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Abstract

The possibility to understand the causes and treat the symptoms of Alzheimer’s disease patients is still a great challenge. The triggering

events leading to the selective neurodegeneration observed in Alzheimer’s brains are not completely understood. This lack of understanding

of the pathophysiological processes posses an important theoretical challenge for the rational design of pharmacological intervention. The

scientific community is divided over the pathogenesis of the disease which is historically divided between ‘baptists’ and ‘tauists’. Baptists

suggest that b-amyloid, the peptide deposited in neuritic plaques, is the cause of all damages while tauists suggest that hyperphosphorylated

tau, the cytoskeletal protein that forms neurofibrillary tangles, is the culprit for the disease. This review will be focused on the

pharmacological modulation of the amyloid precursor protein metabolism, with the goal of reducing the formation of b-amyloid. Over the

years such an approach has led to the identification of a complex intracellular mechanism, which may be regulated by neurotransmitters and

other ligands. More recently, these efforts have contributed to the characterization of the enzymes which regulate the formation of b-amyloid.

q 2002 Elsevier Science Inc. All rights reserved.
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1. Alzheimer’s disease and the amyloid cascade

hypothesis

Alzheimer’s disease (AD) is a progressive neurodegen-

erative disorder that affects a large proportion of the elderly

population. Clinically, AD is characterized by a gradual

onset of memory loss followed by progressive cognitive and

physical deterioration. Post-mortem evaluation of brain

tissue from AD patients is characterized by neurofibrillary

tangles and neuritic or senile plaques. The former is mainly

composed by a cytoskeletal protein named tau, which

becomes hyperphosphorylated and self-aggregates into

neurofibrillary tangles. The latter are characterized by the

accumulation of proteins in the form of b pleated sheet

fibrils.

The major component of senile plaques is the b-amyloid

peptide [Ab]. Currently, one of the leading, although

controversial, hypothesis for the pathogenesis of AD is

focused on the potential toxic role of an excessive

production of Ab. As a working hypothesis (Fig. 1), a

number of investigators favour the ‘Amyloid Cascade’

which considers Ab formation as an early event of

Alzheimer’s pathogenesis. In the mid 80s, identification of

the b-amyloid peptide as the major proteinaceous com-

ponent of AD brain senile plaques was reported. Ab is a

peptide of 39–43 amino acids, derived from a larger

precursor, the amyloid precursor protein or APP. APP is a

multiple isoform integral membrane protein with a large

extracellular domain, a membrane anchoring domain and a

short intracellular C-terminal tail (Fig. 2). The immature

form of APP undergoes several post-translational modifi-

cations including N-glycosylation, O-glycosylation, and

Tys sulfation to give the mature form of APP (reviewed in

Nunan and Small (2000) and Selkoe (2001)). Following

these steps, the routes of APP metabolism become more

complex and result in different pathways leading to

proteolytic processing of the precursor by at least three

proteolytic enzymes (Nunan and Small, 2000). Near the cell

surface or in a secretory vesicle a protease, i.e. a-secretase,

cleaves APP in the extracellular domain and releases the

ectodomain (sAPPa or soluble APPa) into the extracellular

space. This proteolytic cleavage occurs within the Ab

sequence, therefore preventing the formation of amyloido-

genic fragments and constitutes the non-amyloidogenic

pathway. The b-amyloid peptide, is formed following

cleavage by ‘b-’ and ‘a-secretases’ that cleave at the N

and C terminus of Ab, respectively (Fig. 2).
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Major support to the ‘amyloid’ hypothesis comes from

genetic studies. The APP gene is found on chromosome 21

and Down’s syndrome patients [trisomy of chromosome 21]

invariably develop prematurely the characteristic lesions

(neuritic plaques) of AD. The first familial cases described

in AD were linked to mutations in the APP gene. All of

these mutations either flank or are found within the Ab

peptide sequence and modify the normal metabolism of

APP, which increases the production of amyloidogenic

fragments. Other genes, when mutated, are associated with

an autosomal transmission of early onset forms of AD.

These genes give rise to the presenilins (PS) (Levy-Lahad

et al., 1995; Sherrington et al., 1995) and include two related

genes PS1 and PS2 that account for almost all of the

autosomal dominant forms of familial AD (FAD). Some

authors have suggested that these proteins (in particular

PS1) may have a direct role in APP processing (see later). In

all cases, the result of these genetic alterations is a

dysregulation of APP processing. In some cases, the effect

seems to be a net increase in the production of b-amyloid,

i.e. the ‘Swedish’ mutation (Citron et al., 1994). Other

mutations at amino acid 717 (numbered according to the

longest APP isoform of 770 amino acids), or the mutations

in PS, alter normal processing of the precursor and results in

the formation of longer forms of the peptide (Kosaka et al.,

1997; Scheuner et al., 1996; Suzuki et al., 1994) which are

more susceptible to aggregation and deposition.

Finally, data using peripheral tissues and body fluids

from patients affected by the common sporadic form of the

disease have elucidated that altered APP metabolism is a

common feature, since ‘a-secretase’ derived sAPPa release

Fig. 1. Working hypothesis based on the amyloid cascade. As detailed in the text, the central event for the amyloid cascade hypothesis is the excessive

formation of Ab. The source of excessive Ab formation is the amyloid precursor APP and multiple factors may contribute to its aberrant processing. Here, we

have indicated genetic alterations since it has been largely demonstrated that mutations either on the APP molecule itself or on other proteins, namely PS,

thought to be involved in APP processing, results in aberrant metabolism and excess production of amyloidogenic products. Defective signal transduction

mechanisms, neurotransmitter changes and other perturbations of normal cellular homeostasis may also contribute to aberrant APP processing. Most of these

alterations have been detected and characterized in the brain and/or peripheral tissues of AD patients and constitute a significant example of the

pharmacological modulability of the regulated processing of APP.

Fig. 2. Structure of the amyloid precursor protein (APP), the b-amyloid

peptide and the sites of APP processing. The sequence of the b-amyloid

peptide is expanded to evidence the sites of cleavage due to a, b and g

secretases. Alpha-secretase cleaves within the Ab sequence between Lys

(K)16 and Leu (L)17 producing the large secreted sAPPa fragment and

leaving in the membrane a 10 kDa C-terminal fragment (10 kDa aCTF).

Beta-secretase is the activity that forms the N-terminal side of Ab cleaving

APP before Asp (D)1 of the Ab sequence. The activity results in the

liberation of sAPPb and leaves in the membrane a 12 kDa C-terminal

fragment (12 kDa bCTF). Both the C-terminal fragments can be substrates

of the g-secretase activity. In particular, the 12 kDa bCTF can lead to the

formation of Ab 1–40 or Ab 1–42 depending of which g cleavage occurs

(see text for more details).
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from fibroblasts is defective (Bergamaschi et al., 1995).

Taken together, these data support the hypothesis that

aberrant APP metabolism occurs during the development

AD, increasing the production of Ab.

2. The proteases involved in APP processing

2.1. Alpha-secretase

Cleavage of APP by a-secretase occurs between residues

Lys16 and Leu17 of the Ab sequence (Sisodia, 1992), and

results in the release of the soluble ectodomain of APP

(sAPPa). Following cleavage and release of sAPPa, a

second enzymatic product, the C-terminal fragment

(aCTF), which can be a substrate for a-secretase yields a

secreted non-amyloidogenic 3 kDa fragment known as p3

(Haass et al., 1993). Although the proteolytic event occurs

most likely in the trans-Golgi network or other downstream

compartments of the protein secretory pathway (De

Strooper et al., 1993; Kuentzel et al., 1993; Refolo et al.,

1995; Sambamurti et al., 1992; Sisodia, 1992), including

compartments at the plasma membrane called caveolae

(Ikezu et al., 1998), the exact subcellular location of a-

secretase remains unclear. This is possibly due to the

presence of distinct enzymes with similar functions.

Numerous molecules have been implicated as a-

secretase, in particular a general family of proteases that

release soluble ectodomains of integral membrane proteins

(Hooper et al., 1997). One member of this family, TNFa

converting enzyme (TACE; ADAM-17), cleaves mem-

brane-bound tumour necrosis factor alpha (TNFa) to release

a soluble form of TNFa (Black et al., 1997; Moss et al.,

1997). TACE exhibits a-secretase activity since in vitro

studies have shown that TACE is able to cleave APP within

the Ab sequence (Buxbaum et al., 1998), and the

experiments conducted on embryonic fibroblasts derived

from mice knockout for the TACE enzyme show that

phorbol esters-mediated release of sAPPa is completely

blocked by the knockout of the protease (Buxbaum et al.,

1998). Importantly, however, these cells do secrete basal

levels of sAPP demonstrating that constitutive sAPPa

release is not affected by the TACE knockout (Buxbaum

et al., 1998). Further support of the possibility that two

different enzymes play roles in constitutive and regulated

secretion of sAPPa comes from the experiments of Racchi

et al. (1999) showing that the hydroxamic acid-based

compound KD-IX-73-4 inhibits the phorbol ester-mediated

sAPP release as well as receptor-mediated sAPP release

induced by carbachol or by bradykinin, the latter being a

Protein kinase C-(PKC)independent mechanism. Consistent

with the data presented by Buxbaum et al. (1998), the

inhibitor KD-IX-73-4 was effective in blocking stimulated

but not constitutive sAPP release (Racchi et al., 1999).

Candidates for a-secretase activity include other mem-

bers of the ‘disintegrin and metalloprotease’ [ADAM]

family (Lammich et al., 1999). The ADAMs family consists

of membrane-anchored zinc metalloproteinases composed

of several distinct protein domains (Lammich et al., 1999).

The major candidate is ADAM 10 which has been

implicated in both the constitutive and PKC-regulated a-

secretase pathways (Lammich et al., 1999; Skovronsky

et al., 2000). Overexpression of ADAM-10 increases both

basal and phorbol ester stimulated a-secretase cleavage

several fold (Lammich et al., 1999), while inhibiting

ADAM 10 with a point mutation in the zinc-binding site,

inhibits endogenous a-secretase activity (Lammich et al.,

1999). This suggested that unlike TACE, ADAM 10 is

involved in both the regulated and constitutive secretion of

APP. Other members of the ADAM family have been

implicated in APP processing including ADAM 9 (Koike

et al., 1999) and it is possible that several ADAMs may have

partially overlapping a-secretase activities.

2.2. Beta-secretase

The cleavage of APP at residue 1 of the Ab sequence

liberates a truncated form of sAPP [sAPPb] and produces a

C-terminal fragment of 12 kDa (bCTF). This cleavage is the

first step in the production of Ab and the beginning of

the amyloidogenic pathway. The beta cleavage occurs in the

endosomal/lysosomal pathway (Koo and Squazzo, 1994),

however, the involvement of other intracellular compart-

ments (ER and Golgi) has been described (Chyung et al.,

1997; Haass et al., 1995). Initially, the enzyme was known

as ‘b-secretase’ but it is now referred to as BACE following

the identification, cloning and characterization of the

enzyme (Hussain et al., 1999; Lin et al., 2000; Sinha et al.,

1999; Vassar et al., 1999; Yan et al., 1999). BACE is a type

1 transmembrane protein, containing two active site motifs

with a conserved sequence, similar to aspartic proteases.

The enzyme is expressed in the brain by a rather uniform

pattern across all subregions and across all neurons, with

glial cells expressing little or no BACE (Sinha et al., 1999;

Vassar et al., 1999; Yan et al., 1999). BACE is also

expressed at low levels in most peripheral tissues with the

exception of the pancreas (Sinha et al., 1999; Vassar et al.,

1999; Yan et al., 1999). The subcellular localization of

BACE is consistent with the known sites of APPb cleavage

such as endosomes and the Golgi apparatus. Since its initial

discovery many studies have been directed towards the

characterization of BACE. An extensive review of the

specific literature is beyond the scope of this paper. It is

interesting to point out that experiments of overexpression

of BACE in cellular models have demonstrated an increase

in the levels of sAPPb and bCTFs with reduction of site

cleaved fragments (Vassar et al., 1999). This increase in

sAPPb and bCTFs was accompanied by an increase in both

Ab40 and Ab42 levels, and consequently inhibition of

BACE activity, using antisense oligonucleotides, leads to

increase of site cleaved products and reduction of total Ab

(Vassar et al., 1999). BACE knockout mice exhibit no other
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phenotype, with the exception of reduced levels of Ab

(Cai et al., 2001; Luo et al., 2001). These findings may

indicate that a therapeutic strategy directed at lowering

BACE activity can be achieved with relative safety. A

second enzyme, BACE2, apparently is not involved in Ab

processing, however, its function has not been character-

ized. Unlike BACE, BACE2 is highly expressed in heart,

kidney and placenta (Farzan et al., 2000; Yan et al., 1999).

Hence pharmacological agents that selectively block BACE

but not BACE2, may provide valuable insights towards

addressing these respective roles.

2.3. Gamma-secretase

The final step in the amyloidogenic pathway is the

cleavage of the product of BACE, bCTF, to liberate Ab.

The protease, g-secretase, has the unusual property of

cleaving APP in a region that is localized within the

membrane bilayer, which is not common among cellular

proteases. A further complication is the fact that g cleavage

can produce two different C-termini, one ending at amino

acid 40 (numbering according to the sequence of Ab, see

Fig. 2) and one ending at amino acid 42. An additional

product, C-terminal fragment of APP termed gCTF has been

recently described (Nunan and Small, 2000; Pinnix et al.,

2001; Selkoe, 2001; Wolfe and Haass, 2001). Other proteins

follow a complex mechanism of intramembrane proteolysis

including the sterol regulatory element-binding protein

(SREBP) and Notch (reviewed in Brown et al. (2000)). In all

cases, the intramembrane proteolysis can occur only

following primary processing of the lumenal or extracellular

portion of the protein. Gamma-secretase activity has been

proposed to rely on the presence of presenilin1 (PS1)

(reviewed in Wolfe and Haass (2001)) either as an accessory

element or as the secretase itself. Cleavage of membrane

spanning segments poses a conformational problem.

Because transmembrane segments are generally thought to

form a-helices, it is known that these structures are resistant

to attack by proteases (Paetzel et al., 1998). For the g-

secretase, it would need to be able to unfold the a-helix,

however, no evidence yet has been provided to show that

this occurs during cleavage of APP by g-secretase (see

review by Wolfe and Haass (2001)).

3. The network of intracellular signalling pathways

affecting APP processing

The effect of gene mutations on APP metabolism is a

powerful tool by which to define the pathogenesis of the

familial form of AD. However, for the more common

sporadic forms of the disease, a key event leading to altered

APP metabolism may reside in more complex neurochemi-

cal and signal transduction alterations. These biochemical

and neurochemical abnormalities are present both at the

brain level and in peripheral tissues and constitute a major

model for the study of the physiological and pharmacologi-

cal modulation of APP processing.

The initial finding on the pharmacology of APP

processing was the demonstration that the non-amyloido-

genic pathway can be regulated through phosphorylation

processes. PKC was the first signal transduction system

described (Gillespie et al., 1992; Buxbaum et al., 1993;

Caporaso et al., 1994). Alteration of PKC levels and activity

is one of the most consistent finding in AD brain tissue. In

addition, altered signal transduction mechanisms, particu-

larly PKC, are found consistently in peripheral tissues from

AD patients suggesting that these changes are not secondary

to neuronal loss and may be directly involved in AD

pathogenesis (reviewed by Gasparini et al. (1998)). As a

result of deficiencies in PKC activity (Govoni et al., 1993),

we have demonstrated that the non-amyloidogenic proces-

sing of APP is altered in AD fibroblasts (Bergamaschi et al.,

1995). These findings have been replicated (see Gasparini

et al. (1998)) and Vestling et al. (1999) demonstrated that

alterations are not present in cells derived from patients with

FAD mutations. Overall these findings provide further

support that altered APP metabolism is a key event in the

amyloid cascade hypothesis.

The studies on the role of PKC in the regulated APP

processing have established that the Ab forming amyloido-

genic pathway and the a-secretase non-amyloidogenic

pathway appear to be balanced, although there were

exceptions (LeBlanc et al., 1998) which may be related to

the particular cellular and experimental model. It is now

know that the target of PKC phosphorylation is not the APP

molecule itself, yet the possibility that PKC targets directly

the a-secretase or other key cellular factors possibly related

to the vesicular trafficking (Xu et al., 1995) of APP and/or

the a-secretase, has not been resolved.

Particular importance has been given to which specific

PKC isoform is involved in APP processing. PKC is a

multigene family of enzymes with at least 12 different

isoforms. The groups of isoforms are divided into calcium-

dependent (also known as conventional PKCs: a, bI, bII

and g) and calcium-independent, distinguished within the

group in novel PKCs: d, 1, h, u, m; and atypical PKCs z, t

and l isoforms (Dekker and Parker, 1994; Nishizuka, 1992).

In AD fibroblasts, one of the calcium-dependent PKC

isoforms (PKCa) has been found to be defective (Berga-

maschi et al., 1995). The role of PKCa and other isoforms in

the regulated secretion of APP has been suggested. Initially,

it was demonstrated that overexpression of PKCa in Swiss

3T3 fibroblasts increased the sensitivity of APP processing

to phorbol esters (Slack et al., 1993). Subsequently, other

investigators using either down regulation or inhibition of

PKCa (Benussi et al., 1998; Jolly-Tornetta and Wolf, 2000)

or overexpression of PKCa (Kinouchi et al., 1995) have

indicated that PKCa plays a significant role in APP

metabolism.

Others have suggested a specific role for another isoform

such as PKC1. Overexpression of PKC1 induces an increase
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of sAPPa (Kinouchi et al., 1995), while other strategies

pursuing the inhibition of PKC1 provided evidence of a role

of such isoform in APP processing (Yeon et al., 2001). More

recently, Zhu et al. (2001) reported that expression of a

peptide inhibitor of PKC1 reduced phorbol ester-mediated

sAPP release. This result ruled out the involvement of

PKCa because of the ineffectiveness of Gö6976, which is a

specific inhibitor of PKCa, b and g isoforms. Using an

antisense strategy, we have recently reported that PKCa is

specifically involved in phorbol ester-induced APP metab-

olism and that its contribution is specific for direct PKC-

mediated pathways (Racchi et al., 2002). Whereas PKCa

down regulation can significantly impair phorbol ester-

induced sAPPa release from SH-SY5Y cells, the down

regulation of the kinase isoform does not affect receptor-

mediated sAPPa release. Further support to PKC isoform

specific roles in APP processing come from studies using

benzolactam, a novel PKC activator with selectivity for the

calcium-dependent isoforms a, b, and g. Ibarreta et al.

(1999) demonstrated an enhanced secretion of sAPPa in

fibroblasts of AD patients and PC12 cells.

Indeed multiple intracellular second messengers contrib-

ute to the regulation of APP metabolism and they have

extremely complex interactions (reviewed by Racchi and

Govoni (1999)). At least five major kinase systems have

been described that modulate the processing of APP. These

data are derived from experiments either pursuing the direct

stimulation of the respective signal transduction pathway of

a pharmacological dissection of the pathways downstream

of ligand–receptor interaction (see later).

Cyclic AMP-dependent protein kinase (PKA) was

implicated since experiments with forskolin demonstrated

that treatment of PC12 cells resulted in increased sAPPa

release. The mechanism suggested was the modulation of

vesicular budding from Golgi membranes of secretory

vesicles containing APP (Xu et al., 1996). In a different

cellular system, Marambaud et al. (1996) demonstrated that

forskolin and 8-Bromo-cAMP could induce the release of

sAPPa and suggested the involvement of the proteasome as

an intermediate target between the activation of the kinase

and the activity of a-secretase. However, others (Efthimio-

poulos et al., 1996; Lee and Wurtman, 1997) observed an

opposite effect of forskolin-mediated elevation of cAMP

showing that such treatment induced inhibition of phorbol

ester-induced sAPPa release. These discrepancies are still

not resolved.

The role of calcium in second messengers activity is

important, in particular as a cofactor for the activation of

PKC and Tyr kinase (Tyr-K). The role of calcium in APP

metabolism has been studied using two strategies. Intra-

cellular calcium levels were increased by either favouring

the release from internal stores or promoting the influx from

the external mileu by the use of ionophores. Thapsigargin,

an irreversible inhibitor of calcium reuptake from the ER,

was able to stimulate sAPPa release as well as reduce the

formation of Ab (Buxbaum et al., 1994), with an effect

independent from PKC activation. This suggested for the

first time of the existence of alternative routes bypassing the

kinase. The calcium ionophore ionomycin was able to

increase the release of sAPPa in HEK293 cells (Petryniak

et al., 1996). These authors suggested the involvement of a

Tyr-K dependent mechanism, because the effect of

ionomycin was blocked only partially by specific inhibitors

of PKC while completely abolished using Tyr-K inhibitors

(Petryniak et al., 1996). The stimulation of a wide range of

receptors includes an intrinsic or associated Tyr-K activity,

and many of them have been shown to regulate APP

processing. Some examples and the implication of the

complex interaction of downstream signals will be con-

sidered later.

The intervention of the mitogen-activated protein kinase

(MAPK) cascade has been initially suggested by the use of

selective inhibitors such as PD98059. Two different

research groups have shown that inhibition of MAPK

could block the effect of PKC activators on the release of

sAPPA. It is interesting to notice that divergent results were

obtained in the two studies concerning the effect of MAPK

inhibition on Ab production. In the study by Mills et al.

(1997), the MAPK inhibitor PD98059 blocked also the

effect of phorbol esters on the release of Ab, while

Desdouits-Magnen et al. (1998) did not observe an effect

of PD98059 on the basal release of Ab as well as on the Ab

reducing effect of phorbol esters treatment.

The last signal transduction system involved in the

regulation of APP processing is dependent on phosphatidyl

inositol 3 kinase (PI3-K) which was described for the first

time as the kinase effector downstream of the insulin

receptor, responsible for the induction of sAPPa release

(Solano et al., 2000) (see later) from SH-SY5Y neuroblas-

toma cells.

Since a complex network of second messengers is

involved in the regulation of APP metabolism, the

neurochemical alterations described in AD brain are likely

to involve multiple levels including impaired neurotrans-

mitter receptor-mediated signal transduction (Cowburn

et al., 1996). A significant number of alterations of these

systems have been described in AD brains and peripheral

tissues (Cowburn et al., 1996; Gasparini et al., 1998; Racchi

and Govoni, 1999). Starting with neurotransmitters, deficits

have been reported involving the noradrenergic, serotoner-

gic, GABAergic and glutamatergic systems in the cerebral

cortex and the hippocampus of AD brain tissue, however,

the most consistent feature of AD is the degeneration of

cholinergic neurons leading to the impairment of cholin-

ergic transmission.

4. Cholinergic regulation of APP processing

A clear connection between the cholinergic system and

APP/Ab metabolism has been indicated over the years by

several authors beginning with a pivotal paper (Nitsch et al.,
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1992) which showed that in human embryonic kidney

(HEK) cell lines stably transfected with individual muscar-

inic receptor subtype, that activation by carbachol of m1 and

m3, but not m2 and m4 receptor subtypes increased sAPPa

release. Stimulation of sAPP secretion from m1 receptor-

expressing HEK cells as well as in human NT2nN cells was

accompanied by a reduction of Ab release (Wolf et al.,

1995), suggesting that cholinergic agents may activate the

non-amyloidogenic pathway with the potential to prevent

amyloid formation. The effect of carbachol was directly

dependent on ligand–receptor interaction and on protein

kinase activation. Stimulation of sAPPa release by

cholinergic receptors is blocked by staurosporine (Nitsch

et al., 1992) or GF109203X (Racchi et al., 2001; Slack et al.,

1995). In addition to PKC, other pathways activated

downstream of the cholinergic receptor, are linked to the

activation of APP processing. In fact, the inhibition of

sAPPa secretion by GF109203X is not complete (Slack

et al., 1995) and thus, some authors suggested the

involvement of a Tyr-K (Slack et al., 1995) because Tyr-

K inhibitors such as tyrphostin A25 and genistein were

effective blockers of stimulated sAPPa release. Other

authors have also demonstrated the involvement of a

MAP-K pathway (Haring et al., 1998). The signalling

pathways downstream of the m3 muscarinic receptor clearly

involve both PKC-dependent and -independent mechanisms

coupled to the activation of the MAP-K pathway (Slack,

2000). However, for the latter mechanism as it relates to

APP metabolism, there are contrasting reports. Desdouits--

Magnen et al. (1998) was not able to demonstrate a block of

carbachol-mediated sAPPa release in PC12-M1 cells

treated with the MEK inhibitor PD98059. Using the same

cellular model, however, Haring et al. (1998) showed a

significant inhibition of carbachol-mediated sAPPa release

by PD98059. We have observed (unpublished data) using

SH-SY5Y which endogenously expresses both APP and m1/

m3 muscarinic receptors, a reduction of carbachol-mediated

sAPPa release by PD98059 suggesting at least a partial

involvement of MAP-kinase pathways.

A further step was the demonstration that cholinergic

modulation of APP metabolism could occur in rat foetal

brain neurons (Salvietti et al., 1996) in culture and in

superfused brain slices (Nitsch et al., 1993). Electrical

depolarization of rat brain slices provided strong that

neuronal activity could determine a modulation of sAPPa

release. This study also demonstrated that cholinergic

stimulation could elicit an increase in sAPPa release with

a pharmacological profile suggestive of a complex inter-

action between different muscarinic receptor subtypes

(Farber et al., 1995).

Particularly relevant to these studies is the fact that

therapy currently available for AD patients is limited to

drugs which improve central cholinergic neurotransmission

(Frisoni, 2001; Gauthier, 2002; Giacobini, 2001) such as

acetylcholinesterase inhibitors (AChEI). These drugs con-

trol the key symptoms of AD, namely memory and

cognitive impairment. Since it has been demonstrated that

AchEIs may have an effect on APP processing, the potential

to modulate the biochemical pathways involved in the

pathogenesis of AD may be realized.

The initial finding using superfused brain slices, demon-

strated an increase of sAPPa release in response to

stimulation by physostigmine, eptastigmine and dichlorvos

(Mori et al., 1995; reviewed by Giacobini (2001)). We have

investigated the effect of treatment with metrifonate (MTF)

and dichlorvos (DDVP), respectively, the prodrug and

active cholinesterase inhibitor drug, on the processing of

APP in SH-SY5Y neuroblastoma cells, which demonstrated

that the acute treatment with both compounds resulted in an

increased secretion of sAPPa. Finally, we demonstrated that

cholinesterase inhibitors such as metrifonate were able to

induce sAPPa release by an indirect cholinergic mechanism

(Racchi et al., 2001) as shown by inhibition with atropine

(Fig. 3). On the other hand, others have observed that the

secretion of sAPPa in a number of cell lines was inhibited

using the AchEI drug tacrine (Lahiri et al., 1994, 1998), or

phenserine (Shaw et al., 2001). In a recent paper, Shaw et al.

(2001) showed that phenserine treatment of SH-SY5Y cells

rapidly reduced levels of endogenous APP. This action was

not connected to the AchEI activity of phenserine, since

Fig. 3. Indirect cholinergic effect of AchE inhibitors on the processing of

APP. Cells (neuroblastoma SH-SY5Y) were treated either with carbachol

or with the cholinesterase inhibitor metrifonate, in the presence or absence

of atropine (Racchi et al., 2001). The data with the antagonist atropine

demonstrate that cholinesterase inhibition results in increased sAPPa

release secondary to cholinergic stimulation, thus suggesting a direct

relationship between the activity of cholinesterase inhibitors and APP

processing. Although not all AchE inhibitors have demonstrated the same

quantitative effect, we have always observed stimulation of APP non-

amyloidogenic processing via indirect cholinergic stimulation (Racchi et al.,

unpublished data).
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the effect was also observed following treatment with the

stereoisomeric (þ )-phenserine, which lacks ChEI activity.

Consistently, with our previous experience (Racchi et al.,

2001), other AchEI drugs (physostigmine and metrifonate)

are unable to alter APP cellular levels in various neuronal

cell lines (Lahiri and Farlow, 1996; Lahiri et al., 1997).

Thus, phenserine, independent from its activity as AchEI,

may influence the pathogenetic pathway in AD by

modifying APP expression and thus the Ab generating

pathway. However, the concentrations of phenserine

required to obtain modulation of APP expression are an

order of magnitude higher than those that exert AchEI

activity. Furthermore, it should be emphasized APP and its

a-secretase-derived proteolytic product sAPPa may have

significant neuroprotective and neurotrophic functions

(Boyt et al., 2000a) thus reducing their expression and

levels may not be completely favourable.

5. Other neurotransmitters and G protein coupled

receptors ligands

A number of other neurotransmitters and various

receptor ligands have been involved in the regulation of

non-amyloidogenic processing of APP. Glutamate, an

important neurotransmitter released during neural activity,

can promote the release of sAPPa via metabotropic

receptors and by activation of a signalling cascade

involving PI hydrolysis and PKC activation as well as

phospholipase A2 (PLA2). This has been demonstrated in

cells transfected with individual metabotropic glutamate

receptors (Lee et al., 1995; Nitsch et al., 1997). The effect

of glutamate can be reproduced in cells with endogenous

expression of mGluR1a receptors. In NT2N cells, agonists

of glutamate metabotropic receptors, induce activation of PI

hydrolysis and sAPPa release (Jolly-Tornetta et al., 1998).

Primary hippocampal neurons secrete sAPPa in response to

mGluR agonists (Lee et al., 1995), independent of

activation by PLA2. The major signalling system coupled

to sAPPa release in these cells is therefore PKC was

demonstrated by experiments conducted on hippocampal

and cortical brain slices. Metabotropic glutamate receptor

agonists but not ionotropic receptor glutamate agonists

stimulate sAPPa release via a PKC-dependent mechanism

(Ulus and Wurtman, 1997).

Astrocytes in addition to neuronal cells have been used as

cellular models, since they express a number of receptors

coupled to ion channels or second messengers. Lee and

Wurtman (1997) demonstrated that metabotropic glutamate

receptor agonists increase the secretion of sAPPa following

the activation of the PI hydrolysis/PKC signalling cascade.

These authors demonstrated that cAMP is negatively

coupled with sAPPa release since treatment with forskolin

or dibutyryl cAMP inhibited the increase in sAPPa

secretion caused by metabotropic glutamate receptor

agonists.

In virtually all of the examples cited earlier, activation of

a PKC-dependent pathway was involved. Serotonin recep-

tors are an example of positive regulation of sAPPa release

which is apparently independent of PKC activation. Nitsch

and co-workers demonstrated that in cells transfected with

either 5HT2A or 5HT2C receptors, the treatment with

serotonin can induce a release of sAPPa which is not

sensitive to PKC downregulation or selective inhibition

(Nitsch et al., 1996).

More recently, another serotonergic receptor has been

implicated in APP processing. The use of cells transfected

with 5HT4 receptor (CHO cells) or endogenously expres-

sing the 5HT4 receptor (IMR32 neuroblastoma cells), has

provided evidence that serotonin and 5HT4 receptor

agonists can promote the non-amyloidogenic secretory

processing of APP. The intracellular signalling pathway

activated is the formation of cAMP and PKA activation

(Robert et al., 2001). In this study, the direct stimulation of

adenyl cyclase resulted in the promotion of sAPPa release,

which has also been repeated by others (Lezoualc’h et al.,

2000; Marambaud et al., 1996). However, a surprising

finding was the observation of a sAPPa secretion promoting

effect induced by PKA inhibitors. These data suggested that

PKA-dependent and -independent regulatory effects are

present, downstream of 5HT4 receptors and compete with

each other, the latter having the greatest effect.

Bradykinin is another stimulant of PKC-independent

sAPPa secretion although these observations may relate to

cell type specific events. The bradykinin-mediated sAPPa

release in nerve growth factor (NGF) differentiated PC12

cells is blocked by the relatively non-specific kinase

inhibitor staurosporine (Nitsch et al., 1998). Human skin

fibroblast endogenously expresses the B2 type of bradykinin

receptors. The pathway downstream involves a G protein

coupled activation of PLC and initiation of the inositol

cascade with the release of calcium from internal stores

mediated by IP3. These pathway are known to result in the

activation of PKC, however, whereas the PKC-dependent

APP metabolism is clearly defective in AD fibroblasts

(Bergamaschi et al., 1995) we demonstrated that bradykinin

stimulated sAPPa release is not defective in fibroblasts from

sporadic AD patients (Racchi et al., 1998). In all cases

presented it is clear that PKC-independent pathways may

co-exist in parallel with PKC-dependent pathways in

virtually all cell types.

6. Regulation of APP processing by growth factors

and Tyr-K coupled receptors

A pathway involving Tyr-K has been indicated in various

systems important in the regulation of APP processing. This

led to the study of the response to typical Tyr-K coupled

receptors. The initial studies in this field demonstrated that

treatment of A431 cells with EGF induced a concentration-

and time-dependent increase in sAPPa release (Slack et al.,
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1997). The epidermal growth factor receptor (EGFr) has

intrinsic Tyr-K activity and is also coupled to a variety of

other effectors including phospholipase Cg; indeed the

experimental treatments also produced a concentration

dependent increase in PI hydrolysis. The activation of the

secretory processing of APP by EGF is, at least partially,

mediated by PKC, because the treatment of the EGF

stimulated cell with the specific PKC inhibitor GF-109203X

deceased the response by approximately 35% (Slack et al.,

1997). On the other hand, the effect of EGF was completely

blocked by Tyrphostin AG 1478, and inhibitor of EGF

receptor Tyr-K.

NGF can also influence the metabolism of APP, and

implicated in the modulation of the cholinergic system.

These interactions and the role of NGF and other growth

factors in APP processing and AD have been reviewed

(Rossner et al., 1998; Isacson et al., 2002).

The roles of Tyr-K receptors and insulin in APP

processing were investigated since several lines of evidence

suggested a link between glucose utilization and defects in

metabolism (Gasparini et al., 1997, 1998, 1999; Curti et al.,

1997) associated with brain aging and the pathogenesis of

AD. We tested the ability of insulin to regulate APP

processing in cells that express endogenously insulin

receptors and demonstrated that insulin modulates APP

secretion by a Tyr-K dependent mechanism. Deprivation of

glucose from the culture medium produced a reduction in

the basal release of sAPPa, however, insulin was still able to

induce a relative increase of sAPPa secretion, thus

indicating that glucose is a necessary step of APP

processing. Independent of glucose, insulin appeared to be

acting as growth factor through a mechanism similar to EGF

and other Tyr-K receptor ligands. The detailed dissection of

the signal transduction network demonstrated that PKC and

MAP-K were not involved in the effect of insulin on APP

processing. Rather we demonstrated a novel intracellular

pathway that increases the rate of secretion of sAPPa

through the activity of phosphatidyl-inositol 3 kinase (PI3-

K). Because of the physiological role of PI3-K in the

translocation of glucose transporter-containing vesicles, we

speculated that PI3-K involvement in APP metabolism

might act at the level of vesicular trafficking. These

speculations were later confirmed (Gasparini et al., 2001)

who showed that insulin reduced intracellular accumulation

of Ab by accelerating APP intracellular trafficking. At

variance with our observations of the action of insulin on

APP metabolism was the report of mediation of insulin via a

receptor Tyr-K/MAP-K pathway. The results of Solano et al.

(2000) were also confirmed by Petanceska and Gandy

(1999) who demonstrated that wortmannin, a PI3-K

inhibitor could decrease the release of both Ab and

sAPPa from N2a neuroblastoma cells expressing either

wild-type APP or the Swedish FAD-associated mutant

variant of APP. These results suggest the possible involve-

ment of a recently described trans-Golgi network (TGN)-

associated PI3-kinase (Jones and Howell, 1997).

Following ingestion of glucose (Craft et al., 1999; Boyt

et al., 2000b) or intravenous insulin administration (Craft

et al., 2000) showed a reduction of plasma soluble APP

concentration. Interestingly, the decrease in plasma APP

concentration was affected by the ApoE genotype of the

subject. Whereas insulin reduced APP levels for AD

patients without an ApoE 14 allele, it produced a raise of

APP concentrations for AD patients with an ApoE 14 allele.

These results document ApoE-related differences in insulin

metabolism in AD. Additional studies are required to

determine the clinical significance and the implications for

AD pathogenesis of these changes in plasma APP.

7. Steroids regulate APP metabolism

7.1. Steroid hormones

Steroid hormones, e.g. estrogens, have been suggested in

the treatment and/or prevention of AD. While mostly

epidemiological, there has been a significant amount of data

indicating a specific role of estrogens in the modulation of

APP processing resulting in an increase in the non-

amyloidogenic processing of APP and reduction of Ab.

The first finding was obtained in breast carcinoma cells

(MCF7) following long-term treatment of with estradiol.

The experiments demonstrated an increased release of

sAPPa without effects on cellular APP levels, suggesting a

mechanism regulating the actual processing and release of

APP rather than its synthesis (Jaffe et al., 1994). These

results did not provide an explanation on the mechanism of

action of estrogen and did not clearly define whether or not

the effect was dependent on the interaction with estrogen

receptors. Subsequently, Xu et al. (1998) demonstrated a

significant Ab lowering effect of estradiol following long-

term treatment of neuronal cells of various origin. The

hypothesis upon the mechanism of action of estradiol was

focused on the possible modification of intracellular

trafficking of APP and in particular of APP-containing

secretory vesicles. More recently (Manthey et al., 2001) it

was shown that estradiol causes a very rapid increase in

sAPPa release in neuroblastoma cell lines with a mechan-

ism mediated by the MAPK pathway. In addition, the data

show that the activation of MAPK-signalling pathway and

the enhancement of the sAPPa release is independent of the

presence of estrogen receptors since it could be induced to a

similar extent in neuronal cells either lacking or over-

expressing a functional estrogen receptor. The in vivo

confirmation of the potential effect of estrogens on Ab

metabolism came from experiments using guinea pigs

(Petanceska et al., 2000). Ovariectomized animals showed a

1.5-fold average increase in total brain Ab, while animals

treated with estradiol demonstrated a reversal of the

ovariectomy-induced increase in brain Ab levels. More

recently, the same data were obtained in AD transgenic

mice (Zheng et al., 2002). Brain Ab levels were found to be
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higher in estrogen-deprived mice than intact mice, and this

effect could be reversed through the administration of

estradiol. Overall these results provide evidence that post-

menopausal estrogen depletion may be linked to an

increased risk of AD through Ab modulation, and estrogen

replacement models do have significant effects, at least in

experimental models, on the processing of APP and the

production of Ab.

Other examples of steroid modulation of APP processing

come from the experiments of Gouras et al. (2000) showing

that treatment of neuroblastoma cells and primary neurons

with testosterone increases the secretion of the non-

amyloidogenic sAPPa and decreases the secretion of Ab

peptides. Others (Goodenough et al., 2000) have suggested

that the effect of testosterone follows a rapid time course,

regulated by the aromatase-mediated conversion of testos-

terone to estrogen and is dependent on the MAPK signalling

pathway.

7.2. Cholesterol

Cholesterol can significantly affect the activity of

membrane associated enzymes and processes. APP is an

integral membrane protein and the enzymes regulating its

metabolism are membrane associated or integral membrane

proteins. Cholesterol metabolism and AD are genetically

linked because of the implication of the Apolipoprotein E

genotype as a risk factor in the development of the disease.

Epidemiologically, there are recent indications that there is

a decreased prevalence of AD associated with the use of

cholesterol-lowering drugs such as statins (reviewed in

Simons et al. (2001) and Wolozin (2001)). The first

experimental evidence that cholesterol may affect APP

processing came from experiments in cell culture where

membrane cholesterol enrichment was obtained by non-

esterified cholesterol carried by rabbit VLDL (Racchi et al.,

1997). The increase in cellular cholesterol caused a dose-

dependent inhibition of sAPPa release, reproduced also by

treatment with human LDL or by delivery of cholesterol

dissolved in ethanol or cyclodextrin (Bodovitz and Klein,

1996; Racchi et al., 1997). More recently, others (Kojro

et al., 2001) have suggested that the a-secretase enzyme

ADAM 10 is a major target of the cholesterol effects on APP

metabolism. Following treatment with lovastatin or with

methyl-beta-cyclodextrin, a drastic increase of secreted

sAPPa occurred, accompanied by reduced secretion of Ab.

Increased membrane fluidity and impaired internalization of

APP, or higher expression of ADAM 10, may have been

responsible for these findings.

Consistently, these data revealed that reducing the

cellular cholesterol levels of hippocampal neurons by 70%

with lovastatin or methyl-beta-cyclodextrin, inhibited

almost completely the formation of Ab, without affecting

sAPPa release (Simons et al.,1998).

Several studies have investigated the fine mechanism of

interaction between cholesterol and the machinery of APP

processing. Initial suggestions came from the microdomain

membrane localization described for APP. Ikezu et al.

(1998) suggested that caveolae, which are plasma mem-

brane invaginations where key signalling elements are

concentrated, are the resident membrane microdomain

where a-secretase processing takes place. Although other

authors have suggested that APP (Hayashi et al., 2000) and

also BACE (Riddell et al., 2001) are localized in

cholesterol-enriched membrane microdomains different

from caveolae, it is nevertheless clear that cholesterol

plays a crucial role in maintaining the functional state of

these microenvironments. Indeed it has been shown that

alterations in cholesterol transport from late endocytic

organelles to the endoplasmic reticulum have important

consequences for both APP processing and the localization

of a-secretase-associated PS, suggesting that the subcellular

distribution of cholesterol may be an important factor in

how cholesterol alters Ab production and the risk of AD

(Runz et al., 2002).

The effects of cholesterol on APP processing has been

suggested also by studies in vivo. Transgenic mice

expressing the Swedish FAD APP mutation, fed a high

cholesterol diet caused a significant reduction of sAPPa as

well as Ab species in the brain (Howland et al., 1998).

Another model demonstrated that a diet-induced

hypercholesterolemia resulted in significantly increased

levels of Ab peptides in the CNS. The hypercholesterolemic

mice had significantly decreased levels of sAPPa, sugges-

tive of a defective APP processing. The levels of total Ab

were strongly correlated with the levels of both plasma and

CNS total cholesterol. Furthermore, the neuropathological

analysis indicated that the hypercholesterolemic diet

significantly increased amyloid deposit both in number

and size (Refolo et al., 2000). More recently, the same

transgenic mice were treated with the cholesterol-lowering

drug BM15.766 and tested for modulation of b-amyloid

levels. Such treatment significantly reduced plasma choles-

terol, and in particular both brain amyloid load and levels of

Ab (Refolo et al., 2001).

Such data strengthen the involvement of membrane

cholesterol in the regulation of APP processing. These

intriguing relationships raise the possibility to pursue a

cholesterol-lowering strategy to influence the progression

of AD.

8. Concluding remarks

The critical point of the amyloid cascade hypothesis is

altered APP processing which is a crucial event in AD

pathogenesis. We have described multiple signal transduc-

tion mechanisms, neurotransmitter receptors and other

receptor ligands involved in regulated APP processing. All

pharmacological means of stimulation of sAPPa release

have the ultimate goal of modulating APP metabolism with

the resultant increase in production of soluble a-secretase
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derived APP and a consequent reduction of Ab production.

Many of the transduction signals involved in APP proces-

sing have been described as defective in the AD brain and

peripheral tissues, however, the redundancy of these

systems in the regulated APP metabolism is such that

alternative strategies are possible, which may bypass the

defective pathways. All of these systems are potential

targets for pharmacological modulation, beginning with

AchE inhibitors and their effect on the APP processing

pathway to the use of cholesterol-lowering drugs. Finally,

the identification of secretases with distinctive enzymatic

characteristics has boosted the research on novel specific

protease inhibitors.

The task in future years will be to identify specific and

unique mechanisms involved in APP processing and Ab

formation. In neurodegenerative diseases such as AD, the

progression of degeneration can be slowed, however,

never reversed. Thus, the goal is to find strategies and

applications which if used early in the course of the

disease may prevent the occurrence of further

neurodegeneration.

Acknowledgements

We wish to acknowledge the financial contribution to our

research from the Italian Ministry of Research—MURST

Cofin 2000 to SG, Italian Ministry of Health (Programma

Alzheimer) to SG and to MR, Telethon Foundation E.0866

to SG and the Human Frontier Science Program (MR).

References

Benussi, L., Govoni, S., Gasparini, L., Binetti, G., Trabucchi, M.,

Bianchetti, A., 1998. Specific role for protein kinase C alpha in the

constitutive and regulated secretion of amyloid precursor protein in

human skin fibroblasts. Neurosci. Lett. 240, 97–101.

Bergamaschi, S., Binetti, G., Govoni, S., Wetsel, W.C., Battaini, F.,

Trabucchi, M., Bianchetti, A., Racchi, M., 1995. Defective phorbol

ester-stimulated secretion of beta-amyloid precursor protein from

Alzheimer’s disease fibroblasts. Neurosci. Lett. 201, 1–5.

Black, R.A., Rauch, C.T., Kozlosky, C.J., Peschon, J.J., Slack, J.L.,

Wolfson, M.F., Castner, B.J., Stocking, K.L., Reddy, P., Srinivasan, S.,

Nelson, N., Boiani, N., Schooley, K.A., Gerhart, M., Davis, R., Fitzner,

J.N., Johnson, R.S., Paxton, R.J., March, C.J., Cerretti, D.P., 1997. A

metalloproteinase disintegrin that releases tumour-necrosis factor-alpha

from cells. Nature 385, 729–733.

Bodovitz, S., Klein, W.L., 1996. Cholesterol modulates alpha-secretase

cleavage of amyloid precursor protein. J. Biol. Chem. 271, 4436–4440.

Boyt, A.A., Suzuky, T., Hone, E., Gnjec, A., Martins, R.M., 2000a. The

structure and multifaceted function of the amyloid precursor protein.

Clin. Biochem. Rev. 21, 22–41.

Boyt, A.A., Taddei, T.K., Hallmayer, J., Helmerhorst, E., Gandy, S.E.,

Craft, S., Martins, R.N., 2000b. The effect of insulin and glucose on the

plasma concentration of Alzheimer’s amyloid precursor protein.

Neuroscience 95, 727–734.

Brown, M.S., Ye, J., Rawson, R.B., Goldstein, J.L., 2000. Regulated

intramembrane proteolysis: a control mechanism conserved from

bacteria to humans. Cell 100, 391–398.

Buxbaum, J.D., Koo, E.H., Greengard, P., 1993. Protein phosphorylation

inhibits production of Alzheimer amyloid beta/A4 peptide. Proc. Natl

Acad. Sci. USA 90, 9195–9198.

Buxbaum, J.D., Ruefli, A.A., Parker, C.A., Cypess, A.M., Greengard, P.,

1994. Calcium regulates processing of the Alzheimer amyloid protein

precursor in a protein kinase C-independent manner. Proc. Natl Acad.

Sci. USA 91, 4489–4493.

Buxbaum, J.D., Liu, K.N., Luo, Y., Slack, J.L., Stocking, K.L., Peschon,

J.J., Johnson, R.S., Castner, B.J., Cerretti, D.P., Black, R.A., 1998.

Evidence that tumor necrosis factor alpha converting enzyme is

involved in regulated alpha-secretase cleavage of the Alzheimer

amyloid protein precursor. J. Biol. Chem. 273, 27765–27767.

Cai, H., Wang, Y., McCarthy, D., Wen, H., Borchelt, D.R., Price, D.L.,

Wong, P.C., 2001. BACE1 is the major beta-secretase for generation of

Abeta peptides by neurons. Nature Neurosci. 4, 233–234.

Caporaso, G.L., Takei, K., Gandy, S.E., Matteoli, M., Mundigl, O.,

Greengard, P., De Camilli, P., 1994. Morphologic and biochemical

analysis of the intracellular trafficking of the Alzheimer beta/A4

amyloid precursor protein. J. Neurosci. 14, 3122–3138.

Chyung, A.S., Greenberg, B.D., Cook, D.G., Doms, R.W., Lee, V.M., 1997.

Novel beta-secretase cleavage of beta-amyloid precursor protein in the

endoplasmic reticulum/intermediate compartment of NT2N cells. J. Cell

Biol. 138, 671–680.

Citron, M., Vigo-Pelfrey, C., Teplow, D.B., Miller, C., Schenk, D.,

Johnston, J., Winblad, B., Venizelos, N., Lannfelt, L., Selkoe, D.J.,

1994. Excessive production of amyloid beta-protein by peripheral cells

of symptomatic and presymptomatic patients carrying the Swedish

familial Alzheimer disease mutation. Proc. Natl Acad. Sci. USA 91,

11993–11997.

Cowburn, R.F., Fowler, C.J., O’Neill, C., 1996. Neurotransmitters, signal

transduction and second-messengers in Alzheimer’s disease. Acta

Neurol. Scand. 165, 25–32.

Craft, S., Asthana, S., Schellenberg, G., Cherrier, M., Baker, L.D.,

Newcomer, J., Plymate, S., Latendresse, S., Petrova, A., Raskind, M.,

Peskind, E., Lofgreen, C., Grimwood, K., 1999. Insulin metabolism in

Alzheimer’s disease differs according to apolipoprotein E genotype and

gender. Neuroendocrinology 70, 146–152.

Craft, S., Asthana, S., Schellenberg, G., Baker, L., Cherrier, M., Boyt, A.A.,

Martins, R.N., Raskind, M., Peskind, E., Plymate, S., 2000. Insulin

effects on glucose metabolism, memory, and plasma amyloid precursor

protein in Alzheimer’s disease differ according to apolipoprotein-E

genotype. Ann. NY Acad. Sci. 903, 222–228.

Curti, D., Rognoni, F., Gasparini, L., Cattaneo, A., Paolillo, M., Racchi, M.,

Zani, L., Bianchetti, A., Trabucchi, M., Bergamaschi, S., Govoni, S.,

1997. Oxidative metabolism in cultured fibroblasts derived from

sporadic Alzheimer’s disease (AD) patients. Neurosci. Lett. 236,

13–16.

Dekker, L.V., Parker, P.J., 1994. Protein kinase C—a question of

specificity. TIBS 19, 73–77.

Desdouits-Magnen, J., Desdouits, F., Takeda, S., Syu, L.J., Saltiel, A.R.,

Buxbaum, J.D., Czernik, A.J., Nairn, A.C., Greengard, P., 1998.

Regulation of secretion of Alzheimer amyloid precursor protein by the

mitogen-activated protein kinase cascade. J. Neurochem. 70, 524–530.

De Strooper, B., Umans, L., Van Leuven, F., Van Den Berghe, H., 1993.

Study of the synthesis and secretion of normal and artificial mutants of

murine amyloid precursor protein (APP): cleavage of APP occurs in a

late compartment of the default secretion pathway. J. Cell Biol. 121,

295–304.

Efthimiopoulos, S., Punj, S., Manolopoulos, V., Pangalos, M., Wang, G.P.,

Refolo, L.M., Robakis, N.K., 1996. Intracellular cyclic AMP inhibits

constitutive and phorbol ester-stimulated secretory cleavage of amyloid

precursor protein. J. Neurochem. 67, 872–875.

Farber, S.A., Nitsch, R.M., Schulz, J.G., Wurtman, R.J., 1995. Regulated

secretion of beta-amyloid precursor protein in rat brain. J. Neurosci. 15,

7442–7451.

Farzan, M., Schnitzler, C.E., Vasilieva, N., Leung, D., Choe, H., 2000.

BACE2, a beta-secretase homolog, cleaves at the beta site and within

M. Racchi, S. Govoni / Experimental Gerontology 38 (2003) 145–157154



the amyloid-beta region of the amyloid-beta precursor protein. Proc.

Natl Acad. Sci. USA 97, 9712–9717.

Frisoni, G.B., 2001. Treatment of Alzheimer’s disease with acetylcholin-

esterase inhibitors: bridging the gap between evidence and practice.

J. Neurol. 248, 551–557.

Gasparini, L., Racchi, M., Benussi, L., Curti, D., Binetti, G., Bianchetti, A.,

Trabucchi, M., Govoni, S., 1997. Effect of energy shortage and

oxidative stress on amyloid precursor protein metabolism in COS cells.

Neurosci. Lett. 231, 113–117.

Gasparini, L., Racchi, M., Binetti, G., Trabucchi, M., Solerte, S.B., Alkon,

D., Etcheberrigaray, R., Gibson, G., Blass, J., Paoletti, R., Govoni, S.,

1998. Peripheral markers in testing pathophysiological hypotheses and

diagnosing Alzheimer’s disease. FASEB J. 12, 17–34.

Gasparini, L., Benussi, L., Bianchetti, A., Binetti, G., Curti, D., Govoni, S.,

Moraschi, S., Racchi, M., Trabucchi, M., 1999. Energy metabolism

inhibition impairs amyloid precursor protein secretion from Alzhei-

mer’s fibroblasts. Neurosci. Lett. 263, 197–200.

Gasparini, L., Gouras, G.K., Wang, R., Gross, R.S., Beal, M.F., Greengard,

P., Xu, H., 2001. Stimulation of beta-amyloid precursor protein

trafficking by insulin reduces intraneuronal beta-amyloid and requires

mitogen-activated protein kinase signaling. J. Neurosci. 21,

2561–2570.

Gauthier, S., 2002. Advances in the pharmacotherapy of Alzheimer’s

disease. CMAJ 166, 616–623.

Giacobini, E., 2001. Do cholinesterase inhibitors have disease-modifying

effects in Alzheimer’s disease? CNS Drugs 15, 85–91.

Gillespie, S.L., Golde, T.E., Younkin, S.G., 1992. Secretory processing of

the Alzheimer amyloid beta/A4 protein precursor is increased by

protein phosphorylation. Biochem. Biophys. Res. Commun. 187,

1285–1290.

Goodenough, S., Engert, S., Behl, C., 2000. Testosterone stimulates rapid

secretory amyloid precursor protein release from rat hypothalamic cells

via the activation of the mitogen-activated protein kinase pathway.

Neurosci. Lett. 296, 49–52.

Gouras, G.K., Xu, H., Gross, R.S., Greenfield, J.P., Hai, B., Wang, R.,

Greengard, P., 2000. Testosterone reduces neuronal secretion of

Alzheimer’s beta-amyloid peptides. Proc. Natl Acad. Sci. USA 97,

1202–1205.

Govoni, S., Bergamaschi, S., Racchi, M., Battaini, F., Binetti, G.,

Bianchetti, A., Trabucchi, M., 1993. Cytosol protein kinase C

downregulation in fibroblasts from Alzheimer’s disease patients.

Neurology 43, 2581–2586.

Haass, C., Hung, A.Y., Schlossmacher, M.G., Teplow, D.B., Selkoe, D.J.,

1993. Beta-amyloid peptide and a 3-kDa fragment are derived by

distinct cellular mechanisms. J. Biol. Chem. 268, 3021–3024.

Haass, C., Lemere, C.A., Capell, A., Citron, M., Seubert, P., Schenk, D.,

Lannfelt, L., Selkoe, D.J., 1995. The Swedish mutation causes early-

onset Alzheimer’s disease by beta-secretase cleavage within the

secretory pathway. Nature Med. 1, 1291–1296.

Haring, R., Fisher, A., Marciano, D., Pittel, Z., Kloog, Y., Zuckerman, A.,

Eshhar, N., Heldman, E., 1998. Mitogen-activated protein kinase-

dependent and protein kinase C-dependent pathways link the m1

muscarinic receptor to beta-amyloid precursor protein secretion.

J. Neurochem. 71, 2094–2103.

Hayashi, H., Mizuno, T., Michikawa, M., Haass, C., Yanagisawa, K., 2000.

Amyloid precursor protein in unique cholesterol-rich microdomains

different from caveolae-like domains. Biochim. Biophys. Acta 1483,

81–90.

Hooper, N.M., Karran, E.H., Turner, A.J., 1997. Membrane protein

secretases. Biochem. J. 321, 265–279.

Howland, D.S., Trusko, S.P., Savage, M.J., Reaume, A.G., Lang, D.M.,

Hirsch, J.D., Maeda, N., Siman, R., Greenberg, B.D., Scott, R.W.,

Flood, D.G., 1998. Modulation of secreted beta-amyloid precursor

protein and amyloid beta-peptide in brain by cholesterol. J. Biol. Chem.

273, 16576–16582.

Hussain, I., Powell, D., Howlett, D.R., Tew, D.G., Meek, T.D., Chapman,

C., Gloger, I.S., Murphy, K.E., Southan, C.D., Ryan, D.M., Smith, T.S.,

Simmons, D.L., Walsh, F.S., Dingwall, C., Christie, G., 1999.

Identification of a novel aspartic protease (Asp 2) as beta-secretase.

Mol. Cell. Neurosci. 14, 419–427.

Ibarreta, D., Duchen, M., Ma, D., Qiao, L., Kozikowski, A.P., Etcheberri-

garay, R., 1999. Benzolactam (BL) enhances sAPP secretion in

fibroblasts and in PC12 cells. Neuroreport 10, 1035–1040.

Ikezu, T., Trapp, B.D., Song, K.S., Schlegel, A., Lisanti, M.P., Okamoto,

T., 1998. Caveolae, plasma membrane microdomains for alpha-

secretase-mediated processing of the amyloid precursor protein.

J. Biol. Chem. 273, 10485–10495.

Isacson, O., Seo, H., Lin, L., Albeck, D., Granholm, A.C., 2002.

Alzheimer’s disease and Down’s syndrome: roles of APP, trophic

factors and ACh. TINS 25, 79–84.

Jaffe, A.B., Toran-Allerand, C.D., Greengard, P., Gandy, S.E., 1994.

Estrogen regulates metabolism of Alzheimer amyloid beta precursor

protein. J. Biol. Chem. 269, 13065–13068.

Jolly-Tornetta, C., Wolf, B.A., 2000. Regulation of amyloid precursor

protein (APP) secretion by protein kinase calpha in human ntera 2

neurons (NT2N). Biochemistry 39, 7428–7435.

Jolly-Tornetta, C., Gao, Z.Y., Lee, V.M., Wolf, B.A., 1998. Regulation of

amyloid precursor protein secretion by glutamate receptors in human

Ntera 2 neurons. J. Biol. Chem. 273, 14015–14021.

Jones, S.M., Howell, K.E., 1997. Phosphatidylinositol 3-kinase is required

for the formation of constitutive transport vesicles from the TGN. J. Cell

Biol. 139, 339–349.

Kinouchi, T., Sorimachi, H., Maruyama, K., Mizuno, K., Ohno, S., Ishiura,

S., Suzuki, K., 1995. Conventional protein kinase C (PKC)-alpha and

novel PKC epsilon, but not-delta, increase the secretion of an N-

terminal fragment of Alzheimer’s disease amyloid precursor protein

from PKC cDNA transfected 3Y1 fibroblasts. FEBS Lett. 364,

203–206.

Koike, H., Tomioka, S., Sorimachi, H., Saido, T.C., Maruyama, K.,

Okuyama, A., Fujisawa-Sehara, A., Ohno, S., Suzuki, K., Ishiura, S.,

1999. Membrane-anchored metalloprotease MDC9 has an alpha-

secretase activity responsible for processing the amyloid precursor

protein. Biochem. J. 343, 371–375.

Kojro, E., Gimpl, G., Lammich, S., Marz, W., Fahrenholz, F., 2001. Low

cholesterol stimulates the nonamyloidogenic pathway by its effect on

the alpha-secretase ADAM 10. Proc. Natl Acad. Sci. USA 98,

5815–5820.

Koo, E.H., Squazzo, S.L., 1994. Evidence that production and release of

amyloid beta-protein involves the endocytic pathway. J. Biol. Chem.

269, 17386–17389.

Kosaka, T., Imagawa, M., Seki, K., Arai, H., Sasaki, H., Tsuji, S., Asami-

Odaka, A., Fukushima, T., Imai, K., Iwatsubo, T., 1997. The beta

APP717 Alzheimer mutation increases the percentage of plasma

amyloid-beta protein ending at A beta42(43). Neurology 48, 741–745.

Kuentzel, S.L., Ali, S.M., Altman, R.A., Greenberg, B.D., Raub, T.J., 1993.

The Alzheimer beta-amyloid protein precursor/protease nexin-II is

cleaved by secretase in a trans-Golgi secretory compartment in human

neuroglioma cells. Biochem. J. 295, 367–378.

Lahiri, D.K., Farlow, M.R., 1996. Differential effect of tacrine and

physostigmine on the secretion of the beta-amyloid precursor protein in

cell lines. J. Mol. Neurosci. 7, 41–49.

Lahiri, D.K., Lewis, S., Farlow, M.R., 1994. Tacrine alters the secretion of

the beta-amyloid precursor protein in cell lines. J. Neurosci. Res. 37,

777–787.

Lahiri, D.K., Farlow, M.R., Nurnberger, J.I. Jr., Greig, N.H., 1997. Effects

of cholinesterase inhibitors on the secretion of beta-amyloid precursor

protein in cell cultures. Ann. NY Acad. Sci. 826, 416–421.

Lahiri, D.K., Farlow, M.R., Sambamurti, K., 1998. The secretion of

amyloid beta-peptides is inhibited in the tacrine-treated human

neuroblastoma cells. Brain Res. Mol. 62, 131–140.

Lammich, S., Kojro, E., Postina, R., Gilbert, S., Pfeiffer, R., Jasionowski,

M., Haass, C., Fahrenholz, F., 1999. Constitutive and regulated alpha-

secretase cleavage of Alzheimer’s amyloid precursor protein by a

disintegrin metalloprotease. Proc. Natl Acad. Sci. USA 96, 3922–3927.

M. Racchi, S. Govoni / Experimental Gerontology 38 (2003) 145–157 155



LeBlanc, A.C., Koutroumanis, M., Goodyer, C.G., 1998. Protein kinase C

activation increases release of secreted amyloid precursor protein

without decreasing Abeta production in human primary neuron

cultures. J. Neurosci. 18, 2907–2913.

Lee, R.K., Wurtman, R.J., 1997. Metabotropic glutamate receptors increase

amyloid precursor protein processing in astrocytes: inhibition by cyclic

AMP. J. Neurochem. 68, 1830–1835.

Lee, R.K., Wurtman, R.J., Cox, A.J., Nitsch, R.M., 1995. Amyloid

precursor protein processing is stimulated by metabotropic glutamate

receptors. Proc. Natl Acad. Sci. USA 92, 8083–8087.

Levy-Lahad, E., Wijsman, E.M., Nemens, E., Anderson, L., Goddard, K.A.,

Weber, J.L., Bird, T.D., Schellenberg, G.D., 1995. A familial

Alzheimer’s disease locus on chromosome 1. Science 269, 970–973.

Lezoualc’h, F., Engert, S., Berning, B., Behl, C., 2000. Corticotropin-

releasing hormone-mediated neuroprotection against oxidative stress is

associated with the increased release of non-amyloidogenic amyloid

beta precursor protein and with the suppression of nuclear factor-kappa

B. Mol. Endocrinol. 14, 147–159.

Lin, X., Koelsch, G., Wu, S., Downs, D., Dashti, A., Tang, J., 2000.

Human aspartic protease memapsin 2 cleaves the beta-secretase site

of beta-amyloid precursor protein. Proc. Natl Acad. Sci. USA 97,

1456–1460.

Luo, Y., Bolon, B., Kahn, S., Bennett, B.D., Babu-Khan, S., Denis, P., Fan,

W., Kha, H., Zhang, J., Gong, Y., Martin, L., Louis, J.C., Yan, Q.,

Richards, W.G., Citron, M., Vassar, R., 2001. Mice deficient in BACE1,

the Alzheimer’s beta-secretase, have normal phenotype and abolished

beta-amyloid generation. Nature Neurosci. 4, 231–232.

Manthey, D., Heck, S., Engert, S., Behl, C., 2001. Estrogen induces a rapid

secretion of amyloid beta precursor protein via the mitogen-activated

protein kinase pathway. Eur. J. Biochem. 268, 4285–4291.

Marambaud, P., Wilk, S., Checler, F., 1996. Protein kinase A phosphoryl-

ation of the proteasome: a contribution to the alpha-secretase pathway

in human cells. J. Neurochem. 67, 2616–2619.

Mills, J., Laurent, Charest, D., Lam, F., Beyreuther, K., Ida, N., Pelech,

S.L., Reiner, P.B., 1997. Regulation of amyloid precursor protein

catabolism involves the mitogen-activated protein kinase signal

transduction pathway. J. Neurosci. 17, 9415–9422.

Mori, F., Lai, C.C., Fusi, F., Giacobini, E., 1995. Cholinesterase inhibitors

increase secretion of APPs in rat brain cortex. Neuroreport 6, 633–636.

Moss, M.L., Jin, S.L., Milla, M.E., Bickett, D.M., Burkhart, W., Carter,

H.L., Chen, W.J., Clay, W.C., Didsbury, J.R., Hassler, D., Hoffman,

C.R., Kost, T.A., Lambert, M.H., Leesnitzer, M.A., McCauley, P.,

McGeehan, G., Mitchell, J., Moyer, M., Pahel, G., Rocque, W.,

Overton, L.K., Schoenen, F., Seaton, T., Su, J.L., Becherer, J.D., 1997.

Cloning of a disintegrin metalloproteinase that processes precursor

tumour-necrosis factor-alpha. Nature 385, 733–736.

Nishizuka, Y., 1992. Intracellular signaling by hydrolysis of phospholipids

and activation of protein kinase C. Science 258, 607–614.

Nitsch, R.M., Slack, B.E., Wurtman, R.J., Growdon, J.H., 1992. Release of

Alzheimer amyloid precursor derivatives stimulated by activation of

muscarinic acetylcholine receptors. Science 258, 304–307.

Nitsch, R.M., Farber, S.A., Growdon, J.H., Wurtman, R.J., 1993. Release

of amyloid beta-protein precursor derivatives by electrical depolar-

ization of rat hippocampal slices. Proc. Natl Acad. Sci. USA 90,

5191–5193.

Nitsch, R.M., Deng, M., Growdon, J.H., Wurtman, R.J., 1996. Serotonin 5-

HT2a and 5-HT2c receptors stimulate amyloid precursor protein

ectodomain secretion. J. Biol. Chem. 271, 4188–4194.

Nitsch, R.M., Deng, A., Wurtman, R.J., Growdon, J.H., 1997. Metabotropic

glutamate receptor subtype mGluR1alpha stimulates the secretion of

the amyloid beta-protein precursor ectodomain. J. Neurochem. 69,

704–712.

Nitsch, R.M., Kim, C., Growdon, J.H., 1998. Vasopressin and bradykinin

regulate secretory processing of the amyloid protein precursor of

Alzheimer’s disease. Neurochem. Res. 23, 807–814.

Nunan, J., Small, D.H., 2000. Regulation of APP cleavage by alpha-, beta-

and gamma-secretases. FEBS Lett. 483, 6–10.

Paetzel, M., Dalbey, R.E., Strynadka, N.C., 1998. Crystal structure of a

bacterial signal peptidase in complex with a beta-lactam inhibitor.

Nature 396, 186–190.

Petanceska, S.S., Gandy, S., 1999. The phosphatidylinositol 3-kinase

inhibitor wortmannin alters the metabolism of the Alzheimer’s amyloid

precursor protein. J. Neurochem. 73, 2316–23120.

Petanceska, S.S., Nagy, V., Frail, D., Gandy, S., 2000. Ovariectomy and

17beta-estradiol modulate the levels of Alzheimer’s amyloid beta

peptides in brain. Neurology 54, 2212–2217.

Petryniak, M.A., Wurtman, R.J., Slack, B.E., 1996. Elevated intracellular

calcium concentration increases secretory processing of the amyloid

precursor protein by a tyrosine phosphorylation-dependent mechanism.

Biochem. J. 320, 957–963.

Pinnix, I., Musunuru, U., Tun, H., Sridharan, A., Golde, T., Eckman, C.,

Ziani-Cherif, C., Onstead, L., Sambamurti, K., 2001. A novel gamma-

secretase assay based on detection of the putative C-terminal fragment-

gamma of amyloid beta protein precursor. J. Biol. Chem. 276,

481–487.

Racchi, M., Govoni, S., 1999. Rationalizing a pharmacological intervention

on the amyloid precursor protein metabolism. TIPS 20, 418–423.

Racchi, M., Baetta, R., Salvietti, N., Ianna, P., Franceschini, G., Paoletti, R.,

Fumagalli, R., Govoni, S., Trabucchi, M., Soma, M., 1997. Secretory

processing of amyloid precursor protein is inhibited by increase in

cellular cholesterol content. Biochem. J. 322, 893–898.

Racchi, M., Ianna, P., Binetti, G., Trabucchi, M., Govoni, S., 1998.

Bradykinin-induced amyloid precursor protein secretion: a protein

kinase C-independent mechanism that is not altered in fibroblasts from

patients with sporadic Alzheimer’s disease. Biochem. J. 330,

1271–1275.

Racchi, M., Solano, D.C., Sironi, M., Govoni, S., 1999. Activity of alpha-

secretase as the common final effector of protein kinase C-dependent

and -independent modulation of amyloid precursor protein metabolism.

J. Neurochem. 72, 2464–2470.

Racchi, M., Sironi, M., Caprera, A., Konig, G., Govoni, S., 2001. Short- and

long-term effect of acetylcholinesterase inhibition on the expression

and metabolism of the amyloid precursor protein. Mol. Psychiatry 6,

520–528.

Racchi, M., Mazzucchelli, M., Pascale, A., Sironi, M., Govoni, S., 2002.

The role of protein kinase C alpha in the regulated secretion of the

amyloid precursor protein. Mol. Psychiatry in press.

Refolo, L.M., Sambamurti, K., Efthimiopoulos, S., Pappolla, M.A.,

Robakis, N.K., 1995. Evidence that secretase cleavage of cell surface

Alzheimer amyloid precursor occurs after normal endocytic internal-

ization. J. Neurosci. Res. 40, 694–706.

Refolo, L.M., Malester, B., LaFrancois, J., Bryant-Thomas, T., Wang, R.,

Tint, G.S., Sambamurti, K., Duff, K., Pappolla, M.A., 2000.

Hypercholesterolemia accelerates the Alzheimer’s amyloid pathology

in a transgenic mouse model. Neurobiol. Dis. 7, 321–331.

Refolo, L.M., Pappolla, M.A., LaFrancois, J., Malester, B., Schmidt, S.D.,

Thomas-Bryant, T., Tint, G.S., Wang, R., Mercken, M., Petanceska,

S.S., Duff, K.E., 2001. A cholesterol-lowering drug reduces beta-

amyloid pathology in a transgenic mouse model of Alzheimer’s disease.

Neurobiol. Dis. 8, 890–899.

Riddell, D.R., Christie, G., Hussain, I., Dingwall, C., 2001. Compartmen-

talization of beta-secretase (Asp2) into low-buoyant density, nonca-

veolar lipid rafts. Curr. Biol. 11, 1288–1293.

Robert, S.J., Zugaza, J.L., Fischmeister, R., Gardier, A.M., Lezoualc’h, F.,

2001. The human serotonin 5-HT4 receptor regulates secretion of non-

amyloidogenic precursor protein. J. Biol. Chem. 276, 44881–44888.

Rossner, S., Ueberham, U., Schliebs, R., Perez-Polo, J.R., Bigl, V., 1998.

The regulation of amyloid precursor protein metabolism by cholinergic

mechanisms and neurotrophin receptor signaling. Prog. Neurobiol. 56,

541–569.

Runz, H., Rietdorf, J., Tomic, I., de Bernard, M., Beyreuther, K.,

Pepperkok, R., Hartmann, T., 2002. Inhibition of intracellular

cholesterol transport alters presenilin localization and amyloid

M. Racchi, S. Govoni / Experimental Gerontology 38 (2003) 145–157156



precursor protein processing in neuronal cells. J. Neurosci. 22,

1679–1689.

Salvietti, N., Cattaneo, E., Govoni, S., Racchi, M., 1996. Changes in beta

amyloid precursor protein secretion associated with the proliferative

status of CNS derived progenitor cells. Neurosci. Lett. 212, 199–203.

Sambamurti, K., Refolo, L.M., Shioi, J., Pappolla, M.A., Robakis, N.K.,

1992. The Alzheimer’s amyloid precursor is cleaved intracellularly in

the trans-Golgi network or in a post-Golgi compartment. Ann. NY

Acad. Sci. 674, 118–128.

Scheuner, D., Eckman, C., Jensen, M., Song, X., Citron, M., Suzuki, N.,

Bird, T.D., Hardy, J., Hutton, M., Kukull, W., Larson, E., Levy-Lahad,

E., Viitanen, M., Peskind, E., Poorkaj, P., Schellenberg, G., Tanzi, R.,

Wasco, W., Lannfelt, L., Selkoe, D., Younkin, S., 1996. Secreted

amyloid beta-protein similar to that 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’s disease. Nature Med. 2, 864–870.

Selkoe, D.J., 2001. Alzheimer’s disease: genes, proteins, and therapy.

Physiol. Rev. 81, 741–766.

Shaw, K.T., Utsuki, T., Rogers, J., Yu, Q.S., Sambamurti, K., Brossi, A.,

Ge, Y.W., Lahiri, D.K., Greig, N.H., 2001. Phenserine regulates

translation of beta-amyloid precursor protein mRNA by a putative

interleukin-1 responsive element, a target for drug development. Proc.

Natl Acad. Sci. USA 98, 7605–7610.

Sherrington, R., Rogaev, E.I., Liang, Y., Rogaeva, E.A., Levesque, G.,

Ikeda, M., Chi, H., Lin, C., Li, G., Holman, K., 1995. Cloning of a gene

bearing missense mutations in early-onset familial Alzheimer’s disease.

Nature 375, 754–760.

Simons, M., Keller, P., De Strooper, B., Beyreuther, K., Dotti, C.G.,

Simons, K., 1998. Cholesterol depletion inhibits the generation of beta-

amyloid in hippocampal neurons. Proc. Natl Acad. Sci. USA 95,

6460–6464.

Simons, M., Keller, P., Dichgans, J., Schulz, J.B., 2001. Cholesterol and

Alzheimer’s disease: is there a link? Neurology 57, 1089–1093.

Sinha, S., Anderson, J.P., Barbour, R., Basi, G.S., Caccavello, R., Davis, D.,

Doan, M., Dovey, H.F., Frigon, N., Hong, J., Jacobson-Croak, K.,

Jewett, N., Keim, P., Knops, J., Lieberburg, I., Power, M., Tan, H.,

Tatsuno, G., Tung, J., Schenk, D., Seubert, P., Suomensaari, S.M.,

Wang, S., Walker, D., John, V., 1999. Purification and cloning of

amyloid precursor protein beta-secretase from human brain. Nature

402, 537–540.

Sisodia, S.S., 1992. Beta-amyloid precursor protein cleavage by a

membrane-bound protease. Proc. Natl Acad. Sci. USA 89, 6075–6079.

Skovronsky, D.M., Moore, D.B., Milla, M.E., Doms, R.W., Lee, V.M.,

2000. Protein kinase C-dependent alpha-secretase competes with beta-

secretase for cleavage of amyloid-beta precursor protein in the trans-

Golgi network. J. Biol. Chem. 275, 2568–2575.

Slack, B.E., 2000. The m3 muscarinic acetylcholine receptor is coupled to

mitogen-activated protein kinase via protein kinase C and epidermal

growth factor receptor kinase. Biochem. J. 348, 381–387.

Slack, B.E., Nitsch, R.M., Livneh, E., Kunz, G.M. Jr., Breu, J., Eldar, H.,

Wurtman, R.J., 1993. Regulation by phorbol esters of amyloid

precursor protein release from Swiss 3T3 fibroblasts overexpressing

protein kinase C alpha. J. Biol. Chem. 268, 21097–21101.

Slack, B.E., Breu, J., Petryniak, M.A., Srivastava, K., Wurtman, R.J., 1995.

Tyrosine phosphorylation-dependent stimulation of amyloid precursor

protein secretion by the m3 muscarinic acetylcholine receptor. J. Biol.

Chem. 270, 8337–8344.

Slack, B.E., Breu, J., Muchnicki, L., Wurtman, R.J., 1997. Rapid

stimulation of amyloid precursor protein release by epidermal growth

factor: role of protein kinase C. Biochem. J. 327, 245–249.

Solano, D.C., Sironi, M., Bonfini, C., Solerte, S.B., Govoni, S., Racchi, M.,

2000. Insulin regulates soluble amyloid precursor protein release via

phosphatidyl inositol 3 kinase-dependent pathway. FASEB J. 14,

1015–1022.

Suzuki, N., Cheung, T.T., Cai, X.D., Odaka, A., Otvos, L. Jr., Eckman, C.,

Golde, T.E., Younkin, S.G., 1994. An increased percentage of long

amyloid beta protein secreted by familial amyloid beta protein

precursor (beta APP717) mutants. Science 264, 1336–1340.

Ulus, I.H., Wurtman, R.J., 1997. Metabotropic glutamate receptor agonists

increase release of soluble amyloid precursor protein derivatives from

rat brain cortical and hippocampal slices. J. Pharmacol. Exp. Ther. 281,

149–154.

Vassar, R., Bennett, B.D., Babu-Khan, S., Kahn, S., Mendiaz, E.A., Denis,

P., Teplow, D.B., Ross, S., Amarante, P., Loeloff, R., Luo, Y., Fisher,

S., Fuller, J., Edenson, S., Lile, J., Jarosinski, M.A., Biere, A.L., Curran,

E., Burgess, T., Louis, J.C., Collins, F., Treanor, J., Rogers, G., Citron,

M., 1999. Beta-secretase cleavage of Alzheimer’s amyloid precursor

protein by the transmembrane aspartic protease BACE. Science 286,

735–741.

Vestling, M., Cedazo-Minguez, A., Adem, A., Wiehager, B., Racchi, M.,

Lannfelt, L., Cowburn, R.F., 1999. Protein kinase C and amyloid

precursor protein processing in skin fibroblasts from sporadic and

familial Alzheimer’s disease cases. Biochim. Biophys. Acta 1453,

341–350.

Wolf, B.A., Wertkin, A.M., Jolly, Y.C., Yasuda, R.P., Wolfe, B.B., Konrad,

R.J., Manning, D., Ravi, S., Williamson, J.R., Lee, V.M., 1995.

Muscarinic regulation of Alzheimer’s disease amyloid precursor

protein secretion and amyloid beta-protein production in human

neuronal NT2N cells. J. Biol. Chem. 270, 4916–4922.

Wolfe, M.S., Haass, C., 2001. The role of presenilins in gamma-secretase

activity. J. Biol. Chem. 276, 5413–5416.

Wolozin, B., 2001. A fluid connection: cholesterol and Abeta. Proc. Natl

Acad. Sci. USA 98, 5371–5373.

Xu, H., Greengard, P., Gandy, S., 1995. Regulated formation of Golgi

secretory vesicles containing Alzheimer beta-amyloid precursor

protein. J. Biol. Chem. 270, 23243–23245.

Xu, H., Sweeney, D., Greengard, P., Gandy, S., 1996. Metabolism of

Alzheimer beta-amyloid precursor protein: regulation by protein kinase

A in intact cells and in a cell-free system. Proc. Natl Acad. Sci. USA 93,

4081–4084.

Xu, H., Gouras, G.K., Greenfield, J.P., Vincent, B., Naslund, J., Mazzarelli,

L., Fried, G., Jovanovic, J.N., Seeger, M., Relkin, N.R., Liao, F.,

Checler, F., Buxbaum, J.D., Chait, B.T., Thinakaran, G., Sisodia, S.S.,

Wang, R., Greengard, P., Gandy, S., 1998. Estrogen reduces neuronal

generation of Alzheimer beta-amyloid peptides. Nature Med. 4,

447–451.

Yan, R., Bienkowski, M.J., Shuck, M.E., Miao, H., Tory, M.C., Pauley,

A.M., Brashier, J.R., Stratman, N.C., Mathews, W.R., Buhl, A.E.,

Carter, D.B., Tomasselli, A.G., Parodi, L.A., Heinrikson, R.L., Gurney,

M.E., 1999. Membrane-anchored aspartyl protease with Alzheimer’s

disease beta-secretase activity. Nature 402, 533–537.

Yeon, S.W., Jung, M.W., Ha, M.J., Kim, S.U., Huh, K., Savage, M.J.,

Masliah, E., Mook-Jung, 2001. Blockade of PKC epsilon activation

attenuates phorbol ester-induced increase of alpha-secretase-derived

secreted form of amyloid precursor protein. Biochem. Biophys. Res.

Commun. 280, 782–787.

Zheng, H., Xu, H., Uljon, S.N., Gross, R., Hardy, K., Gaynor, J., Lafrancois,

J., Simpkins, J., Refolo, L.M., Petanceska, S., Wang, R., Duff, K., 2002.

Modulation of A(beta) peptides by estrogen in mouse models.

J. Neurochem. 80, 191–196.

Zhu, G., Wang, D., Lin, Y.H., McMahon, T., Koo, E.H., Messing, R.O.,

2001. Protein kinase C epsilon suppresses Abeta production and

promotes activation of alpha-secretase. Biochem. Biophys. Res.

Commun. 285, 997–1006.

M. Racchi, S. Govoni / Experimental Gerontology 38 (2003) 145–157 157


	The pharmacology of amyloid precursor protein processing
	Alzheimer’s disease and the amyloid cascade hypothesis
	The proteases involved in APP processing
	Alpha-secretase
	Beta-secretase
	Gamma-secretase

	The network of intracellular signalling pathways affecting APP processing
	Cholinergic regulation of APP processing
	Other neurotransmitters and G protein coupled receptors ligands
	Regulation of APP processing by growth factors and Tyr-K coupled receptors
	Steroids regulate APP metabolism
	Steroid hormones
	Cholesterol

	Concluding remarks
	Acknowledgements
	References


