tyr PSI mutation. Although some 
sample to sample variation was observed in these postmortem brains, we saw no 
convincing differences in the multiple C- and N -terminal fragments of PS among 
the four PSI FAD brains, four sporadic AD brains and four control brains. No 
full-length PS polypeptides were specifically detected in any of these 12 human 
brains. 

Mutations in PS1 and PS2 Selectively Increase A~42 Production 
in Transfected Cells 

We have carried out an extensive series of studies on both 293 and CHO cells 
transfected with wild-type or several different mutant PSI or PS2 cDNAs (Xia 
et al. 1997; Citron et al. 1997). Regardless of the relative level of PSI or PS2 
expression in these various transfectants, all of which also expressed transfected 
full-length APP (either the wild-type or Swedish isoforms), we did not observe 
any consistent change in the levels of APP holoprotein in the lysate or APPs in the 
medium as a result of expressing the mutant forms. However, both gel phosphor
imaging of immunoprecipitated A~42 species (Xia et al. 1997) and by sensitive 
sandwich ELISA detection of A~42 and A~total peptides (Xia et al. 1997; Citron 
et al. 1997) consistently revealed a l.S-4.0-fold elevation in A~42/A~total ratios in 
the conditioned media of the cell lines expressing mutant PSI or mutant PS2 
compared to wild-type transfectants. The relative elevation of A~42 occurred 
independently of the level of expression of the mutant PSI or PS2 proteins; even 
minimal overexpression of mutant presenilin led directly to elevation of A~42 to 
levels similar to those observed in much higher expressing mutant transfectants. 
Although occasional, modest increases in A~total levels were observed in some 
clonal lines, this was not consistent among all lines expressing a particular muta
tion non among all the PS mutations studied. We conclude that there is a repro
ducible and highly statistically significant selective elevation of A~42 production 
in different cell lines expressing different PSI or PS2 mutant molecules. The fact 
that this effect occurs in non-neural (293) and even non-human (CHO) cells in 
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the absence of any neural or other AD-type influence supports the hypothesis 
that A~42 elevation is a direct and primary effect of presenilin mutations and 
does not arise secondary to other pathogenic effects that such mutations might 
hypothetically induce in the course of AD. 

Similar results in PS transfected cells have been seen in other laboratories 
(Borchelt et al. 1996) and have been confirmed in transgenic mice expressing 
mutant presenilins in several laboratories (Citron et al. 1997; Borchelt et al. 1996; 
Duff et al. 1996). 

To obtain in vivo information confirming this effect of PSI mutations on the 
42-specific y-secretase processing of APP, we characterized the neuropatholo
gical phenotype of four PSAI FAD patients from a large Columbian kindred 
bearing the codon 280 glu to ala substitution Lemere et al. 1996. Using antibodies 
specific to the alternative C-termini of A~ (40 and 42), we detected massive 
deposition of A~421 the earliest and predominant plaque A~ to isoform occur in 
AD, in many brain regions. Computer-assisted quantification revealed a signifi
cant increase in A~42> but not A~40' burden in the brains of the four PSI-FAD 
patients compared with those of 12 sporadic AD patients of similar neuropa
thological severity. Severe cerebellar pathology included numerous A~42-reactive 
plaques, many bearing dystrophic neurites and reactive glia. Our results in brain 
tissue are entirely consistent with the biochemical evidence we and others have 
obtained of increased A~42 levels in PSl-transfected cells, transgenic mice and 
FAD plasma and fibroblast media samples. Taken together, the results strongly 
suggest that mutant PSI proteins selectively alter the proteolytic processing of 
APP at the C-terminus of A~ to favor production of A~42' 

Evidence of In Vivo Interaction Between Amyloid Precursor Protein and 
Presenilins in Mammalian Cells 

The mechanism by which mutations in PSI and PS2 lead to the selective increase 
in A~42 production documented above is unknown. Because both presenilin and 
APP are expressed in the endoplasmic reticulum (ER) and Golgi apparatus (Wal
ter et al. 1996; Kovacs et al. 1996; Cook et al. 1996; De Strooper et al. 1997), it is 
possible that a direct or indirect interaction of the two proteins in these compart
ments could underlie the effect of mutant presenilin on APP proteolysis. To 
address this hypothesis, we have systematically searched for evidence of APP-PS 
complexes in both non-human (CHO) and human (293 and HS683) cells. 

We first used a variety of CHO cell lines stably expressing human APP and/or 
PSI or PS2 protein (Xia et al. 1997). Some cells were solely transfected with APP 
and expressed only endogenous levels of PS, whereas others were doubly trans
fected. We also examined some cell lines that were transfected with PS 1 alone 
and contained only endogenous levels of APP. To search for PS-APP complexes, 
we again used a highly sensitive i.p.-Western blot technique (Podlisny et al. 
1997). In cells expressing transfected human APP and endogenous PSI (our cell 
line 7W), we found that APP co-precipitated with PSI, as detected by the APP 
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monoclonal antibody 8E5. APP could also be co-precipitated by our high-titer 
PSI antibody, X81, in a cell line (PSlwt-2) that expresses transfected APP and a 
low level of transfected PSI (but still higher than endogenous PS1). A large 
amount of APP was co-precipitated by X81 antibody in our PSIWt- 1 line, which 
expresses high levels of both PSI and APP. The amounts of APP-PSI complexes 
detected in these various cell lines were always directly related to the levels of 
expression of the two proteins, suggesting a specific interaction. Highly similar 
results were obtained with several different PSI and APP antibodies. The APP 
molecules co-precipitated with PSI were almost solely the N-glycosylated form; 
very little N+O-glycosylated APP came down with PSI in the celllysates. 

Next, we showed that the same type of complex formation could occur 
between APP and PS2. Three different PS2 antibodies were used for i.p., followed 
by Western blotting with 8E5, again showing consistent co-i.p. of APP and PS2. 

Next, we reversed the sequence of antibodies, namely precipitating with APP 
and then blotting with PS2 antibodies. This procedure resulted in detection of 
the characteristic thin and broad PSI holoprotein bands at 43-45 kDa. We also 
searched for APP-PSI complex formation in another cell type, human 293 cells; 
again, N-glycosylated APP was precipitated with PSI. In this case, the 293 cells 
were transfected with the 695-residue isoform, and this migrated at the expected 
position after co-i.p., just as the 751 form of APP had done in the CHO trans
fectants. 

To confirm unequivocally the physiological formation of APP-PS complexes 
at endogenous protein levels, we used X8I or 4627 (to the PSI N- or C-termini) 
to precipitate a large amount oflysate from non-transfected CHO cells and then 
blotted with 22Cll, an antibody recognizing both human and hamster APP. We 
were able to detect N-glycosylated APP after PSI i.p. The same result was 
obtained in a CHO line transfected solely with PS2 without APP. These results 
clearly demonstrated that APP-PS complexes existed at endogenous levels with
out the need for overexpression by transfection. Further, we detected endoge
nous APP-PS complexes in non-transfected human 293 cells and human HS683 
glioma cells. 

We analyzed complex formation in a stable CHO cell line expressing APP751 

truncated at residue 709 and thus lacking almost the entire cytoplasmic domain 
(710-751). We observed a co-precipitating APP species that migrated just below 
the full-length N-glycosylated APP and co-migrated precisely with the truncated 
N-glycosylated APP species precipitated by an APP antibody (B5) from the same 
cell lysate. Therefore, it appears that the cytoplasmic domain of APP is dispens
able for the interaction with PSI. 

We next demonstrated APP-PS co-immunoprecipitation in cells expressing 
the APP KN651/652NL (Swedish) or V698F (Indiana) missense mutations in 
APP751 • There was no obvious change in the ability to co-i.p. APP using PS anti
bodies. Similarly, we performed such experiments on two cell lines expressing 
PSI mutations (MI46L and C41OY) and two lines expressing PS2 mutations (the 
Volga German and Italian mutations). In all these cases, the characteristic N
glycosylated APP band was detected after precipitation of lysates with PS anti-
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bodies. No consistent qualitative or quantitative differences in complex forma
tion between wild-type and mutant proteins have been detected to date using the 
current methods. 

Because PSI and PS2 proteins have been localized principally to the ER, we 
expected the formation of APP-PS complexes to occur at least in part in this com
partment. To assess this, double transfectants were treated with brefeldin A 
(BFA) for one hour followed by i.p.!Western blotting, as above. BFA, which causes 
a collapse of the Golgi and retention of proteins in the ER, results in a change in 
APP glycosylation, with one broad band of intermediate size. Upon i.p. with PSI 
or PS2 antibodies, this intermediate APP band was clearly detected by 8E5 Wes
tern blotting. Similarly, a 20°C temperature block, which results in protein reten
tion principally in the trans Golgi network, did not obviate APP-PS co
precipitation. These results suggest that the ER is a principal compartment in 
which the APP-PS interaction occurs. We have recently carried out subcellular 
fractionation on CHO APP/PS double transfectants. Calnexin has been used as a 
marker for ER vesicles, while galactosyl transferase has been used as an enzy
matic assay for Golgi vesicles. In discontinuous sucrose density gradients, we 
obtained ER and Golgi fractions containing these respective markers. In addi
tion, the putative Golgi fractions contained the N+O-glycosylated APP, whereas 
the ER fractions contained only N-glycosylated APP, as expected. We performed 
PS i.p. followed by APP Western blotting and were able to detect the characteris
tic N -glycosylated APP band in the PS immunoprecipitates of both ER and Golgi 
fractions. In the case of the Golgi fractions, we obtained a small amount of N +0-
glycosylated APP as well. We then performed these studies with both wild-type 
and mutant PSI or PS2 transfectants and have to date seen no clear difference; all 
cell lines show an ability to co-precipitate PS and APP in ER and Golgi fractions. 
It is the PSI and PS2 holoproteins that are precipitated with APP. Further studies 
will be needed to determine to what extent the PS N- and C-terminal fragments 
may participate in the complex; we have no evidence about this at this writing. 

Discussion 

Our studies demonstrate several features of presenilin protein expression in cell 
lines and in animal and human brains. Among the various findings, we have 
established residues 298-299 as the principal site for endoproteolytic cleavage 
generating the major C-terminal fragment of PSI in human cells. 

Extensive studies using a variety of cell lines demonstrate a selective increase 
in AB42/ ABtotal ratios in cells expressing mutant PSI or PS2. These results are 
reflected by a statistically significant two to three fold increase in AB42 plaque 
burden in four PSI (E280A) brains compared to sporadic AD and control brains. 

We have begun to address the mechanism by which mutant presenilins alter 
APP y-secretase processing by searching for and detecting an apparent interac
tion between APP and PS proteins in intact, living cells of several types. Our 
experiments demonstrate a highly reproducible interaction between each of the 
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presenilins and the N-glycosylated form of APP (and to some extent, the N+O
glycosylated form), the specificity of which is supported by several lines of evi
dence. 1) Numerous antibodies recognizing different epitopes in PSI, PS2 or APP 
could all immunoprecipitate the PS-APP complexes. 2) PS and APP antibodies 
could be used for immunoprecipitation-Western blotting in either order with the 
same positive results. 3) The amount of PS-APP complexes varied directly with 
expression levels in stable transfectants with widely varying PS and APP levels. 
4) Co-expression of a control protein, human transferrin receptor, did not lead to 
association with PSI, mitigating against the possibility that APP-PS interaction is 
simply due to overexpression in our transfectants. 5) Non-transfected cells 
showed PS-APP complex formation at endogenous protein levels. 6) Treatment of 
cells with BFA changed the glycosylation of APP, as previously reported (Haass 
et al. 1995), and this modified form was now specifically immunoprecipitated 
with PSl. 7) Stable expression of different sized APP polypeptides (APP69S, 

APP751 and APP,.,d always led to specific co-immunoprecipitation of the 
appropriately sized species with PS. 8) PSI and PS2 each underwent highly simi
lar complex formation with APP. 9) The findings were confirmed in two distinct 
cell types. We conclude that PS and APP interact directly in intact living cells to 
form stable complexes. 

It should be emphasized that none of our results exclude the possibility that 
additional protein constituents are present in complexes that contain APP and PS 
molecules in cells. Importantly, the complexes have been demonstrated directly 
in ER and Golgi vesicles after subcellular fractionation, in agreement with the 
localization of each of these molecules to these compartments in previous immu
nocytochemical studies. Early results suggest the possibility that the transmem
brane regions of each molecule are involved in mediating the interaction, 
although additional studies will be needed to prove this and to learn whether the 
ectodomain of the proteins also playa role in the interaction. In the case of PSI, 
there is a relatively small -40-residue lumenal loop between TMI and TM2, 
according to current models of topology. 

We have recently begun to perform intracellular ELISA measurements using 
sensitive sandwich assays on the same subcellular fractions in which APP-PS 
complexes have been detected. These results suggest that mutant PSI and PS2 
elevate AB42/ ABtotal ratios in Golgi vesicles of CHO double transfected cells. There 
is also evidence of some increase in ER-derived vesicles. Further studies are 
underway to confirm and extend these preliminary data. Our results suggest that 
mutant presenilins can alter APP proteolysis as early as the ER or early Golgi 
compartments. The heightened amount of intracellular AB42 production appar
ently leads to excess secretion of this species, as its levels are clearly increased in 
plasma and primary fibroblast media of patients harboring PSI or PS2 mutations 
(Scheuner et al. 1996). 

In summary, we believe our findings provide a central clue for understanding 
the mechanism by which mutant PS proteins selectively alter APP processing. It 
appears that each of the presenilins and APP can form complexes in vivo, predo
minantly in the ER but also in the Golgi, and that the transmembrane regions 
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may be implicated in this process. These data establish a model that may explain 
the A~42 phenotype associated with the expression of mutant PSI and PS2, with 
attendant implications for the formation of diffuse A~42 plaques as an early event 
in Alzheimer's disease in general. 
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Presenilin 2 - APP Interactions 

W. Wasco *, R. E. Tanzi, R. D. Moir, A. C. Crowley, D. E. Merriam, 

D. M. Romano, P. D. Jondro, and B. A. Kellerman 

Introduction 

Familial Alzheimer's Disease Genes 

Alzheimer's disease (AD) is a progressive neurodegenerative disorder of the cen
tral nervous system which is invariably associated with and defined by the pres
ence of intracellular neurofibrillary tangles (NFT) and extracellular deposits of 
amyloid (A~ senile plaques) in the brain and cerebral blood vessels. While the 
etiologic events that lead to the generation of these pathological hallmarks and 
ultimately to synaptic loss and neurodegeneration are not well understood, it is 
clear that a significant portion of AD has a genetic basis (see Wasco and Tanzi 
1996 for review). These familial forms of Alzheimer's disease (FAD) can be classi
fied based on both the age of onset and the type of gene defect inherited. A large 
proportion of early onset ( < 60 years old) FAD is attributed to "causative" defects 
in one of three genes. Mutations in the amyloid ~ protein precursor (APP) gene 
located on chromosome 21 (Goate et al. 1991; Levy et al. 1990; Murrell et al. 
1991; Chartier-Harlin et al. 1991; Hendriks et al. 1992; Mullan et al. 1992) cause 
a small percentage of early-onset FAD, but the majority of early-onset FAD is 
known to be caused by mutations in two recently identified genes, presenilin 1 
(PSI) and presenilin 2 (PS2); Sherrington et al. 1995; Levy-Lahad et al. 1995; 
Rogaev et al. 1995). An allele of a fourth gene, APOE4 which is located on 
chromosome 19, confers increased "risk" for late onset FAD (>60 years of age; 
Pericak-Vance et al. 1991; Strittmatter et al. 1993; Corder et al. 1993; Rebeck et al. 
1993). 

Presenilin Gene Identification and Characterization 

PSI and PS2 were both isolated in the latter half of 1995 (Sherrington et al. 1995; 
Levy-Lahad et al. 1995; Rogaev et al. 1995). Mutations in these two genes together 
with those in APP appear to account for the majority of early-onset FAD. Since its 
discovery in 1987, much has been learned about the processing and regulation of 
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APP, which is a single transmembrane domain cell surface protein that matures 
though the intracellular compartments of the endoplasmic reticulum (ER) and 
Golgi (see Buxbaum and Greengard 1996 and Gandy and Greengard 1994 for 
review). In contrast, relatively little is known about the presenilin proteins. The 
presence of six to nine hydrophobic domains indicates that both presenilins share 
a serpentine membrane spanning topology (Sherrington et al. 1995; Levy-Lahad 
et al. 1995; Rogaev et al. 1995). Although the actual number of transmembrane 
domains (TMD) remains unclear, an eight TMD domain model appears best sub
stantiated at this time (Lehmann et al. 1997; Doan et al. 1996; Li and Greenwald 
1996). As depicted in Figure I, the eight TMD model dictates that both proteins 
have one large and five smaller hydrophilic loops and that the N-terminus, the 
large loop and the C-terminus are located on the cytoplasmic side of the mem
brane. The fact that two specific regions of PSI and PS2, the first 80 amino acids 
and the single large hydrophilic loop, are not particularly well conserved (either 
among the two mammalian proteins or in two C. elegans homologues; Levitan 
and Greenwald 1995; L'Hernault and Arduengo 1992) raises the possibility that 
these regions impart specificity of function or localization to the different family 
members, and that to do so these domains may interact with proteins located in 
the cytoplasm. 

The normal biological role(s) of the presenilins and the mechanism(s) by 
which the FAD-associated mutations exert their effect remain unknown. We have 
shown that both proteins localize primarily to the intracellular membranes of the 
ER/Golgi (Kovacs et al. 1996) and that, although both proteins appear to be ubi
quitiously expressed, PS2 is less abundant than PSI. These findings have now 
been confirmed by a number of other groups. To date, over 30 separate causative 
mutations have been identified in PSI and two such mutations have been 
detected in PS2 (see Wasco and Tanzi 1996; Hardy 1997 for reviews). All but one 

Fig.l. Eight transmembrane domain model of the presenilins 
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of the identified PS alterations produce missence mutations that result in single 
amino acid changes. The solitary exception is a PSI mutation that leads to an 
inframe deletion of exon 9 (Perez-Tur et al. 1996). Interestingly, PSI and PS2 both 
contain sites for proteolytic cleavage located within the large loop predicted to be 
located between TMD-6 and TMD-7, and for PS 1 this cleavage site is predicted to 
be within or near exon 9. Processing at this site results in the production of an N
terminal fragment of approximately 28 (PSI) or 30 (PS2) kDa and a C-terminal 
fragment of approximately 19 (PSI) or 25 (PS2) kDa (Thinakaran et al. 1996; Kim 
et al. 1997). We have recently demonstrated that, under certain conditions, PS2 is 
cleaved at an alternative site within the large loop to produce and N-terminal 
fragment of 35 kDa and C-terminal fragment of 20 kDa (Kim et al. 1997). Addi
tionally, we found that the N141I PS2 mutation appears to lead to inefficient 
degradation of the alternative C-terminal fragment and that the accumulation of 
this fragment in the detergent-resistant fractions could be equalized in mutant 
and wild-type PS2 cell lines by blocking the proteasome (Kim et al. 1997). Taken 
together, these findings indicate that PS2 carrying the N141I FAD mutation is not 
efficiently degraded by the proteasome pathway which in turn leads to an 
enhanced accumulation of the alternative C-terminal cleavage product in the 
detergent-resistant cellular fraction. These data are described in detail elsewhere 
in this volume by Tanzi et al. At the present time, little is known about the regula
tion or function of the regulated or alternative PSlIPS2 cleavage events or about 
the effect that this processing has on the normal function of the proteins. 

Clues to the Normal Biological Roles of the Presenilins 

Clues about the function of the presenilins in mammalian cells can be derived 
from the observation that both PSI and PS2 share significant amino acid homo
logy with two C. elegans proteins, sel-12 (Levitan and Greenwald 1995) and spe-4 
(L'Hernault and Arduengo 1992). It has been proposed that sel-12 plays a role in 
receptor trafficking, localization or recycling of lin-12 (Levitan and Greenwald 
1995) and that spe-4 is involved in cytoplasmic partitioning of proteins (L'Her
nault and Arduengo 1992); thus the display of homology between PSI and PS2 
with the C. elegans proteins suggest that the presenilins may also be involved in 
intracellular trafficking or localization of proteins. Interestingly, as described 
above, it has been demonstrated that mutations in APP lead to increases in the 
amounts of A~ and it has long been hypothesized that this is a result of altered 
intracellular trafficking and/or sorting of APP. This hypothesis gains further sup
port from the observation that the levels of A~42 are increased in fibroblasts 
from patients with specific mutations in PSI or PS2 (Scheuner et al. 1996). 

Another clue to the normal role of the presenilins may be provided by the 
observation that a truncated PS2 protein produced by a clone containing the nu
cleotides that encode the C-terminal 103 amino acids of PS2 appears to inhibit 
T-cell receptor- and Fas-induced apoptosis (Vito et al. 1996). In addition, PS2 was 
found to confer increased sensitivity to apoptosis in PC12 cells after challenge 
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with staurosporine or hydrogen peroxide (Deng et al. 1996). In a more recent col
laborative effort we have found that transfection ofNGF-differentiated PCl2 cells 
with PS2 increased apoptosis induced by withdrawal from trophic factors, or by 
the addition of A~ to the culture medium, while transfection with antisense PS2 
constructs rescued cells from apoptosis (Wolozin et al. 1996). These findings sug
gest that overexpression of PS2 increases the susceptibility of neurons to apop
totic stimuli. This putative link between programmed cell death and one of the 
genes known to be involved in the etiology of Alzheimer's disease is intriguing, 
given that it has been suggested that programmed cell death may playa role in 
neurodegenerative disease, perhaps by imparting slight but pathological altera
tions in the controlled removal of damaged neurons. 

Interaction of PS2 and APP 

It is clear that individuals carrying the PS2 N1411 mutation have increased ~
amyloid deposition in the brain; in addition, it has recently been demonstrated 
that fibroblasts from patients carrying the Volga German N1411 PS2 mutation 
secrete levels of A~ 1-42 that are greater than those secreted by fibroblasts from 
unaffected controls (Scheuner et al. 1996; Citron et al. 1997; Borchelt et al. 1996). 
To date, it is not known if the Nl411-associated increase in A~ deposition is due 
to a direct interaction between PS2 and APP or to downstream effects of PS2 
mutations on APP trafficking and processing. APP can be processed via at least 
two different types of pathways: those that preclude A~ formation and those that 
encourage it, and given the pathological consequences of overproduction of A~, 
it is probable that the equilibrium between these pathways is tightly maintained. 
Possible points of perturbation in the pathway include factors and processes 
involved in the localization and/or trafficking of APP. Current hypotheses indi
cate that the FAD mutations can lead to the presence of APP in cellular compart
ments that are more conductive to the production of A~ peptide or longer forms 
of A~ (A~1-42) that are more amyloidogenic. In fact, data currently exist to show 
that mutations in APP can result in a shunt of the molecule to more amyloido
genic pathway(s). In cells of unaffected individuals, this amyloidogenic pathway 
may only be used occasionally, e.g., if the non-amyloidogenic pathway(s) is over
burdened or disabled. The location of all of the known APP FAD mutations 
within or around the cleavage site for a secretase indicates that they most likely 
cause FAD by affecting the processing of APP and generation of A~ (Cai et al. 
1993; Citron et al. 1993; Suzuki et al. 1994). In addition, results from a number of 
studies indicate that the FAD-associated mutations in APP directly alter their 
normal trafficking/localization profiles (for review, see Mellman et al. 1995; Sel
koe 1995). Although it is clear that the N1411 Volga German mutations in PS2 are 
linked to an increase in the levels of A~, whether this observed increase is due to 
direct interaction between APP and PS2 or to an interaction with other proteins 
in the A~-producing pathway (for instance a and/or ~ secretase enzymes) 
remains unclear. 
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Co-Immunoprecipitation of APP and PS2 

As a first step in assessing the ability of APP and PS2 to directly interact, we car
ried out experiments to determine whether antibodies that immunoprecipitate 
PS2 will also immunoprecipitate APP. Given that the expression of endogenous 
PS2 is low, we have initially made use of H4 cells that have been transfected with 
wild type or N141I mutant PS2 containing an inducible promoter regulated by a 
tetracycline-repressible transactivator (Gossen and Bujard 1992; Kim et al. 1997). 
Protein extracts from uninduced control cells or from cells that were induced to 
produce epitope-tagged wild type or N141I PS2, were prepared and immunopre
cipitated with an antibody that recognizes the epitope tag (M2), or with a control 
antisera. Western blots using antibodies that detect APP demonstrate that APP 
is present in the samples immunoprecipitated with antisera that recognize PS2, 
but not in the samples containing the control antisera {Fig. 2). The co
immunoprecipitation of APP was entirely dependent on the presence of PS2, as 
evidenced by the inability of APP to be immunoprecipitated from extracts 
derived from cells that were not induced to produce PS2 (data not shown). This 
finding indicates that APP and PS2 are able to be co-immunoprecipitated and 
suggests that the two proteins may interact in vivo. To further test this interaction 
we immunoprecipitated induced or uninduced cell extracts with an antibody that 
recognizes APP, and carried out Western blot analysis with an antibody that 
recognizes the epitope-tagged PS2 (Fig. 2). We found that PS2 was able to be co
immunoprecipitated with APP, but not with the control antisera. In both immu
noprecipitation paradigms, which are carried out in the presence of detergents 
and thus involve the solubilization of proteins from intracellular membranes, we 
did not detect a qualitative or quantitative difference in the ability of mutant vs. 
wild type PS2 to be co-immunoprecipitated with APP. 

Chemical Crosslinking Analysis of Wild Type and Mutant PS2 Interaction 
with APP in Intact, Viable Cells 

To test for an in vivo association between PS2 and APP, we subjected the PS2-
inducible cells, while still growing on tissue culture plates, to a cell membrane
permeable chemical crosslinker, disuccimydylsuberate (DSS). After incubation 
with DSS, extracts from wild-type or mutant PS2 cells were prepared and then 
immunoprecipitated with an antibody that recognizes the epitope-tagged PS2 
(M2), separated by SDS-PAGE and analyzed by Western blot with antibodies that 
recognize APP (22Cl1 and C7). The results of this analysis are shown in Figure 3. 
After incubation in the presence of crosslinker, immunoprecipitation with the M2 
antibody results in the immunoprecipitation of a complex that runs at > 200 kDa 
and is recognized by two different anti-APP antibodies .• This finding indicates 
that a complex containing both APP and PS2 can be immunoprecipitated by M2. 
This complex was not detected in extracts derived from cells that were incubated 
in the absence of crosslinker. Similar results were obtained when an anti-APP 
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Fig. 2. Coimmunoprecipitation of AP and PS2. Extracts from cells induced to produce wild-type (wt) 
N1411 PS2 (mt) PS2 were immunoprecipitated with the antibodies as indicated above the panels, and 
then analyzed by Western blot with the antibody indicated below the panel. Arrows indicate the posi
tion of the mature and immature forms of APP detected by 22Cll and C7 at approximately 
110-120 kDa and of PS2 detected by M2 at approximately 54 kD (upper panel). Neither APP nor PS2 
was immunoprecipitated by a control antiserum (rabbit IgG; lower panel) 



IP with M2 

DSS: + + 

mt wt rot wt mt wt rot wt -

WestemAb: 22Cll C7 

PreseniJin 2 - APP Interactions 65 

MW 
(KDa) 

-200-

- 97 -

IP with rabbit IgG 

+ + 

rot wt mt wt rot wt lIlt wt 

22Cll C7 

Fig. 3. In vivo crosslinking of APP and PS2. Human h4 neuroglioma cells induced to produce wild type 
(wt) or mutant (mt) PS2 were incubated in the presence (+) or absence (-) of crosslinker (055). After 
neutralization of the crosslinking reagent, cellular extracts were prepared, immunoprecipitated with 
either M2, which recognizes the induced epitope tagged forms of PS2, or with rabbit IgG. Immunopre
cipitated protein was separated by 50S-PAGE and analyzed by Western blot with the indicated anti
body 

antibody (anti-5) was used for immunoprecipitation and M2 was used for detec
tion (data not shown). Notably, the higher molecular weight complexes were con
sistently considerably more abundant in the cells expressing wild-type as 
opposed to mutant PS2. No immunoreactive material was apparent in the control 
samples that were immunoprecipitated with rabbit IgG. 

Modified ELISA Assay 

To directly measure the ability of PS2 to bind to APP, we used a modified 
enzyme-linked immunosorbant assay (ELISA) in which secreted APP (APPs) is 
captured on zinc(II) coated microtiter wells (Bush et al. 1994). To measure the 
ability of PS2 to interact with the APPs bound to these plates, was prepared par
tially purified epitope-tagged PS2 from human H4 neuroglioma cells induced to 
produce PS2. To measure binding of PS2 to the captured APPs, increasing 
amounts of PS2 were added to the microtiter wells and the amount of PS2 bound 
to the microtiter dish was measured using a monoclonal antibody specific for the 
PS2 produced under inducing conditions. Binding of the antibody to APPs con
taining wells, but not to wells in which APPs was omitted, confirms that APPs 
was effectively captured by the metal-coated microtiter wells. Figure 4 shows the 
dose response for PS2 binding to APPs captured on the microtiter wells. PS2 did 
not bind to wells in which APPs was omitted; neither was any significant binding 
detected when extracts from un induced H4 cells was added to the APP contain
ing wells. These results provide direct evidence for an interaction between APPs 
and PS2. 
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Fig.4. Detection of APP-PS2 interaction by modified ELISA assay. Three concentrations of purified 
secreted APP (APPs) were captured on zinc(II) coated microtiter wells and increasing amounts of par
tially purified epitope tagged PS2 were added to the microtiter wells. The amount of PS2 bound to the 
microtiter dish was measured using M2 monoclonal antibody specific for the PS2 produced under 
inducing conditions. PS2 did not bind to wells in which APPs was omitted; neither was any significant 
binding detected when extracts from uninduced H4 cells were added to the APP-containing wells 

Discussion 

It is clear that up to 50% of early-onset FAD is caused by mutations in PSI and 
PS2 and, although a number of studies have directly linked the mutations in both 
PSI and PS2 to increased levels of AB, the mechanism by which these mutations 
cause the observed changes in AB production remains unclear. Given that immu
nohistochemical studies indicate that APP and the presenilins are both found in 
membranes within similar intracellular compartments (ER/Golgi), that there is a 
detectable interaction between PS2 and APP, that APP must be properly pro
cessed to avoid AB and that the C. elegans presenilin homologues have been pos
tulated to be involved in cytoplasmic trafficking/processing of proteins, we feel 
that it is possible that the presenilins playa role in the cytoplasmic partitioning, 
trafficking and/or transport of APP. The findings presented here indicate that the 
NI41I mutant forms of PS2 are able to be co-immunoprecipitated with APP and 
suggest that this FAD-associated mutation does not grossly alter the ability of the 
two proteins to interact. However, the observation that the NI411 forms of PS2 
are not able to crosslink to APP as efficiently as the wild-type molecule indicates 
that it is possible that the FAD-associated mutation does subtly alter this interac
tion and ultimately results in sufficient misprocessing of APP to allow for the 
observed alterations in AB production that are associated with FAD. Perhaps the 
NI41I mutation, which is located at a membranellumenal junction, alters the 
conformation of PS2 within the membrane, and this altered conformation is 
detected by the in vivo crosslinking paradigm but not in the coimmunoprecipita-
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tion paradigm, which necessitates that proteins are extracted from their normal 
membranous milieu. A second possibility, which we have not explored here, is 
that the FAD-associated mutations alter the ability of the presenilins to interact 
with other, as-of-yet unidentified molecules in the A~-producing pathway. 

Recent results from a number oflaboratories indicate that both PSI and PS2 
are endoproteolytically cleaved to produce C- and N-terminal fragments. In 
addition, it has been demonstrated that under certain conditions an alternative 
cleavage of PS2 is favored, that the majority of the resulting alternative C
terminal fragment remains associated with the detergent-insoluble cellular frac
tion and that, when compared to wild-type, this fragment turns over more slowly 
in cell lines that express the N1411 Volga German mutation (Kim et aI. 1997; 
Tanzi et aI., this volume). Treatment with proteasome inhibitors leads to 
increased accumulation of polyubiquinitated PS2 as well as the C-terminal frag
ment. Thus, it appears possible that PS2 containing the N1411 FAD mutation is 
not efficiently degraded via the proteasome pathway and that this results in a slo
wer turnover and increased accumulation of the C-terminal fragments. The APP
PS2 interaction experiments presented here were carried out with protein 
extracts prepared from samples in which the majority of PS2 produced was full 
length (as opposed to the high molecular weight aggregated material or the 
cleaved fragments), suggesting that APP is able to interact with full length PS2. It 
is not yet known whether the APP-PS2 interaction is affected by the cleavage of 
PS2. Future experiments must address this issue as well as the identification of 
the specific amino acids in both PS2 and APP that are involved in this interac
tion. 

APP has been shown to interact with a number of biological molecules since 
its discovery in 1987; however, our demonstration of a interaction of APP with 
PS2, a novel molecule that is believed to be located primarily in the membranes 
of the ER and Golgi, is the first to be reported for interaction of intracellular APP. 
Our finding that PS2 is able to interact with secreted APP in the modified ELISA 
assay indicated that PS2 interacts with the N-terminal portion of APP. Interes
tingly, the eight transmembrane model of PS2 dictates that the portions of the 
molecule available to interact with this domain of APP (while the two molecules 
are in the intracellular membranes of the ER/Golgi) are the smaller loop 
domains, as opposed to the N- or C-termini of PS2 or the large loop located 
between TMD 6/7. Thus, the interaction with APP described here might be pre
dicted to take place within the lumenal compartments of the ER/Golgi and would 
not preclude interaction with proteins in the cytoplasm via the N- and C
terminal and large loop regions of PS2. 
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Presenilin (PS) proteins are involved in numerous cases of familial Alzheimer's 
disease (reviewed by Tanzi et al. 1996) and are therefore key players in the patho
genesis of the disease. To understand the biology of the PS proteins we searched 
for a potential biological function and analyzed the biochemistry of the two 
homologous PS proteins. We also determined the subcellular localization of pre
senilins and took advantage of this knowledge to search for a cellular mechanism 
that is involved in A~42 generation. These three main topics will be reviewed in 
detail. 

A Biological Function of Presenilin Proteins in Notch Signaling 

Cloning of the presenilin (PS) homologous sel-12 gene in Caenorhabditis elegans 
(Levitan and Greenwald 1995) opened up the possibility that human PS genes 
might be directly or indirectly involved in Notch signaling. To prove this possibil
ity, we expressed human PS minigenes under the control of the sel-12 promotor 
in sel-12 mutant worms (Baumeister et al. 1997). Expression of wt human PSI in 
mutant animals rescued all aspects of the mutant phenotype. Animals accumu
lated the normal number of eggs in their bodies, they were of normal size, and 
they behaved normally (Table 1). These findings clearly indicate that human PSI 
can functionally replace defective SEL-I2 in C. elegans, making it likely that PS 
proteins might be involved in Notch signaling either directly or indirectly. 

We then repeated these experiments but expressed two different PSI point 
mutations (A246E, C4IOY) that are known to cause familial Alzheimer's disease 
(FAD) in humans (reviewed by Tanzi et al. 1996). Surprisingly, these mutations 
exhibited a dramatically reduced ability to rescue the mutant sel-12 phenotype 
(Table 1). The failure of mutant PS molecules to rescue the mutant phenotype in 
C. elegans indicates that the mutations occurred at functionally important posi-
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Table 1. Rescue of the sel-12 mutant phenotype by the indicated cDNA constructs 

cDNA construct 

sel-12 
PSI wt 
PSI A246E 
PSI C410Y 
PSI TM7 STOP 
PSI TM6 STOP 
PSI TMS STOP 
PSI TM4 STOP 
PSI AExon 10 

Rescue of the sel-12 mutant 
phenotype 

++++ 
++++ 

++++ 

+++ 

tions of the molecule. This finding is strongly supported by the fact that all FAD
associated mutations occur at positions that are conserved between C. elegans 
and human presenilins. It therefore appears that FAD-associated mutations could 
interfere with the biological activity of presenilins by exchanging single amino 
acids located at functionally and for structurally important positions. 

Having a biological assay in hand, we mapped a biologically active domain of 
PSI by a deletion analysis. Stop co dons were inserted after the transmembrane 
(TM) domains 7, 6, 5 and 4 and the truncated proteins expressed under the control 
of the sel-12 promotor. We found that the cytoplasmic tail C-terminal of TM7 is 
dispensable for the biological activity of PSI in mutant worms. However, insertion 
of a stop codon after TM6, which results in the additional deletion of the large 
cytoplasmic loop, results in a severe loss of biological activity (Table 1). Therefore 
the large loop is of functional importance for the PS proteins. One should note, 
however, that the above-mentioned FAD-associated point mutations occur outside 
of the large loop and also affect the biological function of PS proteins. We therefore 
find it very likely that structural changes, even those induced by a single amino 
acid exchange, can be sufficient to cause a loss of biological function of presenilins. 

There is currently heavy discussion in the field regarding whether proteolytic 
processing (summarized by Tanzi et al. 1996) is required for the biological activ
ity of PS proteins. This discussion is based on the finding that very little full
length PS can be observed in vivo, whereas abundant proteolytic fragments of 
-30 kDa (N-terminal fragment, NTF) and -20 kDa (C-terminal fragment, CTF) 
are detected (Thinakaran et al. 1996). To prove this, we took advantage of 
the finding by Thinakaran et al. (1996) that a FAD-causing splicing mutation 
(~exon 10) that removes the domain encoded by exon 10 inhibits proteolytic 
processing of PSI. Surprisingly, expression of the ~exon 10 cDNA in the mutant 
worm rescued the mutant sel-12 phenotype almost perfectly (Table 1). In parallel 
we showed that wt human PSI is proteolytically processed in transgenic worms 
like in human cells and tissues, whereas PSI ~exon 10 does not undergo proteo
lytic processing. This finding clearly indicates that proteolytic processing of PSI 
is not an absolute prerequisite for the biological activity of PSI in C. elegans. 
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However, this also raises another interesting problem. The ~exon 10 mutation is 
a FAD-associated mutation. As shown above, FAD-associated point mutations 
clearly lose their biological activity, whereas the splicing mutation retains at least 
some biological activity. One therefore has to argue that point mutations affect 
biological mechanisms other than the ~exon 10 mutation. 

Finally, we also analyzed the cellular expression of PSI in C. elegans. We 
expressed the Green Fluorescent Protein (GFP) and PSI under the control of the 
endogenous sel-12 promotor. Tissue and cell specific expression was then deter
mined by analyzing the autofluorescence of GFP or by immunocytochemistry 
using our previously established antibodies to a variety of PSI domains (Walter 
et al. 1996). We found that PS proteins were expressed not only in gonads but also 
in the nervous system and some muscle cells (Fig. 1). These results clearly indi
cate that 5EL-12 plays an important functional role in neurons, the cell type that 
is most severely affected by AD. 

Taken together, our results (and those independently obtained by Levitan 
et al. 1996) strongly indicate that PS proteins are indeed involved directly or indi
rectly in Notch signaling and might have an important function in nerve cells. By 

Fig. I. Expression of sel- I2 in C. elegans. (A) Nerve ring neuropile (arrowhead), cell body and neurites 
of interneuron AVK in the ventral ganglion (vg), lateral (lg), and anterior (ag) ganglion neurons. (B) 
sel-I2 expression in the somatic gonad (sg) and ventral cord neurons (vc) . (C) sel-I2 expression in a 
single embryo in the uterus of a transgenic animal. (D) sel-I2 expression in the pharyngeal muscles mS 
and m7. set-I2 expression is visualized by using a sel-12 ::GFP construct. Identical results were obtained 
after expression of PSI under the control of the sel-I2promotor followed by immunostaining using PSI 
specific polyclonal antibodies (data not shown) 
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an unknown mechanism FAD-associated point mutations appear to interfere 
with these biological functions. 

Based on data presented by Levitan et al. (1996), PSI as well as PS2 can 
rescue the mutant sel-12 phenotype, which indicates that both proteins might be 
functionally redundant. However, we (Walter et al. 1996, 1997) and others (Seeger 
et al. 1997) found that both presenilins are biochemically different in terms of 
posttranslational modifications, indicating differential functional activities. 

Differential Phosphorylation of PS Proteins 

We carried out a analysis of PS phosphorylation and found that PS proteins are 
differentially phosphorylated in very complex manner specific to PSI and PS2 
(Walter et al. 1996, 1997; Walter and Haass, manuscript in preparation). 

Constitutive Phosphorylation of PS2 

PS2 is constitutively phosphorylated as a full-length molecule. Three major phos
phorylation sites were detected within an acidic domain missing in PSI (Fig. 2). 
Phosphorylation occurs at serine residues 7, 9 and 19 most likely by Casein 
kinase (CK) I and CKII (Walter et al. 1996). In addition to the N-terminal phos-

PRESENILIN 1 

PS INTF PS·l CTF 

PRESENILIN 2 

N' 

........ ~ ®~,~ , .1 I .... ru MLTFMASDSEEEVCDERTSLMSAESPTP;SC 
1+ 1 1 1 1 
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PS 2NTF PS·2CTF 

Fig. 2. Schematic representation of the differential phosphorylation of PS 1 and PS2 
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phorylation, we recently also detected a phosphorylation site within the CTF of 
PS2 where again a serine appears to be phosphorylated by a CK-like kinase (Wal
ter and Haass, manuscript in preparation). Interestingly, we found that full
length PSI is phosphorylated very little if at all, indicating a major biochemical 
difference between PSI and PS2. 

Protein kinase C and protein kinase A-dependent phosphorylation of PSl 

Upon stimulation of protein kinase C with phorbolester, we obtained an 
increased molecular weight of the PS 1 ~ 20 kDa CTF which was shifted to 
~23 kDa (Seeger et al. 1997, Walter et al. 1997). It appears that phosphorylation 
of the PSI CTF results in the characteristic molecular weight shift, since treat
ment with alkaline phosphatase reverses this phenomenon. In addition to PKC, 
we found that PKA can also phosphorylate within the large loop between TM6 
and TM7. Phospho amino acid analysis revealed that the PSI CTF is phosphoryl
ated on serines. Interestingly, we have observed PKC- and PKA -dependent phos
phorylation only after proteolytic processing of PSI, whereas so far no 
phosphorylated full-length PSI could be detected. This leads to the hypothesis 
that proteolytic cleavage of PSI unfolds the corresponding phosphorylation sites, 
making them accessible for PKC and PKA (Fig. 2). Very recently we found that 
PKC/PKA phosphorylation is PSI specific and does not occur on the correspond
ing PS2 CTF (Walter and Haass, manuscript in preparation). 

So far nothing is known about the biological function of the differential 
phosphorylation of presenilins; however, in the case of PSI, one might argue that 
the regulated phosphorylation could be involved in CTF turnover. Another possi
bility would be that CTF phosphorylation determines its subcellular localization. 

A Novel Cellular Mechanism of Amyloid f3-Peptide (Af31-42) 
Generation 

Recently several groups reported that mutations within the PS genes increase the 
production of the 42 amino acid version of A~ (A~42; Scheuner et al. 1995; Bor
chelt et al. 1996; Duff et al. 1996; Tomita et al. 1996; Xia et al. 1997; Citron et al. 
1997). This result is very surprising, since PS proteins are predominantly located 
within the endoplasmic reticulum (ER; Kovacs et al. 1996; Cook et al. 1996; Wal
ter et al. 1996; DeStrooper et al. 1997) whereas ~APP is predominantly detected 
within the Golgi and on the cell surface (Selkoe 1996). Moreover, A~ generation 
was shown to occur within endosomes and at or close to the cell surface (Selkoe 
1996). It is therefore very difficult to explain the effect of PS mutations on A~ 
generation, since PS proteins and the machinery involved in A~ generation are 
located in different cellular compartments. We hypothesized that A~42 might be 
generated in a compartment that is different from that where A~40 (which repre
sents more than 90% of secreted A~) is known to be cleaved (Wild-Bode et al., 
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1997). A first indication for the presence of such a novel pathway would be the 
detection of intracellular A~42. Indeed, we were able to detect intracellular A~42 
by using a previously established ELISA. Moreover, we could show that the FAD
associated ~APP V717G mutation results in an increased level of intracellular 
A~42 similar to that reported previously for secreted A~42 (Suzuki et al. 1994). 
Interestingly, we detected more intracellular A~42 as A~40, which is the opposite 
of what is found in conditioned media. This indicates that A~42 might accumu
late intracellularly, probably due to its ability to aggregate, whereas the soluble 
A~40 is secreted more efficiently. Since PS proteins are predominantly located 
within the endoplasmic reticulum (ER) we retained ~APP in the ER by treatment 
with brefeldin A (BFA) and determined the levels of secreted and intracellular 
A~42. As expected BFA treatment caused the inhibition of secretion of both spe
cies of A~. However, within cell lysates BFA caused an increased production of 
A~42. This finding might indicate that the ER is at least one of the sites of A~42 
generation (Table 2). However, treatment of cells with monensin, which accumu
lates ~APP within the Golgi, also enhanced A~42 production, indicating that at 
least some A~42 molecules can be generated after the release of the precursor 
from the ER. Endosomal processing is not involved in A~42 generation since 
inhibition of endosomal proteases by NH4CI and inhibition of reinternalization 
did not inhibit A~42 production (Table 2). Therefore it appears that A~42 is pre
ferentially generated within the same compartement(s) where the PS proteins are 
located. Thus, these results raise the possibility that PS proteins might directly 
interact with ~APP within the ER in a manner that prevents (wt PS) A~42 gen
eration or allows (mutant PS) A~42 generation. Such a possibility is strongly sup
ported by the recent findings that PS proteins can indeed bind to immature ~APP 
(Weidemann et al. 1997). 

Acknowledgment. This work was support by the Boehringer Ingelheim KG and grants from the Deut
sche Forschungsgemeinschaft (SFB 317) and the Thyssen Foundation (to CH). 

Table 2. Cellular localization of secretases 

Compartment ~-secretase 

Endoplasmic Reticulum + 
Golgi ++ 
Cell surface 
Endosomes +++ 

y-secretase (40) 

+++ 
+++ 

y-secretase (42) 

++ 
+ 
++ 
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Summary 

To identify neurotransmitter- and activity-dependent post-translational modi
fications of presenilin I (PS), we overexpressed muscarinic acetylcholine receptor 
subtypes in 293 cell lines and stimulated them with carbachol. We found that the 
carboxyl-terminal fragment (CTF) of PSI was readily phosphorylated by the pro
tein kinase (PKC)-coupled subtypes mi and m3, but not by m2 or m4 receptors. 
The surface receptor-mediated phosphorylation was mediated by PKC, and it 
resulted in a shift in the apparent molecular mass of the PSI CTF in SDS gels. 
Together with our previous findings, these data demonstrate that the metabolism 
of both APP and PSI can be under the control of muscarinic mi and m3 receptor 
subtypes. The results suggest the possibility that decreases in neurotransmission 
coupled to PKC in Alzheimer's disease (AD) brains are associated with 
deafferentation-dependent abnormalities in the post-translational processing of 
both APP and PSI. 

To test whether the phosphorylation of PSI derivatives can be involved in 
APP processing, we overexpressed PSI and stimulated PKC activity with phorbol 
esters. We found that overexpression of wild-type PSI, but not PS2 or AD
causing PSI mutants, accelerated regulated a-secretase processing of APP along 
with the secretion of APPs. Thus, the increases in A~'-42 associated with preseni
lin mutations may be related to changes in regulated a-secretase processing. 

By using a differential display screening approach, we found that several 
transcription factors, including the family of the zinc finger domain early growth 
response genes EGR-I, EGR-2, EGR-3, EGR-4, are transcriptionally regulated by 
muscarinic mi acetylcholine receptors. In addition, we also identified several 
novel genes - including Gigi and Gig2 - that are readily expressed as a result 
of mi receptor stimulation. The identification and characterization of 
neurotransmitter-induced genes will help our understanding of deafferentation
induced changes in post-synaptic neurons, and it will help guide the clinical 
applications of neurotransmitter replacement treatment strategies for Alzhei
mer's disease. 

'Center for Molecular Neurobiology and Alzheimer's Disease Research Group, University of Hamburg, 
Germany 
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Introduction 

The neuropathology of AD is characterized by accumulation of extracellular 
amyloid plaques, cerebrovascular amyloid and intracellular neurofibrillary tan
gles, along with the degeneration, shrinkage and death of neurons. Primarily, 
selected population of large projection neurons involved in attention, learning 
and memory appear to be affected by the neurodegenerative processes. Within 
the entorhinal cortex, for example, the major projection layers that form the per
forant path connection between the hippocampus and the cortex as well as pro
jections to the limbic system are heavily affected by the degenerative process. In 
affected regions, more than 50% of the neurons are lost during the disease pro
cess (Gomez-Isla et al. 1996, 1997). In addition, the large subcortical cholinergic 
projection neurons that connect the basal forebrain with cortical and hippocam
pal target cells are lost. The degeneration of projection neurons is accompanied 
by the loss of synapses and by the decrease in neurotransmitters in their terminal 
zones. As a result, brain tissue levels of several major neurotransmitters, includ
ing acetylcholine, serotonin and glutamate, are reduced in AD (Bowen et al. 1983; 
Sims et al. 1983; Palmer et al. 1987; Procter et al. 1988; Francis et al. 1993). 
Together, these observations indicate that post-synaptic target cells in the AD 
brain receive less than normal input, and they suggest deafferentation of a subset 
of target neurons involved in attention, learning and memory. 

We showed in previous studies that APP processing can be regulated in an 
activity-dependent fashion by G protein-coupled neurotransmitter receptors, 
including those for acetylcholine, serotonin and glutamate (Nitsch et al. 1992, 
1993, 1996, 1997). In particular, a-secretase processing is readily stimulated by 
surface receptor activation, possibly at the expense of B-secretase processing, and 
with the consequence of decreased generation of AB peptides (Hung et al. 1993). 
Increased brain amyloid formation may therefore be related to deafferentation 
and to pathologically altered activity-dependent processing in post-synaptic 
neurons that receive less than normal input (for review, see Nitsch and Growdon 
1994). 

Regulation of Presenilin Phosphorylation by Muscarinic 
Receptor Subtypes Coupled to Protein Kinase C 

Presenilin 1 (PSI; Sherrington et al. 1995) is readily cleaved within its hydro
philic loop domain to generate a 30 kDa N-terminal derivative (NTF) and a 
21 kDa C-terminal fragment (CTF) that contains most of the cytoplasmic loop 
domain (Thinakaran et al. 1996). Both cleavage products contain several putative 
phosphorylation sites. We found that the PSI CTF is a substrate for regulated 
phosphorylation induced by the muscarinic acetylcholine receptor subtypes ml 
and m3, but not m2 or m4 receptor subtypes (Langer et aI., submitted for publi
cation). Direct activation of PKC by phorbol esters also increases PSI loop phos-
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phorylation (Seeger et al. 1997; Walter et al. 1997). In addition, activation ofPKC 
also increased cellular levels of PSI holoprotein without increasing message 
levels or the amount of the PSI NTF. These data show that PSI metabolism can 
be controlled by cell-surface receptors coupled to PKC, and they suggest activity
dependent regulation of post-translational PSI processing. Together with our 
previous data on regulated APP processing, these findings suggest the possibility 
that surface receptor-dependent PSI loop phosphorylation is involved in the reg
ulation of secretory APP processing. Together the data imply that the activity
dependent post-translational processing of two proteins - APP and PSI - with 
critical roles in the pathogenesis of AD can be under the control of external sig
nals that are substantially decreased in AD brains. 

Presenilin Mutation Attenuate Regulated Secretory APP 
Processing 

Many FAD-causing PS mutations are associated with increased generation of 
ABl-42/43' (Scheuner et al. 1996). Thus, presenilins may interact with post
translational processing of the amyloid B-protein precursor (APP), and a putative 
biological function of PS proteins may be related to the control of cellular APP 
metabolism. PS proteins are predominantly localized in the perinuclear endo
plasmic reticulum and the cis-Golgi, where possible interactions with APP could 
occur (Kovacs et al. 1996). To investigate whether presenilins can interact with 
regulated a-secretase processing of APP, we stably transfected 293 cells with 
wild-type presenilins or disease-causing mutants and stimulated a-secretase pro
cessing with phorbol myristate acetate (PMA). Stable overexpression of wild-type 
PSI accelerated PMA-stimulated, but not constitutive, a-secretase processing of 
APP several fold, and disease-causing PS mutants M146L, H163R, A246E and 
L286V failed to do so at similar expression levels. These data indicate that overex
pression of wild-type PSI facilitates regulated a-secretase processing, and they 
demonstrate a loss of this particular function of FAD-causing mutants. Thus, the 
reported increases in ABI-42/Af31-40 ratios in patients with PSI mutations may be 
associated with lower than normal rates of a-secretase processing. 

Activity-Dependent Regulation of Gene Expression 
by Muscarinic Receptors 

To identify activity-dependent and receptor-mediated effects on gene expression 
in postsynaptic cells, we used a differential screen of cDNA populations (Liang 
and Pardee 1992) obtained from carbachol-stimulated cells that express ml 
receptors and compared them to unstimulated controls. We identified several dif
ferentially regulated genes, including the family of early growth response genes 
EGR-l, EGR-2, EGR-3, and EGR-4 that encode zinc-finger domain transcription 
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factors (Suggs et al. 1990). In addition, we identified Gigl, a previously unknown 
human homolog of the mouse secretory extracellular matrix signaling protein 
Cyr61 (O'Brien et al. 1990). Sequence analysis of a 2021 bp full length Gigl 
cDNA-clone revealed an open reading frame that encodes a 381 residue polypep
tide with 91% homology to the mouse polypeptide sequence. Egr and Gigl 
mRNA levels were undetectable by Northern blot analysis in unstimulated cells. 
Within 10 minutes of ml receptor stimulation with carbachol, Egr and Gigl 
mRNA increased dramatically and attained a maximum at 50 minutes. Mobility 
shift assays along with Western blots demonstrated synthesis of Egr-l protein 
with the ability to bind its DNA recognition sequence as a result of ml-receptor 
activation. The increase in Egr-l and Gigl synthesis was blocked by atropine, 
mimicked by PMA, and was blunted by downregulation of PKC. By using an Egr
I-specific luciferase reporter assay (Sock et al. 1997), we demonstrated that stim
ulated ml-receptors activate transcription from an Egr-l-dependent promoter. 
These findings show that EGR and Gigl are downstream targets of muscarinic 
ml receptor-initiated signaling, and they imply that EGR-dependent target genes 
are also transcriptionally activated by ml receptors. Thus, it is likely that musca
rinic transmission is associated with both short-term and long-term cellular 
responses coupled to receptor activation by the transcriptional activation of EGR 
transcription factors. Future studies will address whether EGR-dependent tran
scriptional regulation is altered in deafferented target neurons in AD brains, and 
whether subtype selective ligands are useful in the modulation of EGR
dependent transcription. In addition to transcription factors, the synthesis and 
secretion of Gigl protein could also be associated with transmitter-induced long
term alterations in cellular responses, perhaps by growth modulation via possi
ble interactions of Gigl with extracellular matrix proteins. 

Conclusions 

Many genes and proteins are regulated in an activity-dependent manner by cell 
surface receptors. Transcription factors that are activated by muscarinic recep
tors include immediate early genes, transcription factors, ion channels, several 
unknown genes as well as the AD-associated proteins APP and PSI. It is therefore 
possible that reductions in neuronal activity along with the loss of synapses in 
AD cause abnormal regulation of activity-dependent genes, as well as altered 
processing and function of APP and PSI. Treatments designed to restore neuro
transmission in AD brain may thus be useful for modulating the expression, 
post-translational modification and cellular function of downstream target mole
cules coupled to cell surface receptors. 
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Neuronal Regulation of Presenilin-l Processing 

H. Hartmann, ]. Busciglio and B. A. Yankner * 

Summary 

Presenilin 1 (PSI) is ubiquitously expressed but causes pathology only in the 
brain. The basis of this neuropathogenic specificity is unknown. In non-neuronal 
cells, PSI is localized predominantly in the endoplasmic reticulum, where it co
localizes with the resident endoplasmic reticulum protein BiP. In cultured human 
cortical neurons, PSI also appears in neuritic processes, where it does not co
localize with BiP. This neuron-specific localization of PSI is accompanied by a 
neuron-specific pattern of PSI processing. PSI is constitutively cleaved to 30 kD 
N- and 20 kD C-terminal fragments in all non-neuronal cell types examined, as 
well as in undifferentiated neurons and PCI2 cells. An alternative pathway of PSI 
proteolytic processing, which gives rise to 36 kD N- and 14 kD C-terminal frag
ments, appears in the brain and in cultured differentiated neurons and PCI2 
cells. The alternative pathway of PSI cleavage is present at low levels during fetal 
development and is markedly induced postnatally. This pattern of alternative PSI 
cleavage is not detected at significant levels in astrocytes, non-neural cells or 
peripheral tissues. Inhibitors of serine, cysteine and lysosomal proteases do not 
affect the constitutive or alternative PSI cleavages. However, the specific protea
some inhibitor lactacystin increases the level of full-length PSI without affecting 
the generation of the major cleavage products. These results suggest that full
length PSI may undergo two pathways of proteolysis: limit degradation by pro
teasome or discrete proteolytic cleavage to stable fragments by as yet unknown 
proteases. Thus, PS 1 processing is a dynamic process that has undergone specific 
adaption in neurons. Neuron-specific processing of PSI may playa role in the 
brain-specific pathological effects of PSI mutations in familial Alzheimer's dis
ease . 
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Introduction 

Mutations in the presenilin family of genes is now recognized as a major genetic 
cause of early-onset Alzheimer's disease (AD; Schellenberg et al. 1995; Levy
Lahad et al. 1995; Alzheimer's Disease Collaborative Group 1995). More than.25 
inherited mutations in presenilin I (PSI) have been identified in families that 
exhibit autosomal dominant inheritance of AD; two mutations have been identi
fied in the highly homologous protein presenilin 2 (PS2). A presenilin homo
logue in C. elegans, sel-12, has been identified and has been genetically impli
cated in Notch/lin-12 signaling (Levitan and Greenwald 1995), although the role 
of PSI in this signaling pathway is unclear. Since PSI has been localized predo
minantly to the endoplasmic reticulum (ER; Kovacs et al. 1995), PSI may func
tion to regulate the processing and transport of receptors and other cell surface 
proteins during their transit through the secretory pathway. This possibility is 
supported by the observation that PSI mutations can alter the processing of the 
amyloid precursor protein (APP), resulting in increased production of the amy
loidogenic 42 amino acid form of amyloid P protein (AP; Scheuner et al. 1996; 
Duff et al. 1996; Borchelt et al. 1996b; Citron et al. 1997). 

Presenilins and APP are ubiquitously expressed proteins, yet inherited muta
tions specifically affect the brain causing AD. In the case of APP, this is presum
ably the result of brain-specific processing of APP or its metabolites, resulting in 
parenchymal deposition of AP in the brain. Given this precedent, we explored the 
possibility that PSI may also exhibit a brain-specific pattern of processing that 
could underlie the brain-specific pathological changes caused by PSI mutations. 
PSI is proteolytically processed to stable N- and C-terminal fragments in all cell 
types examined (Thinakaran et al. 1996). We have shown that this pattern of 
cleavage is altered in the adult brain and in differentiated neurons in culture, 
resulting in the production of alternative N- and C-terminal PSI fragments 
(Hartmann et al. 1997). Here we investigate further the differential localization of 
PSI in neuronal and non-neuronal cells and the developmental regulation of PSI 
cleavage in the brain. Neuron-specific cleavage products of PSI appear at low 
levels during fetal development but increase markedly in the adult brain. The 
generation of stable PSI fragments by discrete proteolysis appears to be compet
ing with a pathway of limit degradation mediated by proteasome. Thus, proteoly
sis of PSI is precisely controlled and differentially regulated in the developing 
and adult brain, consistent with a functional role for PSI in developing and 
mature neurons. 

Results 

To compare the localization of PSI in neuronal and non-neuronal cells, we per
formed double-label immunofluorescence microscopy for PSI and the ER marker 
BiP (Busciglio et al. 1997; Hartmann et al. 1997). Immunofluorescence micros
copy of PSl-transfected COS cells using Ab231 directed against the PSI 
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Fig.i. Localization of transfected PSI in non-neuronal cells. COS cells were examined 48 hrs after 
trans feet ion with the PSI eDNA by double-label immunofluorescence microscopy with Ab 231 to PSI 
(A, green) and anti-BiP, a marker of the rough ER (B, red). Overlap of the two labels is yellow (C). 
Transfected COS cells were also double-labeled with Ab 231 (D) and antibody JE4, a marker of the 
Golgi complex (E); a minor component of PS I co-localizes with the Golgi marker in transfected cells 
(F, yellow) 

N-terminus demonstrated a reticular and perinuclear distribution of PSI that co
localized with BiP (Fig. lA-C). A minor component of PSI also co-localized with 
a marker for the Golgi complex (Fig. 1 D-F). The specificity of staining was con
firmed by preabsorption of Ab231 with the antigenic PSI peptide, which abol
ished immunoreactivity (data not shown). These results confirm the previously 
reported ER and Golgi distribution of transfected PSI (Kovacs et al. 1996). We 
then examined the subcellular distribution of endogenous PSI in primary human 
cortical cultures. PSI appeared in both the cell body and distal neuritic processes 
of human cortical neurons (Fig. 2). In contrast, immunoreactivity for the ER 
marker BiP was restricted to the cell soma and some proximal neurites. PSI and 

Fig.2. Localization of endogenous PSI in cul
tured human cortical neurons. Primary cultures 
of human fetal cortex were maintained in vitro 
for seven days an double-labeled with Ab 231 to 
PSI (green) and anti-BiP (red). PSI in neuronal 
cell bodies (arrow) co-localizes with the ER 
marker BiP (overlap of PSI and BiP is yellow). 
PSI in neurites does not overlap with BiP 
(arrowhead). PSI staining in neuronal cell bod
ies and neurites was abolished by preabsorption 
of Ab 231 with the cognate PSI peptide (not 
shown). Astrocytes are the large cells that stain 
red for BiP; astrocytes do not show significant 
PS I staining. Scale bar: 10 f-IM 
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Fig. 3. Regulation of PSI proteolytic cleavage during rat brain development. Shown is Western blot 
analysis of rat brain homogenates with antibodies to the PSI N-terminus (aPSI-N) and the large C
terminal loop (aPSI-L). Embryonic day (E) 15, 16, 18,20; postnatal day (P) 0, 1,3,5; 3-month-old rat 
cortex (adult). Note the induction of 36 kD N-terminal and 14 kD C-terminal fragments (arrows) at 
late stages of development and predominantly in the adult 

BiP co-localized in the cell soma but not in the distal neurites (Fig. 2, overlap 
indicated by yellow). Thus, neuronal PSI co-localizes with a marker of the rough 
ER in the cell body but not in the neurites. 
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Fig. 4. Proteasome degrades full-length PSI. PCI2 cells were differentiated by treatment with nerve 
growth factor (50 ng/ml) for three days. Celilysates were analyzed by Western blotting with aPSI-N. 
(A) Differentiated PCl2 cells treated with the proteasome inhibitor lactacystin (Lact; 10 ""M for 14 hrs) 
show increased full-length PSI (arrowhead) relative to untreated cultures (-). Levels of N-terminal 
fragments (arrow) are unaffected. (B) Differentiated PCI2 cells were untreated (-) or incubated for 
14 hrs with calpain inhibitor II (CalpII; 25 ""M), chymostatin (Chymo; 60 ""glml), E64 (E64; 10 ""g/ml), 
leupeptin (Leup; 500 f,tglml) and TLCK (TLCK; 37 f,tglml). Levels of full-length PSI (arrowhead) and 
N-terminal fragments (arrow) were not significantly affected 
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PSI undergoes constitutive proteolytic cleavage to 30 kD N- and 20 kD C
terminal fragments in non-neuronal cells (Thinakaran et al. 1996). However, in 
the adult rat brain and in cultured rat hippocampal neurons, PS 1 undergoes an 
additional proteolytic cleavage that generates 36 kD N- and 14 kD C-terminal 
fragments (Hartmann et al. 1997). To examine the regulation of PSI cleavage in 
the rat brain during fetal development, Western blot analysis was performed 
from embryonic day 12 (EI2) to postnatal day 5 (P5). The constitutive 30 kD N
terminal and 20 kD C-terminal fragments were the predominant PSI species 
throughout embryonic development and in early postnatal life in the rat brain 
(Fig. 3). The alternative 36 kD N- and 14 kD C-terminal fragments were present 
at low levels throughout development and gradually increased from E20 to P5. A 
much greater increase in the alternative PSI fragments appeared after P5 in the 
adult rat brain (Fig. 3). These results suggest that alternative proteolytic cleavage 
of PSI occurs predominantly in the postnatal rat brain. 

To investigate the proteolytic systems involved in the processing of PSI, we 
examined the effects of a variety of proteases on PSI processing in PC12 cells. 
Undifferentiated rat PC12 cells exhibit the constitutive cleavage pattern charac
teristic of non-neuronal cells. When PC12 cells are differentiated with nerve 
growth factor, the alternative PSI fragments appear (Hartmann et al. 1997). 
Incubation of differentiated PC12 cells with the serine protease inhibitor TLCK, 
the cysteine protease inhibitors leupeptin and E64, the chymotrypsin inhibitor 
chymostatin or a calpain inhibitor did not significantly affect the generation of 
either the constitutive or alternative PSI fragments (Fig. 4B). We then examined 
the effect of lactacystin, a highly specific inhibitor of the proteasome (Fenteany 
et al. 1995). Treatment with lactacystin significantly increased the level of full
length PSI, but did not affect the levels of the N-terminal fragments (Fig.4A). In 
addition, lactacystin did not significantly affect the levels of PSI C-terminal frag
ments (data not shown). These results suggest that proteasome mediates the limit 
degradation of full-length PSI, but does not mediate the constitutive or alter
native proteolytic cleavages. 

Discussion 

These experiments indicate that PSI is localized to both the cell body and neu
ritic processes of cultured human cortical neurons. It is noteworthy that PSI in 
neurites does not co-localize with the ER marker BiP, in contrast to the co
localization of PSI with BiP in non-neuronal cells. This difference may reflect the 
presence of PSI in a compartment other than the ER in neurons, or in a compart
ment of the smooth ER that does not contain BiP. A recent ultrastructural study 
of PSI localization in the brain showed that PSI is localized to both tubular and 
vesicular compartments in neurons and suggested that PSI may be part of the 
intermediate compartment between the ER and Golgi (Lah et al. 1997). The inter
mediate compartment has been implicated in the regulation of protein transport 
and may also be involved in protein degradation or processing. As such, this 
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compartment could potentially be the site of action of PSI mutations that alter 
APP processing, giving rise to increased levels of AB42 (Scheuner et al. 1996). 
However, the absence of rough ER and Golgi complex in neuritic processes raises 
the possibility that neuronal PSI may be involved in functions other than protein 
processing. 

The predominant PSI species appear to be N- and C-terminal fragments in a 
variety of cell types (Thinakaran et al. 1996). The full-length PSI protein is 
detected at only low levels in non-transfected cells. Thus, the regulation of PSI 
processing is likely to impact on its biological activity. We have demonstrated 
that the cleavage of PS 1 is regulated by neuronal differentiation (Hartmann et al. 
1997). Differentiation of neuronal cells in culture is accompanied by the genera
tion of longer N-terminal and shorter C-terminal PSI fragments, in addition to 
the constitutive fragments. This pattern is recapitulated in vivo; alternative PSI 
fragments appear at low levels in the fetal brain and are significantly induced in 
the adult brain. In both rat and human, alternative cleavage of PSI occurs predo
minantly in the brain; much lower levels of these fragments are detected in 
peripheral tissues. Thus, generation of the alternative PSI fragments may be 
related to a neuron-specific function ofPSl. Altered cleavage of PSI may therefore 
be a mechanism for regulating its biological activity in a cell type-specific context. 

The single major alternative N-terminal fragment detected in the rat brain is 
in contrast to the ladder of alternative N -terminal fragments in the human brain 
(Hartmann et al. 1997). Furthermore, a major alternative C-terminal fragment is 
detected in the rat brain, but alternative C-terminal fragments are not detected in 
the human brain. It is possible that the heterogeneous cleavage of PSI in the 
human brain results in rapid degradation of the truncated C-terminal fragments. 
The alternative cleavage pathway may therefore serve to regulate the stability and 
biological activity of PSI fragments. 

The proteases responsible for the constitutive and alternative cleavages of 
PSI remain to be identified. A variety of serine and cysteine protease inhibitors 
had no effect on PSI processing. However, the highly specific proteasome inhib
itor lactacystin increased the steady state level of full-length PSI in PCl2 cells, 
without altering the levels of the N- or C-terminal fragments. Thus, the protea
some appears to mediate limit degradation offull-Iength PSI but does not signif
icantly affect the major cleavage pathways. Interestingly, the increased levels of 
full-length PSI generated in the presence of the proteasome inhibitor did not give 
rise to increased levels of the major PSI fragments, suggesting that the fragment
generating pathway is tightly regulated. It remains to be determined whether the 
PSI mutations act at the level of PSI processing. A consistent effect of pathogenic 
PSI mutations on PSI processing has not been established. Various PSI muta
tions have been reported to either inhibit PSI cleavage in vitro (Mercken et al. 
1996; Thinakaran et al. 1996) or increase PSI cleavage in transgenic mice (Bor
chelt et al. 1996b). It will be of interest to determine whether PSI mutations affect 
the neuron-specific alternative cleavage pathway. A selective effect of PSI muta
tions on neuron-specific processing could potentially explain the brain specific
ity of pathology associated with PSI mutations. 
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Transgenic Approaches to the Study of Alzheimer's 
Disease 

K.Duff 

Summary 

Different genes known to be involved in Alzheimer's disease have been intro
duced into transgenic mice in an attempt to model the disease. Transgenic mice 
overexpressing mutant presenilin 1 (PSi) trans genes show elevated levels of the 
highly amyloidogenic fragment, A~ (42) 43, compared to mice overexpressing 
wild type PSi. Mutations in both PSI and APP have therefore been shown to have 
a similar effect on A~(42)43 levels suggesting a common link to AD pathogene
sis. Although mutant PSI and APP transgenic mice do not show all the features 
of the human disease, it is now possible to extend and enhance the AD phenotype 
by crossing transgenic mice together. 

APP Transgenic Models 

The last two years have seen the resurgence in popularity of the transgenic mouse 
as a model system in which to study Alzheimer's disease. In 1995, Athena Neu
roscience published their groundbreaking transgenic APP mouse model, PDAPP 
(Games et al. 1995). This mouse consisted of an APP minigene complete with 
introns that allowed splicing of the eDNA to generate the three most abundant iso
forms of APP in the brain. The construct was under the control of the PDGF pro
moter and expressed the V717F mutation. The PDAPP mouse demonstrated beta 
amyloid (A~) containing deposits in the cortex and hippocampus that stained with 
thioflavin-S and congo red and showed reactive gliosis surrounding the deposits, 
as well as other markers of cellular disturbance. Later work by the Athena group 
carefully examined APP levels, the correlation of A~ levels with deposit formation 
and the spread of the pathology to different regions of the brain with age in hetero
zygous and homozygous PDAPP mice (Johnson-Wood et al. 1997). In 1996, Karen 
Hsiao and colleagues published a report of a second transgenic mouse with A~ 
deposits where the formation of deposits correlated with elevated A~ levels and 
behavioral impairments (Hsaio et al. 1996). This mouse used the hamster PrP pro
moter to drive the expression of an NL 670/671 APP695 eDNA . 
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These papers showed that transgenic mice overexpressing APP could be 
induced to develop amyloid deposits when the level of AB was high enough. It 
appears, therefore, that AB levels in the brain must reach a theoretical "threshold 
level" of A~ for the deposits to form and this level appears to be above 50 pm/g 
total AB. This would explain the lack of deposits in previous transgenic mice 
where the levels of AB presumably fell below the threshold. 

PS1 Transgenic Models 

One month after the publication of the Tg2576 mouse, we reported the creation 
of transgenic mice overexpressing the human PSI eDNA (Duff et al. 1996). These 
mice used the PDGF promoter to drive the expression of the PSI eDNA. Three 
different mouse lines were created: wild type (WT), mutant M146L and mutant 
M146V. An intron from human genomic PSI was inserted into the equivalent 
locus between exons 4 and 5 in the eDNA construct and this clearly had a great 
effect on the levels of transcription from the PDGF promoter. The PSI protein 
was translated and processed correctly but the levels of protein in each mouse 
line were different, although this did not reflect the transgene copy number. The 
pattern of expression of the transgene was assessed by in situ hybridization and 
was found to be mainly neuronal as expected for the PDGF promoter (unpub
lished data). 

An earlier study by Younkin and colleagues (Scheuner et al. 1996) had 
demonstrated that AB42(43) levels were elevated in the fibroblasts of patients 
with PSI mutations compared to their unaffected relatives. We therefore decided 
to analyze the levels of endogenous mouse Afh-40 and 1-42(43) in the WT and 
mutant lines of mice. Our data confirmed the fibroblast study in that the levels of 
AB42(43) were elevated in mutant but not WT overexpressing mice, but the levels 
of ABl-40 were not (Duff et al. 1996). This result was subsequently confirmed in 
other transgenic mice and transfected cell lines (Borchelt et al. 1996; Thinakaran 
et al. 1996; Citron et al. 1997). 

Other than the effect on AB generation, the PS transgenic mice have so far 
failed to show any overt AD phenotype. There is no obvious plaque or tangle 
pathology in aged mice, and they do not show any behavioral impairments 
(unpublished data). A battery of tests is, however, currently underway, both on 
the mice and on primary neuronal cultures derived from them, to identify any 
cellular defect that could explain the role of PS in normal cellular function and in 
AD. These tests include looking for markers of oxidative damage (such as MDA 
or SOD overproduction), markers of apoptotic cell death, alterations in brain 
electrophysiology coupled with calcium imaging, and investigating the process
ing of PSI itself. It is possible though that the only contribution of the presenilin 
mutations is to divert APP processing down a more amyloidogenic pathway, 
either due to a direct interaction between the two proteins or to some role of PS 
on APP trafficking. 
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Modulating AD Phenotype in Transgenic Mice 

The intriguing observation that PSI mutations affect APP processing in such a 
way that more of the amyloidogenic fragment A~1-42(43) is generated is highly 
suggestive of the central role of this molecule in AD pathology. One way to test 
this theory is to cross an APP transgenic mouse that develops deposits with a PSI 
mutant mouse and study the effects of the two transgenes on pathogenesis. It is 
predicted that the marginal initial increase in A~42(43) levels in PSI APP mice rel
ative to APP litter mates will accelerate the rate at which A~ deposits develop if 
deposition is related to overall A~ levels, as suggested by Athena's studies on 
homozygous vs. heterozygous PDAPP mice. Two recent publications have shown 
that this is in fact the case (Borchelt et al. 1997, Holcomb et al. 1998) with increa
ses in A~(42)43 as low as 40% accelerating pathology development from 12 
months (in the singly transgenic APP animal) to 12 weeks in the doubly trans
genic PS/APP animal (Holcomb et al. 1998 and Duff, unpublished data). It will be 
interesting to correlate A~ elevation with deposit formation and to assess the 
"accelerated" mice for other AD-related markers such as neuronal loss or tangle 
pathology that may form due to the increased period of exposure to toxic A~. 

Crossing different transgenic mice together may help to modulate the pheno
type in several ways. For example, abnormal tau pathology appears to be a signif
icant feature of AD but is is unlikely to be causative, at least not in AD caused by 
APP mutations. The association of abnormal tau pathology with several neuro
degenerative diseases (reviewed in Delacourte and Buee 1997) suggests that the 
development of paired helical filaments (PHF) and tangles is detrimental to neu
ronal survival, and the lack of widespread neuronal loss in APP overexpressing 
mice might at least in part be related to a lack of robust tau pathology. It does 
appear though, that some abnormal tau pathology has been achieved in aged, 
APP overexpressing mice (B. Sommer, personal communication), suggesting that 
these structures may be a consequence of APP I A~ damage. If human tau overex
pressing mice can be crossed with APP overexpressing mice, the combination of 
high levels of human tau in the disturbed cellular environment created by APPI 
A~ overexpression might stimulate the formation of robust tangles and we might 
begin to see neuronal degeneration. Alternatively, if oxidative stress is a factor in 
AD pathogenesis, crossing APP mice with mice overexpressing protective agents 
(such as SOD) may reduce the impact of the deposits on cellular dysfunction or 
may retard the development of deposits themselves. 

The issue of cognitive impairment in deposit forming mice is also central to 
our understanding of the role of deposits in dementia associated with Alzhei
mer's disease. As both the APP transgenic models generated so far fail to show 
widespread neuronal loss, it is intriguing that cognitive impairment has been 
reported in one of them (Hsiao et al. 1996). It will be interesting to examine 
whether the impairment precedes deposit formation, as the sequence of events in 
AD pathogenesis will have significant implications in drug design. It is possible 
that soluble (or more likely, partially fibrillar) A~ is the cytotoxic entity that is 
responsible for cognitive impairment and the deposition of amyloid into plaques 
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might be a pathogenically unrelated consequence of high concentrations of A~ 
or, indeed, might be a protective cellular mechanism that clears the brain of toxic 
fibrils. Alternatively, APP overexpression may be the culprit, or some early A~ 
related intracellular event. 

Overview 

Although it would be premature to predict that the specific elevation of A~l-
42(43) relative to other forms of A~ peptide is the pathogenic mechanism in Alz
heimer's disease, it does seem remarkable that mutations in three genes (PSI, PSZ 
and APP) all affect the same pathway. The observation that elevation above a cer
tain threshold is also linked to amyloid deposition in the APP mice, that A~l-
42(43) maybe at the root of these features of the disease. The exact sequence of 
events is still unclear but the transgenic models generated so far have already 
shown their utility in dissecting this complex part of the pathology, and the 
potential for crossing mice reinforces the validity of the transgenic approach to 
studying human neurodegenerative diseases. 
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