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1. ABSTRACT

In molecular neurobiology, perhaps no molecule
has been asthoroughly examined as Alzheimer's 3-amyloid
precursor protein (RAPP). Intheten years sincethe cDNA
encoding RAPP was cloned, the protein has been the
subject of unparalleled scrutiny on all levels. From
molecular genetics and cellular biology to neuroanatomy
and epidemiology, no scientific discipline has been |eft
unexplored - and with good reason. [3-amyloid (AR) is the
main constituent of the amyloidogenic plaques which are a
primary pathological hallmark of Alzheimer's disease, and
BAPPisthe protein from which AR is cleaved and rel eased.
Unraveling the molecul ar events underlying A3 generation
has been, and remains, of paramount importance to
scientists in our field. In this review we will trace the
progressthat has been made in understanding the molecul ar
and cellular basis of RAPP trafficking and processing, or
alternatively stated, the molecular basis for A generation.
Imperative to acomplete understanding of A3 generation is
the delineation of its subcellular localization and the
identification of proteins which play either direct or
accessory roles in AR generation. We will focus on the
regulation of RAPP cleavage through diverse signal
transduction mechanisms and discuss possible points of
therapeutic intercession in what has been postulated to be a
seminal molecular step in the cascade of eventsterminating
in the onset of dementia, aloss of neurons, and tragically,
eventual death from Alzheimer's disease.

2. INTRODUCTION

Alzheimer's disease (AD) is the most common
form of dementia in the elderly, accounting for
approximately 50% of the typical, late-onset cases of
dementia. AD is characterized clinically by the insidious
onset and inexorable progression of dementia and
pathologically by the abnormal accumulation of neuritic
plagues and neurofibrillary tangles in vulnerable brain
regions. Plagues consist of deposits of 40-43 amino acid
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peptides called R-amyloid (AR) (1,2) which is derived
through proteolytic processing of the 3-amyloid precursor
protein (RAPP). The neurofibrillary tangles are composed
largely of hyperphosphorylated twisted fillaments of a
cytoskeletal protein, tau (3). Evidence causdly linking
RAPP to AD was provided by the discovery of mutations
within the RAPP coding sequence that segregated with
disease phenotypes in autosomally dominant familial AD
(FAD) (4-6). Although documented FAD israre (<10% of
all AD), the characteristic clinicopathological features,
amyloid plaques, neurofibrillary tangles, synaptic and
neuronal loss, neurotransmitter deficits and dementia are
apparently indistinguishable when FAD is compared with
typical, common, "non-familial," or sporadic AD.

In addition to mutations within RAPP, there are
now many reported pedigrees in which early onset FAD
segregates with two other genetic loci. It is now accepted
that mutations in the presenilin 1 gene on chromosome 14
(7) and the presenilin 2 gene on chromosome 1 (8) also
cause FAD. PS mutations cause AD by altering RAPP
metabolism: specifically they cause a selective presenilin
mutations and cause a selective increase in the production
of the 42 amino acid form of AR (AR42) (9-10). This
increase of AR42 occurs in the plasma and in media from
cultured skin fibroblasts derived from patients carrying
these mutations, and this rise can be detected
presymptomatically (10). This elevation is significant
because A42 ismore highly amyloidogenic (11,12) and is
believed to form the core of the amyloidogenic plaques
(13,14), despite being produced far less abundantly than
ARA0, the major amyloid species generated by all cells.
Evidence from recent studies strongly support this
hypothesis. For instance, cells transfected with mutant PS1
cDNA secrete higher levels of AR42 (9,15); similarly,
transgenic mice expressing mutant PS1 show increased
Af42 levels in their brains (16). This data from humans,
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transgenic mice and cells expressing mutated RAPP and
PS1 has only further strengthened an integrated amyloid
cascade hypothesis; diverse molecular anomalies all lead to
the enhanced production and aggregation of AR peptides.
Furthermore, it was already appreciated that patients with
Down's syndrome or trisomy 21 (RAPP is localized to
chromosome 21) invariably develop AD pathology by age
50 and show A 342 immunoreactive plaques by age 12 (17).
It is the goa of this review to introduce the various
hypothesis regarding the metabolism of RAPP and the
generation of AR - and to suggest how interrupting or
delaying this early and invariable event in AD may be
therapeutically feasible.

3. DISCUSSION

3.1. BAPP Structure Gives Clues to its Function

The partial purification of amyloid peptides from
the microvasculature of AD brains by Glenner and Wong
began the modern era of AD research; within three years,
the sequence of this small peptide was successfully used to
clone the full length cDNA of BAPP (18). The deduced
amino acid sequence of RAPP predicts a type 1
transmembrane protein encoded by aternatively spliced
MRNA resulting in isoform diversity. Isoforms of 751 and
770 amino acids include a protease inhibitor domain in the
extracellular region of the RAPP molecule (19,20),
however, an isoform of 695 amino acids missing this
domain is the main isoform found in neurons.
Physiological roles of RAPP have been suggested to include
transmembrane signal transduction (21) and calcium
metabolism (22). However, a definitive cell biological role
for BAPP and its metabolites has yet to be ascribed.
Potential functional motifsin RAPP have been identified by
the presence of consensus sequences. Some of these motifs
suggest a role in metal ion binding (23), heparin binding
(24), cell adhesion (25) and/or as a receptor for a currently
unrecognized ligand. Some have even suggested that RAPP
plays arole in regulating cell growth (26). Despite these
varied reports, BAPP knockout mice do not have an
obvious disease phenotype (27) further confounding the
search for anormal physiological role for BAPP. A family
of novel RAPP-like proteins (APLPs) were discovered (28,
29) suggesting that RAPP may be a member of a larger
family of related molecules, however, APLPs lack the AR
domain and therefore cannot serve as precursorsto ARR.

3.1.1 BAPP is Trafficked and Processed Through the

Secretory Pathway
RAPP is initially synthesized and
cotrandationally inserted into membranes in the

endoplasmic reticulum (ER). Although it has been recently
suggested that AR42 can be generated within a
compartment early in secretory pathway (30), such as the
ER or early Golgi, a magjority of RAPP molecules exit the
ER uncleaved. Once exiting the ER, RAPP molecules are
transported to the Golgi apparatus where the majority of
RAPP molecules are found under steady state conditions.
Within the Golgi apparatus, RAPP is significantly modified
by N- and O-glycosylation, tyrosyl sulfation, and
sialylation (31, 32). RAPP is also phosphorylated in both
the extracellular and intracellular domains (2, 33). In
addition, some RAPP molecules are chondroitin-sulfated in
their ectodomains (34).
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The proteolytic processing events underlying
[3A PP metabolism have been the subject of intense scrutiny.
The first proteolytic cleavage product of RAPP processing
to be definitively identified by purification and sequencing
was a fragment which results primarily from a cleavage
event within the AR domain. The entire amino-terminal
fragment of the RAPP extracellular domain, termed s-RAPP
or RAPPs, isreleased into the medium of cultured cells (25,
32, 35, 36) and into the cerebrospina fluid, leaving a
nonamyloidogenic carboxyl-terminal fragment associated
with the cell (37) . This pathway was designated the a-
secretory pathway after the still unidentified enzymatic
activity termed the a-secretase which cleavesthe proteinin
this manner. Thus an important processing event in the
biology of RAPP actsto preclude AR formation by cleaving
RAPP withinthe AR domain.

3.1.2. a-Secretase Cleaves BAPP at the Cell Surface

An increasing number of secreted proteins are
derived from integral plasma membrane proteins in
which the secretory event is actually post-translational
hydrolysis from the cell surface. This shedding or
solubilization involves either an endoprotease or a
phospholipase. RAPP appears to belong to this large
family of proteins including membrane receptors,
receptor ligands, ectoenzymes, leukocyte antigens, and
cell adhesion molecules in which an enzymatic event at
the cell surface may be physiologically relevant (38).
Indeed, it was demonstrated that a-secretase is highly
active at the plasma membrane (39). The a-cleaved
RAPP molecule may have physiological relevance that
extends beyond merely preventing AR formation: both in
vitro and in vivo effects of BAPPs on cytoprotection and
cell neurotrophy have been documented (26).
Nevertheless, RAPP knockout mice failed to exhibit any
striking neuronal phenotype (27).

Amino acid substitutions around the cleavage
site do not alter RAPP cleavage suggesting that a-
secretase cleavage relies more upon the distance from
the membrane than on the primary amino acids (39).
Progressive deletion of the extracellular juxtamembrane
amino acids demonstrated that only 11 amino acids of
the natural sequence were required to sustain RAPP
cleavage at the cell surface (39). The cell regulation of
the a-secretase pathway will be examined later in this
review; simply, however, the activation of Protein
Kinase C (PKC) through diverse routes, strongly
stimulates a-secretase cleavage, an event which can be
ascribed either to indirect effects of PKC on the cellular
localization of BAPP and the a-secretase or direct
effects on the enzymes themsel ves through altering their
state of phosphorylation (40-42).

3.1.3. Alternative BAPP Metabolism Gives Rise to the
Amyloid-f§ Peptide

Until 1992, AR was by general consensus, an
abnormal metabolite derived from RAPP. Soluble AR was
not initially detected in brain, cerebrospinal fluid or from
cell culture systems due to the limitations imposed by
antibody reagent sensitivity, and difficulties due to the
conformation, aggregation and low endogenous levels of
AR produced by cells. Most early information regarding
RAPP metabolism was instead derived from experiments
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studying the carboxy-terminal fragments of RAPP. High-
level overexpression of human RAPP using recombinant
vaccinia viruses (43), baculoviruses (44), or stable
transfections in association with supraphysiological levels
of protein phosphorylation (40) resulted in the
accumulation of heterogeneous C-termina RAPP
fragments. These studies provided abundant evidence in
support of the hypothesis that an alternative cleavage of
RAPP molecules could occur in which C-terminal
fragments not cleaved by the a-secretase, but rather
containing the complete AR sequence, remained as
potential precursors from which AR could be further
derived. This cleavage activity was designated the 13-
secretase.  Seguencing of these putative [-cleaved C-
terminal species did confirm their definitive identification
as candidate intermediariesin the pathway to Al3deposition
(45).

This non a-secretase mediated cleavage
immediately prompted the search for alternative
intracellular routesthrough which RAPP could betrafficked
and metabolized into Af-generating precursors. The
existence of an alternative secretory pathway for RAPP was
difficult to prove. Several groups began searching for the
secretory compartments, within  which RAPP was
metabolized and AR generated. A favored hypothesis was
that AR was generated within an acidic intracellular
compartment in which the pH would permit maximal
activity of the secretases. Vesicle neutralizing agents such
as chloroquine and ammonium chloride were applied to
cultured cells, facilitating the recovery of full length RAPP
and an array of C-terminal fragments (41, 46, 47) - a
population of fragments similar to that recovered from
purified lysosomes (48).

The possibility that an endosomal-mediated
metabolism of RAPP wasimportant in the generation of AR
peptides was strengthened by the discovery of a clatherin-
coated vesicle (CCV) targeting motif in the LDL receptor.
This motif, NPXY, was required for proper internalization
of the LDL receptor and was also present on the
cytoplasmic tail of BAPP (49) . The co-purification of
RAPP with CCV's (50) suggested the possibility that RAPP
may be a receptor for a yet undiscovered or recognized
ligand. These experiments defined a second normal
processing pathway for RAPP that does not involve a
cleavage event withinthe A3 domain of BAPP. This work
supported the hypothesis that RAPP can be reinternalized
from the cell surface and targeted to the
endodome/lysosome pathway where it may contribute, in
part, to the generation of RAPP-derived fragments
containing AR (51).

3.2 Intracellular Generation of Af}

Hypotheses regarding the abundance of an actual
4 kD A specieswere based upon the belief that AR was an
abnormal and toxic species - a product restricted to the
brains of aged or demented humans. It was believed that a
cell would need to be significantly injured for aprotease to
gain access to the interior of the membrane bilayer to
cleave RAPP and generate ARR. This concept was soundly
refuted when several groups discovered that a soluble AR
species was detectable in body fluids from various species
(52) and in the conditioned medium of cultured cells (53)
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but was not detectable in the lysates of cultured cells.
Cultured cells were shown to release the 4 kD AR peptide
into medium in high picomolar to low nanomolar
concentrations (53, 54). In addition to cultures of neuronal-
like cell lines, cortical cultures derived from the brains of
fetal mice, rats and humans all secrete AR peptides in
quantifiable levels (52, 55) and AR can be similarly
detected from the cerebrospinal fluid of humans and rats
(52).

The subcellular processing pathway involved in
AR generation was also uncertain, but as the subject of
innumerable studies over the last six years, the generation
of AR through either endocytic or exocytic pathways, can
each berigorously defended. One shared feature of thetwo
pathways is the unquestioned reliance of RAPP passage
through an acidic intracellular compartment. In support of
this, treatment of RAPP-expressing cells with Bafilomycin
A (Baf A), avacuolar-type H"-ATPase inhibitor, abolished
ARgeneration (56). Inan attempt to detect ARRin adistinct
compartment, Haass et al. purified |ate endosomes/lysosomes
from RAPP-transfected cells that released substantial
amounts of AR, yet they found no AR within those
structures. They interpreted those results to mean that AR
production requires maturation of RAPP through the Golgi
and processing in an acidic compartment other than
lysosomes.

Xu et al, confirmed this hypothesis by
demonstrating using a cell-free system, that AR can be
generated from the trans-Golgi network (TGN) in the
absence of vesicle formation (57) . Thisresult is consistent
with previous findings because the TGN, like the
endosome, provides the ideal acidic environment for
secretase activity and AR generation. Thinakaran et al.,
also demonstrated 3-secretase activity within the late Golgi
using cells expressing RAPP harboring pathogenic point
mutations (58) . The late Golgi has many known cellular
functions which support it as a likely site for AR
generation. As we previously mentioned, under steady
state conditions, RAPP is principally localized within the
TGN. It has been appreciated that physiologically relevant
processing occurs here as well: prohormone processing in
the TGN isawell-characterized phenomenon (59). Finally,
the TGN is a known sorting station for many lysosomal
enzymes and plasma membrane proteins. This fact
supports the idea that if RAPP and relevant secretases are
co-localized with the TGN, thislate secretory compartment
could be alikely site of AR generation. Interestingly, the
implication of the TGN as a major location for AR
production raises the possibility that the excess production
of A3 seen in AD may be due to a defect in the general
secretory/processing apparatus of neurons which could
occur after many decades of unfaltering function.

3.2.1. Presenilin Mutations Support the A} Hypothesis
The discovery of mutations within RAPP lent
support to those who believed the accumulation of AR was
acrucial event in AD pathogenesis because it linked, for
the first time, mutationsin RAPP, with early onset forms of
AD. All of the RAPP mutations which have been studied in
transfected or in primary cells lead to an increase of AR
secretion, particularly of Al42 (60, 61) . Strikingly, AR
levels within the plasma of those families harboring these
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mutations is significantly raised even well before
symptoms of AD begin to manifest (10) . For this reason,
there islittle doubt that these mutations cause AD, in these
patients, by providing an enhanced cleavage site upon
which the proteolytic secretases can act more quickly or
efficiently.  Of al the known genetic causes of FAD,
however, RAPP missense mutation at or near the sites of
endoproteolysisare arelatively rare cause of familial AD.

Two other genetic loci known to be important in
the etiology of early onset Alzheimer's disease cause the
majority of FAD: the presenilin 1 (PS1) gene on
chromosome 14 (7) and the presenilin 2 (PS2) gene on
chromosome 1 (8). These genes encode polytopic
membrane proteins with high homology to one another.
The functions of these proteins are not understood very
well, but several clueshave been provided. Homologues of
the PS proteins have been discovered in Caenorhabditis
elegans: mutations in spe4 lead to deficits in
spermatogenesis through a disruption of protein trafficking
in the Golgi (62) and sel-12 mutations can disrupt a
crucia intracellular signalling mechanism called Notch
signalling (63). PS1 can rescue sel-12 mutants (64),
further underscoring their functional similarities. Finaly,
PS1 knockout mice exhibit developmental deficits similar
to those observed in mice in which other components of the
Notch signalling pathway have been mutated or knocked
out (65). Extraordinary time and emphasis has been placed
on studying the presenilins because of the belief that by
understanding their functions, we will gain insight into the
role that RAPP plays, both as a normally functioning
protein and asacrucial protein within the unsolved cascade
of AD pathogenesis.

While the presenilin molecules unarguably
influence RAPP metabolism, a direct molecular interaction
between the two molecules, while proposed (66) , has been
difficult to convincingly prove (67 ), keeping the answer to
how that influence is achieved on a molecular level,
elusive. Yet, the downstream effects of presenilin
mutations on RAPP metabolism have been extensively
documented. Plasma from individuals with PS1 mutations
provided the first evidence of this link when it was shown
that their Al42 levels were significantly elevated (10).
Similarly, brains, and fibroblasts from these patients all
demonstrate this same significant elevation (10, 68). When
transgenic animals or cultured cells bearing mutated PS
genes were analyzed and compared with animals or cells
bearing wild type PS genes, the mutant counterparts all
produced a consistent reinforcing result: expression of
mutant PS1 effects RAPP metabolism which results in
significantly elevated amounts of the highly amyloidogenic
peptide, AR42 relativeto AR40 (9, 16) .

These results provided powerful support for
placement of the presenilin proteins within the framework
of the amyloid cascade hypothesis. Mutations in the
presenilin proteins could now join Down's syndrome and
RAPP-linked familial AD as directly causing AD
pathogenesisthrough an increase in ARR42 generation.

3.3. Cellular Biology of APP Trafficking
The hypothesis that PS1 may influence Al42
production via an ateration of BAPP-trafficking has
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generated increasing enthusiasm among AD researchers.
The subcellular localization of PS1 to the endoplasmic
reticulum, and to a lesser extent, the Golgi, together with
the evidence that PS1 mutations may regulate, or at least
strongly influence ARR42 generation, led to the search in
recent years for AR peptides within the cell - specifically
within an early compartment of the secretory pathway,
consistent with PS1's localization. In a series of reports,
several groups were able to positively identify AlR42 in the
ER (69) , the first such novel report of an intracellular AR
species since A0 was identified within the late Golgi.
This led to the immediate speculation that AR40 and AR42
were generated from RAPP in distinct intracellular
compartments: AR42 first in the ER and AR4O later in the
Golgi - either de novo from full length RAPP, or from a
sequential proteolysis of the two C-terminal amino acids
from ARA2. Either scenario provides a sdtificatory
explanation for why cells produce greater quantities of
AR40 versus AR42 since RAPP, when not on the cell
surface, resides primarily within the Golgi apparatus.
However, secretion of ER-generated AR42 remains to be
documented.

The hypothesis that PS1 can regulate RAPP
metabolism received perhaps its most validating
experimental evidence from a recent study examining AR
generation in cells cultured from the hippocampus of PS1
knockout mice and infected with a recombinant Semliki
Forest virus encoding human RAPP (70). These cells
produced 80% less AR (both AR40 and AlR42) than did
control cells which had been infected with the same virus.
The authors speculate that PS1 may actually be activating
the enzyme (g-secretase) which gives rise to the C-terminal
cleavage of the A3 peptide. This model has precedence:
the SREBP-(Sterol-regulatory element binding protein)
cleavage activating protein (SCAP) was demonstrated to
facilitate what is suspected to be intramembranouscleavage
of SREBP (71) - an event which may closely parallel g
secretases intramembranous cleavage of RAPP. These
proteins also share a residence in the ER and a predicted
structure of 6-8 transmembrane domains. |If this model
proves correct, it would assume that mutations in PS1
would act to disrupt PS1l's norma function and lead
somehow to increased cleavage after residue 42 of AR,
within full length RAPP, although preliminary evidence
suggeststhisisnot mechanistically accurate.

While that possibility remains intriguing, an
alternative hypothesis which we favor, bestows a crucial
role upon PS1 in the sorting or trafficking of RAPP, not its
proteolysis. In this hypothesis, mutations in PS1 would
retard the normal sorting or trafficking of RAPP at an early
stage within the secretory pathway. If normal PS1 is a
sorting or trafficking molecule responsible for ensuring
RAPP's timely and properly directed exit from the ER
towards the Golgi, by knocking out PS1 entirely, one
might expect RAPP to languish in the ER, perhaps resulting
in extremely elevated levels of AR42. Alternatively, this
may cause BAPP to enter the traditionally viewed
anterograde bulk protein trafficking pathway through the
Golgi to the cell surface, resulting in extremely reduced
levels of both AR42 and AR40 due to the limited exposure
of BRAPP to the secretases in the ER/Golgi. A trafficking
hypothesis is exciting because it may not only account for
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the effects of PS1 mutations or knocking out PS1 entirely,
on RAPP metabolism, but it may also account for the
lethality of PS1 knockouts, and aid in explaining the
phenotype of mutations in PS1 homologues in C. elegans,
that is, by retarding the proper sorting and trafficking of
membrane proteinsto cell surface during development.

3.3.1. Signal Transduction Regulates BAPP Trafficking
Although the evidence that the mutated presenilin
proteins may cause AD by altering RAPP metabolism is
new, the idea that RAPP metabolism is ahighly regulatable
phenomenon, is not novel. The addition of phorbol esters
to cultured cells leads to a stimulation of the a-secretase
pathway, that is, an increase in RAPPs secretion and
membrane-bound C-terminal fragments cleaved within the

AR domain, and a decrease in secreted AR  Studies
showing this (40-42) provided evidence that the a-
secretase  pathway was enhanced by protein

phosphorylation through activation of protein kinase C
(PKC). It was demonstrated that PKC can phosphorylate
serine 655 of RAPP, both on synthetic peptides containing
this phospho-domain (33), and utilizing in vitro assays
using permeabilized PC12 cells (72) .

These results were compelling because they
suggested that PKC may act to directly phosphorylate
RAPP, perhaps in response to direct depolarization of the
neuron itself. In support of this hypothesis, it was
demonstrated that when muscarinic acetylcholine receptors
were transfected into PC12 cells, receptor agonists led to
the same increase in BAPPS, but could not elicit that
response when staurosporine was present simultaneously
(73). Alternatively, it was possible that PKC, although
able to directly phosphorylate RAPP, actually exerted its
effects of RA PP metabolism through phosphorylation of an
entirely different target such as the a-secretase or other
phospho-proteins. This latter hypothesis revealed itself to
be true following the demonstration that PKC can stimulate
RAPPs secretion even when the phosphorylation sites on
RAPP are themselves mutated, or when the entire
cytoplasmic domain has been deleted (74) . So although it
was clear that PKC played a crucia role in RAPP
metabolism, alternative hypotheses were needed to explain
PK C's potent anti-amyl oidogenic effects.

We favor a mechanistic explanation in which
PK C phosphorylatesa TGN phosphoprotein resulting in the
redistribution of RAPP from theTGN to the cell surface.
The subcellular localization of RAPP within the TGN and
a-secretase in the plasma membrane support this
hypothesis, which we confirmed in studies in which we
reconstituted the formation of RAPP-containing vesicles
from the trans-Golgi network (TGN) in a cell-free system
(72, 75) . Inthese studies we demonstrated that PK C does,
in fact, redistribute RAPP from the TGN towards post-TGN
compartments where it can undergo a -secretase processing.
We also provide evidence that protein kinase A (PKA) can
similarly reduce AR formation and stimulate the release of
constitutive secretory proteins from the TGN via a
mechanism involving enhanced formation of post-TGN
transport vesicles (75) . Although PKC and PKA converge
on the level of formation from the TGN of RAPP-
containing vesicles, additional evidence indicates that the
regulatory mechanisms involved are distinct; the effects of
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PKC and PKA are additive, suggestive of independant
substrate sites.

An dternative hypothesis which may help
explain PKC's effect on a-secretase cleavage involves the
multicatalytic complex of the proteasome. It was
demonstrated that proteasome inhibitors can drastically
decrease PDBu-stimulated RAPPa secretion and may play
a role in the basal secretion levels of RAPPs (76) .
Unfortunately from a therapeutic standpoint, PKC
activation can stimulate RAPP transcription, indirectly
increasing A3 formation; therefore, it remains an important
goal to definitively identify phosphorylation targets for the
kinases if we are to have arealisitc hope of therapeutically
intervening in AD pathogenesis via stimulation of this anti-
amyloidogenic pathway.

3.3.2 Estrogen Regulates BAPP Trafficking

Increasing  epidemiological evidence has
suggested that post-menopausal women receiving estrogen
replacement therapy have both adelayed onset and reduced
risk for developing AD (77, 78) . The central roleof AR in
AD pathogenesis together with the indication that estrogen
replacement therapy may prevent AD, suggested to us that
one mechanism of action of estrogen in the brain might be
to modulate RAPP metabolism and AR generation. We
recently reported that physiological concentrations of
estrogen reduce neuronal AR generation (79) which is in
agreement with prior data from our laboratory
demonstrating that estrogen increased secretion of RAPPs
(80) . Importantly, these changes were not due to changes
in RAPP transcription, nor to alteration of PS1 levels.
These data suggest one attractive mechanism through
which estrogen may protect against AD.

The anti-degenerative effects of estrogen have
received increased attention in recent years. In addition to
its anti-amyloidogenic properties, estrogen may also
modulate (i) basal forebrain cholinergic activity and
integrity (81 ), (ii) dendritic plasticity (82) , (iii) NMDA
receptor density (83) , and (iv) neurotrophin signalling
(84) , as well as play arole in the prevention of oxidative
toxicity due to glutamate, free radicals and AR (85).
Although it plays many roles in the brain, the AR-reducing
effect of estrogen strongly supports the notion that one
relevant neuropharmacological activity of estrogen is to
reduce AR generation, and that such an activity contributes
to the ability of estrogen replacement therapy to protect
against AD.

The cell biological basis for estrogen's regulation
of AR formation remains to be eludcidated. It has been
demonstrated that estrogen can affect the morphology of
the trans-Golgi network by enhancing the biogenesis and
trafficking of post-TGN constitutive secretory vesicles and
granules (86, 87) . Sinceformation of AR in the TGN and
its export from that organelle are regulated by signal
transduction pathways, we hypothesize that estrogen
promotes egress of RAPP from the TGN and thereby
reduces the local concentration of RAPP available as a
substrate for AR production.

4.PERSPECTIVE

The last ten years have provided tremendous

insight into the molecular mechanism which are
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responsible for RAPP metabolism. In particular several
signal transduction pathways have been identified which
can regulate RAPP metabolism to reduce AR generation,
but a major goal remains the elucidation of compounds
which while effective at reducing AR generation are
therapeutically safe. One such anti-amyloidogenic
candidate which has received attention is estrogen,
although the molecular basis through which it exerts these
amyloid reducing effects has yet to be defined. Reducing
the amyloid burden in the brain, and therefore the
progression of AD may eventually prove analagous to
lowering one's cholesterol to prevent heart disease. As
scientists, we are perched tantalizingly close to fully
understanding the molecular basis for RAPP metabolism
and AR generation, however, that will fulfill only half our
mission; as healers we have much work to do before we
can offer AD patients realistic hope that their disease will
become anything other than an inexorable decline into
irreversibledementia.

5. ACKNOWLEDGEMENTS

The authors would like to thank Dr. Gopal
Thinakaran of The Johns Hopkins Medical Institutions, Dr.
Lars Lannfelt of The Karolinska Institute and Dr. Frederic
Checier of the Institute of Pharmacologie Moleculaire and
Cellulaire, France for their insightful critique and helpful
suggestions for improving this manuscript.

6. REFERENCES

1. G. Glenner, and C. Wong. Alzheimer's disease: Initid
report of the purification and characteristics of a novel
cerebrovascular amyloid protein. Biochem. Biophys. Res.
Commun. 122: 885-890. (1984)

2. C. Magters, G. Simms, N. Weinman, G. Multhaup, B.
McDondd, and K. Beyreuther. Amyloid plague core protein
in Alzheimer disease and Down’ ssyndrome. Proc. Natl. Acad.
Sci. USA 82: 4245-4249. (1985)

3. V. Lee and J Trojanowski. The disordered neuronal
cytoskeleton in Alzheimer's disease. Curr Opin Neurobiol 2:
653-6. (1992)

4. A. Goae, M. Chartier-Harlin, M. Mullan, J. Brown, F.
Crawford, L. Fidani, L. Giuffra, A. Haynes, N. Irving, L.
James, R Mant, P. Newton, K. Rooke, P. Roges C, Talbot, M.
Pericak-Vance, A. Roses, R. Williamson, M Rossor, M. and
Owen, J. Hardy. Segregation of a missense mutation in the
amyloid precursor protein gene with familia Alzheimer's
disease. Nature 349: 704-6. (1991)

5. J Murrell, M. Farlow, B. Ghetti, and M. Benson. A
mutation in the amyloid precursor protein associated with
hereditary Alzheimer'sdisease. Science 254: 97-9 (1991)

6. M. Mullan, F. Crawford, K. Axelman, H. Houlden, L.
Lilius, B. Winblad, L. Lanfelt. A pathogenic mutetion for
probable Alzheimer's disease in the APP gene at the N-
terminusof beta-amyloid. Nature Genetics 1(5): p345-7.(1992)

7. R. Sherington, E. Rogaev, Y. Liang, E. Rogeeva, G.
Levesque, M. lkeda, H. Chi, C. Lin, G. Li, K. Holman, T.

404

Tsuda, L. Mar, J.-F. Foncin, A. Bruni, M. Monesi, S. Sorhi, .
Rainero, L. Piness, L. Neg, |. Chumakov, D. Pollen, A.
Brookes, P. Sandeau, R. Pollinsky, W. Wasco, H. Da Silva, J.
Haines, M. Pericak-Vance, R. Tanzi, A. Roses, P. Fraser, J.
Rommens, and P. St. George-Hysiop. Cloning of a gene
bearing missense mutationsin early-onset familial Alzheimer's
disease. Nature 375: 754-60. (1995)

8. E. Levy-Lahad, W. Wasco, P. Poorkg, D. Romano, J.
Oshima, |. W. Pettingd, C. Yu, P. Jondro, S. Schmidt, K.
Wang, A. Crowley, Y. Fu, S. Guenette, D. Galas, E. Nemens,
E. Wijsman, T. Bird, G. Schellenberg, and R. Tanzi. Candidate
genefor the chromosome 1 familial Alzheimer's disease locus.
Science 269: 973-7. (1995)

9. D. Borchdt, G. Thinakaran, C. Eckman, M. Lee, F.
Davenport, T. Ratovitky, C. Prada, G. Kim, S. Seekins, D.
Yager, H. Slunt, R. Wang, M. Seeger, A. Levey, S. Gandy, N.
Copeland, N. Jenkins, D. Price, S. Younkin, and S. Sisodia
Familid Alzheimer's disease-linked presenilin 1 variants
devate Abetal-42/1-40 ratio in vitro and in vivo. Neuron 17.
1005-1013. (1996)

10. D. Scheuner, C. Eckman, M. Jensen, X. Song, M. Citron,
N. Suzuki, T. Bird, J. Hardy, M. Hutton, W. Kukull, E. Larson,
E. Levy-Lahad, M. Viitanen, E. Peskind, P. Poorka, G.
Schellenberg, R. Tanzi, W. Wasco, L. Lannfdlt, D. Selkoe, and
S. Younkin. Secreted amyloid beta-protein similar tothat in the
senile plaques of Alzheimer's disease is increased in vivo by
the presenilin 1 and 2 and APP mutations linked to familial
Alzheimer'sdisease. Nature Med 2: 864-70. (1996)

11. D. Burdick, B. Soreghan, M. Kwon, J. Kosmoski, M.
Knauer, A. Henschen, J. Yates, C. Cotman, and C. Glabe.
Assembly and aggregation properties of synthetic Alzheimer's
Ad/betaamyloid peptide analogs. J. Biol. Chem. 267: 546-54.
(1992)

12. J. Jarrett, E. Berger, and P. Lansbury. The carboxy
terminus of the betaamyloid protein is critical for the seeding
of amyloid formation: implications for the pathogenesis of
Alzheimer'sdisease. Biochemistry 32: 4693-7.(1993)

13. T. lwatsubo, A. Odaka, N. Suzuki, H. Mizusawa, N.
Nukina, and Y. Ihara. Visualization of A beta 42(43) and A
beta 40 in senile plagues with end-specific A beta
monoclonals: evidence that an initially deposited speciesis A
betad2(43). Neuron 13: 45-53. (1994)

14. C. Lemere F. Lopera K. Kosik, C. Lendon, J. Ossa, T.
Saido, H. Yamaguchi, A. Ruiz, A. Martinez, L. Madrigd, L.
Hincapie, J. Arango, D. Anthony, E. Koo, A. Goate, D.
Selkoe, and J. Arango. The E280A presenilin 1 Alzheimer
mutation produces increased Abeta 42 deposition and severe
cerebellar pathology. Nat Med 2: 1146-50. (1996)

15. M. Citron, D. Westaway, W. Xia, G. Carlson, T. Diehl, G.
Levesque, K. Johnson-Wood, M. Lee, P. Seubert, A. Davis, K.
D, R. Motter, R. Sherrington, B. Perry, H. Yao, R. Strome, I.
Lieberburg, J. Rommens, S. Kim, D. Schenk, F. P, P. &
George Hydop, and D. Selkoe. Mutant presenilins of
Alzheimer's disease increase production of 42-residue amyloid
beta-protein in both transfected cells and transgenic mice.
Nature Med 3. 67-72. (1997)



B-amyloid precursor protein metabolism

16. K. Duff, C. Eckman, C. Zehr, X. Yu, C. Prada, J. Perez-
tur, M. Hutton, L. Buee, Y. Harigaya, D. Yager, D. Morgan,
M. Gordon, L. Holcomb, L. Refolo, B. Zenk, J. Hardy, and S.
Younkin. Increased amyloid-betad2(43) in brains of mice
expressing mutant presenilin 1. Nature 383: 710-3. (1996)

17. T. lwatsubo, T. Saido, D. Mann, V. Lee, and J.
Trojanowski. Full-length amyloid-beta (1-42(43)) and amino-
terminally modified and truncated amyloid-beta 42(43) deposit
in diffuse plaques. American Journal of Pathology 149: 1823-
30. (1996)

18. J Kang, H. Lemaire, A. Unterbeck, J. Sabaum, C.
Magters, K. Grzeschik, G. Multhaup, K. Beyreuther, and B.
Muller-Hill. The precursor of Alzheimer'sdisease amyloid A4
protein resembles a cell-surface receptor. Nature 325: 733-6.
(2987)

19. P. Ponte, P. Gonzalez-De Whitt, J. Schilling, J. Miller, D.
Hsu, B. Greenberg, K. Davis, W. Wallace, |. Lieberburg, and
F. Fuller. A new A4 amyloid mRNA contains a domain
homol ogousto serine proteinase inhibitors. Nature 331: 525-7.
(1988)

20. R. Tanzi, A. McClatchey, E. Lamperti, L. VillaKomaroff,
J. Gusdlla, and R. Neve. Proteaseinhibitor domain encoded by
an amyloid protein precursor mRNA associated with
Alzheimer'sdisease. Nature 331: 528-30. (1988)

21. 1. Nishimoto, T. Okamoto, Y. Matsura, S. Takahashi, T.
Okamoto, Y. Murayama, and E. Ogata. Alzheimer amyloid
protein precursor complexes with brain GTP-binding protein
G(0). Nature 362: 75-9.(1993)

22. M. Mattson, B. Cheng, A. Culwell, F. Esch, |. Lieberburg,
and R. Rydell. Evidencefor excitoprotective and intraneurona
calcium-regulating rolesfor secreted forms of the beta-amyloid
precursor protein. Neuron 10: 243-54.(1993)

23. A.Bush, G. Multhaup, R. Mair, T. Williamson, D. Small,
B. Rumble, P. Pollwein, K. Beyreuther, and C. Masters. A
novel zinc(I1) binding site modulates the function of the beta
A4 amyloid protein precursor of Alzheimer's disease. J Biol
Chem 268: 16109-12.(1993)

24. D. Schubert, M. La Corbiere, T. Saitoh, and G. Cole.
Characterization of an amyloid beta precursor protein that
bindsheparin and containstyrosine sulfate.Proc Natl Acad Sci
U S A 86: 2066-9.(1989)

25. D. Schubert, L. Jin, T. Saitoh, and G. Cole. Theregulation
of amyloid beta protein precursor secretion and its modulatory
rolein cell adhesion. Neuron 3: 689-94.(1989)

26. T. Saitoh, M. Sundsmo, J. Roch, N. Kimura, G. Cole, D.
Schubert, T. Oltersdorf, and D. Schenk. Secreted form of
amyloid beta protein precursor is involved in the growth
regulation of fibroblasts. Cell 58: 615-22. (1989)

27. H. Zheng, M. Jiang, M. Trumbauer, D. Sirinathsinghji, R.
Hopkins, D. Smith, R. Heavens, G. Dawson, S. Boyce, M.
Conner, G. Dawson, S. Boyce, M. Conner, K. Stevens, H.
Slunt, S. Sisodia, H. Chen, L. and Van Der Ploeg. ZAmyloid
precursor protein-deficient mice show reactive gliosis and
decreased locomotor activity. Cell 81: 525-31. (1995)

405

28. H. Sunt, G. Thinakaran, C. Von Koch, A. Lo, R. Tanzi,
and S. Sisodia Expresson of a ubiquitous, cross-reactive
homologue of the mouse beta-amyloid precursor protein. J
Biol Chem 269: 2637-44. (1994)

29. W. Wasco, S. Gurubhagavatula, M. Paradis, D. Romano,
S. Sisodig, B. Hyman, R. Neve, and R. Tanzi. |solation and
characterization of APLP2 encoding a homologue of the
Alzheimer's associated amyloid beta protein precursor. Nat
Genet 5. 95-100.(1993)

30. D. Cook, M. Forman, J. Sung, S. Leight, D. Kolson, T.
lwatsubo, V. Lee, and R. Doms. Alzheimer's A beta(1-42) is
generated in the endoplasmic reticulum/intermediate
compartment of NT2N cells. Nat Med 3: 1021-3. (1997)

31. T. Oltersdorf, P. Ward, T. Henriksson, E. Bedttie, R. Neve,
I. Lieberburg, and L. Fritz. The Alzheimer amyloid precursor
protein. Identification of a dtable intermediate in the
biosynthetic/degradative pathway. J Biol Chem 265 4492-7.
(1990)

32. A. Wedemann, G. Konig, D. Bunke, P. Fischer, J.
Sabaum, C. Magters, and K. Beyreuther. Identification,
biogenesis, and locdization of precursors of Alzheimer's
disease A4 amyloid protein. Cell 57: 115-26.(1989)

33. S. Gandy, A. Czernik, and P. Greengard. Phosphorylation
of Alzheimer disease amyloid precursor peptide by protein
kinase C and Ca’*/calmodulin-dependent protein kinase II.
Proc Natl Acad Sci U S A 85: 6218-21. (1988)

34. J. Shioi, J. Anderson, J. Ripellino, and N. Robakis.
Chondroitin sulfate proteoglycan form of the Alzheimer's beta-
amyloid precursor. J Biol Chem 267: 138(19 -22.(1992)

35. S. Sisodig, E. Koo, K. Beyreuther, A. Unterbeck, and D.
Price.  Evidence that beta-amyloid protein in Alzheimer's
diseaseisnot derived by normal processing. Science 248: 492-
5. (1990)

36. F. Esch, P. Keim, E. Bedttie, R. Blacher, A. Culwell, T.
Oltersdorf, D. McClure, and P. Ward. Cleavage of amyloid
beta peptide during congtitutive processing of its precursor.
Science 248: 1122-4. (1990)

37. D. Sdkoe, M. Podlisny, C. Joachim, E. Vickers, G. Lee, L.
Fritz, and T. Oltersdorf. Betaramyloid precursor protein of
Alzheimer disesase occurs as 110- to 135-kiloddton
membrane-associated proteinsin neural and nonneural tissues.
Proc Natl Acad Sci U S A 85: 7341-5. (1988)

38. N. Hooper, E. Karran, and A. Turner. Membrane protein
secretases. Biochem J 321: 265-79. (1997)

39. S. Sisodia. Beta-amyloid precursor protein cleavage by a
membrane-bound protease. Proc Natl Acad Sci U S A 89:
6075-9.(1992)

40. J. Buxbaum, S. Gandy, P. Cicchetti, M. Ehrlich, A.
Czernik, R. Fracasso, T. Ramabhadran, A. Unterbeck, and P.
Greengard.  Processing of Alzheimer beta/A4 amyloid
precursor protein: modulation by agents that regulate protein
phosphorylation. Proc Natl Acad Sci USA 87: 6003-6. (1990)



B-amyloid precursor protein metabolism

41. G. Caporaso, S. Gandy, J. Buxbaum, T. Ramabhadran,
and P. Greengard. Protein phosphorylation regulates secretion
of Alzheimer betalA4 amyloid precursor protein. Proc Natl
Acad Sci U S A 89: 3055-9.(1992)

42. S. Gillespie, T. Golde, and S. Younkin.  Secretory
processing of the Alzheimer amyloid beta/A4 protein precursor
isincreased by protein phosphorylation. Biochem Biophys Res
Commun 187: 1285-90.(1992)

43. D. Wolf, D. Quon, Y. Wang, and B. Corddl.
Identification and characterization of C-terminal fragments of
the beta-amyloid precursor produced in cell culture. EMBO J
9: 2079-84. (1990)

44. S. Gandy, R. Bhasin, T. Ramabhadran, E. Koo, D. Price,
D. Goldgaber, and P. Greengard. Alzheimer beta/A4-amyloid
precursor protein: evidence for putative amyloidogenic
fragment. J Neurochem 58: 383-6.(1992)

45. S. Gandy, and P. Greengard. Processing of Alzheimer
Alamyloid precursor protein: cell biology, regulation, and
role in Alzheimer's disease. Pages 100-120 in C. Masters and
et al., eds. Amyloid protein precursor in development, aging,
and Alzheimer's disease. Springer. (1994)

46. S. Edtus, T. Golde, T. Kunishita, D. Blades, D. Lowery,
M. Eisen,M.Usiak, X. Qu, T. Tabira, B. Greenberg, and e. dl.
Potentially amyloidogenic, carboxyl-terminal derivativesof the
amyloid protein precursor. Science 255: 726-8.(1992)

47. T. Golde, S. Edtus, L. Younkin, D. Selkoe, and S.
Younkin. Processing of the amyloid protein precursor to
potentially amyloidogenic derivatives. Science 255: 728-
30.(1992)

48. C. Hasss, E. Koo, A. Méllon, A. Hung, and D. Sekoe.
Targeting of cell-surface beta-amyloid precursor protein to
lysosomes:  dternative processing into  amyloid-bearing
fragments. Nature 357: 500-3.(1992)

49. W. Chen, J. Goldstein, and M. Brown. NPXY, asequence
often found in cytoplasmic tails, is required for coated pit-
mediated internalization of the low density lipoprotein
receptor. J Biol Chem 265: 3116-23. (1990)

50. C. Nordstedt, G. Caporaso, J. Thyberg, S. Gandy, and P.
Greengard. Identification of the Alzheimer beta/A4 amyloid
precursor protein in clathrin-coated vesicles purified from
PC12 cdlls. J Biol Chem 268: 608-12.(1993)

51. E. Koo, and S. Squazzo. Evidence that production and
release of amyloid beta-protein involves the endocytic
pathway. J Biol Chem 269: 17386-9. (1994)

52. P. Seubert, C. Vigo-Pdfrey, F. Esch, M. Lee, H. Dovey,
D. Davis, S. Sinha, M. Schlossmacher, J. Whdey, C.
Swindlehurst, ande. a. Isolation and quantification of soluble
Alzheimer's beta-peptide from biological fluids. Nature 359:
325-7.(1992)

53. C. Haass, M. Schlossmacher, A. Hung, C. Vigo-Pdfrey,
A.Mélon, B. Ostaszewski, |. Lieberburg, E. Koo, D. Schenk,

406

D. Teplow, and D. Selkoe. Amyloid beta-peptide is produced
by cultured cells during normal metabolism. Nature 359: 322-
5.(1992)

54. M. Shaji, T. Golde, J. Ghiso, T. Cheung, S. Estus, L.
Shaffer, X. Ca, D. McKay, R. Tintner, B. Frangione, G. and
S. Youkin. Production of the Alzheimer amyloid beta protein
by normal proteolytic processing. Science 258: 126-9.(1992)

55. J. Busciglio, D. Gabuzda, P. Matsudaira, and B. Y ankner.
Generation of beta-amyloid in the secretory pathway in
neurona and nonneuronal cells. Proc Natl Acad Sci U S A 90:
2092-6.(1993)

56. C. Haass, A. Capdll, M. Citron, D. Teplow, and D. Selkoe.
The vacuolar H(*)}ATPase inhibitor bafilomycin A1l
differentially affectsproteolytic processing of mutant and wild-
type beta-amyloid precursor protein. J Biol Chem 270: 6186-
92. (1995)

57. H. Xu, D. Sweeney, R. Wang, G. Thinakaran, A. Lo, S.
Sisodia, P. Greengard, and S. Gandy. Generation of
Alzheimer beta-amyloid protein in the trans-Golgi network in
the apparent absence of vesicle formation. Proc Natl Acad Sci
of the USA 94: 3748-52. (1997)

58. G. Thinakaran, C. Harris, T. Ratovitski, F. Davenport, H.
Sunt, D. Price, D. Borchelt, and S. Sisodia.  Evidence that
levelsof presenilins (PS1 and PS2) are coordinately regulated
by competition for limiting cellular factors. J Biol Chem 272:
28415-22. (1997)

59. H. Xu, and D. Shields. Prohormone processing in the
transGolgi  network:  endoproteolytic  cleavege  of
prosomatostatin and formation of nascent secretory vesiclesin
permesbilized cdlls. J Cell Biol 122: 1169-84.(1993)

60. M. Citron, T. Oltersdorf, C. Haass, L. McConlogue, A.
Hung, P. Seubert, C. Vigo-Pdfrey, |. Lieberburg, and D.
Selkoe. Mutation of the beta-amyloid precursor protein in
familia Alzheimer's disease increases beta-protein production.
Nature 360: 672-4.(1992)

61. X. Ca, T. Golde, and S. Younkin. Release of excess
amyloid beta protein from a mutant amyloid beta protein
precursor. Science 259: 514-6.(1993)

62. S. L'Hernault, and P. Arduengo. Mutation of a putative
sperm membrane protein in Caenorhabditis elegans prevents
sperm differentiation but not its associated meiotic divisions. J
Cell Biol 1(19 : 55-68.(1992)

63. D. Levitan, and |. Greenwdd. Facilitation of lin-12-
mediated signalling by sel-12, a Caenorhabditis elegans S182
Alzheimer'sdisease gene. Nature 377: 351-4. (1995)

64. D. Levitan, T. Doyle, D. Brousseau, M. Lee, G.
Thingkaran, H. Slunt, S. Sisodia, and |. Greenwdd.
Assessment of normal and mutant human presenilin function
in Caenorhabditiselegans. Proc Natl Acad Sci USA 93: 14940~
4. (1996)

65. P. Wong, H. Zheng, H. Chen, M. Becher, D.
Sirinathsinghji, M. Trumbauer, H. Chen, D. Price, L. Van der



B-amyloid precursor protein metabolism

Ploeg, and S. Sisodia. Presenilin 1 isrequired for Notch 1 and
DII1 expression in the paraxial mesoderm. Nature 387: 288-
92. (1997)

66. W. Xia, J Zhang, R. Perez, E. Koo, and D. Sekoe.
Interaction between amyloid precursor protein and presenilins
in mammalian cells. implications for the pathogenesis of
Alzheimer disease. Proc Natl Acad Sci 94: 8208-13. (1997)

67. Thinakaran, J. Regard, C. Bouton, C. Harris, D. Price, D.
Borchelt, and S. Sisodia. Stable association of presenilin
derivatives and absence of presenilin interactions with APP.
Neurobiol Dis. In Press (1998)

68. C. Lemere, J. Blusztgin, H. Y amaguchi, T. Wisniewski, T.
Saido, and D. Selkoe.Sequence of deposition of heterogeneous
amyloid beta-peptides and APO E in Down syndrome:
implications for initid events in amyloid plague formation.
Neurobiol Dis 3: 16-32. (1996)

69. C. Wild-Bode, T. Yamazaki, A. Capell, U. Lemer, H.
Steiner, Y. lhara, and C. Haass. Intracdllular generation and
accumulation of amyloid beta-peptide terminating at amino
acid 42. J Biol Chem 272: 6085-8. (1997)

70. B. De Strooper, P. Seftig, K. Creessoerts, H.
Vanderstichele, G. Guhde, W. Annaret, K. Von Figura, and F.
Van Leuven. Deficiency of presenilin-1 inhibits the normal
cleavage of amyloid precursor protein. Nature 391: 387-390.
(1998)

71. M. Brown, and J. Goldstein. The SREBP pathway:
regulation of cholesterol metabolism by proteolysis of a
membrane-bound transcription factor. Cell 89: 331-40. (1997)

72. H. Xu, P. Greengard, and S. Gandy. Regulated formation
of Golgi secretory vesiclescontaining Alzheimer beta-amyloid
precursor protein. Journal of Biological Chemistry 270:
23243-5.(1995)

73. J. Buxbaum, M. Qishi, H. Chen, R. Pinkas-Kramarski, A.
Jaffe, S. Gandy, and P. Greengard. Cholinergic agonists and
interleukin 1 regulate processing and secretion of the
Alzheimer betalA4 amyloid protein precursor. Proc Natl Acad
Sci US A 89: 10075-8.(1992)

74. A. Hung, C. Haass, R. Nitsch, W. Qiu, M. Citron, R.
Wurtman, J. Growdon, and D. Selkoe. Activation of protein
kinase C inhibits cellular production of the amyloid beta-
protein. J Biol Chem 268: 22959-62.(1993)

75. H. Xu, D. Sweeney, P. Greengard, and S. Gandy.
Metabolism of Alzheimer beta-amyloid precursor protein:
regulation by proteinkinase A in intact cells and in a cell-free
system. Proc Natl Acad Sci USA 93: 4081-4. (1996)

76. P. Marambaud, E. Lopez-Perez, S. Wilk, and F. Checler.
Constitutive and protein kinase C-regulated secretory cleavage
of Alzheimer's beta-amyloid precursor protein: different
control of early and late events by the proteasome. J
Neurochem 69: 2500-5. (1997)

77. M. Tang, D. Jacobs, Y. Stern, K. Marder, P. Schofield, B.
Gurland, H. Andrews, and R. Mayeux. Effect of oestrogen

407

during menopause on risk and age at onset of Alzheimer's
disease. Lancet 348: 429-32. (1996)

78. C. Kawas, S. Resnick, A. Morrison, R. Brookmeye, M.
Corrada, A. Zonderman, C. Bacd, D. Lingle, and E. Metter. A
prospective study of estrogen replacement therapy and therisk
of developing Alzheimer's disease: the Baltimore Longitudinal
Study of Aging. Neurology 48: 1517-21. (1997)

79. H. Xu, G. Gouras, J. Greenfield, B. Vincent, J. Nadund, L.
Mazzarelli, G. Fried, J. Jovanovic, M. Seeger, N. Relkin, F.
Liao, F. Checler, J. Buxbaum, B. Chait, G. Thinakaran, S.
Sisodig, R. Wang, P. Greengard, and S. Gandy. Estrogen
reduces neuronal generation of Alzheimer 3-amyloid peptides.
Nat. Med. in press. (1998)

80. A. Jdffe, C. Toran-Allerand, P. Greengard, and S. Gandy.
Estrogen regulates metabolism of Alzheimer amyloid beta
precursor protein. J Biol Chem 269: 13065-8. (1994)

81. V. Luine. Estradiol increases choline acetyltransferase
activity in specific basa forebrain nuclei and projection areas
of female rats. Exp Neurol 89: 484-90. (1985)

82. C. Woolley, N. Weiland, B. McEwen, and P.
Schwartzkroin. Estrediol incresses the sendtivity of
hippocampal CA1 pyramida cells to NMDA receptor-
mediated synaptic input: correlation with dendritic spine
density. J Neurosci 17: 1848-59. (1997)

83. C. Woolley, and B. McEwen. Roles of estradiol and
progesterone in regulaion of hippocampa dendritic spine
density during the estrous cycleintherat. J Comp Neurol 336:
293-306.(1993)

84. D. Toran-Allerand. Theestrogen/neurotrophin connection
during neural development: is co-locdization of estrogen
receptors  with the neurotrophins and their receptors
biologicaly relevant? Dev Neurosci 18: 36-48. (1996)

85. C. Behl, M. Widmann, T. Trapp, and F. Holsboer. 17-beta
edtradiol protects neurons from oxidative stress-induced cell
death in vitro. Biochem Biophys Res Commun 216. 473-82.
(1995)

86. J. Scammell,, T. Burrage, and P. Dannies. Hormonal
induction of secretory granules in a pituitary tumor cell line.
Endocrinology 119 : 1543-8.(1986)

87. G. Larson, and P. Wise. Condtitutive and regulated
prolactin secretion: effects of estradiol. Biol Reprod 50: 357-
62. (1994)

Keywords: Alzheimer's disease, [3-amyloid precursor protein,
[3-amyloid, Presenilin proteins, Intracellular trafficking, Signal
transduction,  Phosphorylation, Estrogen,  Endoplasmic
reticulum, Golgi, trans-Golgi Network

Send correspondance to Dr H. X.u: Fisher Center for
Alzheimer's Research and Laboratory of Molecular and
Cellular Neuroscience, The Rockefdler University, New Y ork
NY 10021, Tel:(212)-327-8782, Fax: (212)-327-7888,E-mail:
xuh@rockvax.rockefeller.edu




