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Abstract

Neurofibrillary lesions and senile plaques that are composed mainly of hyperphosphorylated tau protein and the amyloid-b peptide
derived from the amyloid precursor protein, respectively, are classical hallmarks of Alzheimer’s disease. A number of studies strongly
suggests that amyloid-b formation and amyloid depositions are linked to the pathogenesis of Alzheimer’s disease. Recent findings suggest
that very low concentrations of the amyloid-b can inhibit various cholinergic neurotransmitter functions independently of apparent
neurotoxicity. Many factors have been shown to influence the processing of amyloid precursor protein, including activation of muscarinic
and nicotinic receptors. This review focus on some recent studies concerning the regulation of amyloid precursor protein processing and
modulation of tau phosphorylation by acetylcholine receptor stimulation and how cholinergic deficits and amyloid-b might be related to
one another. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Senile plaques and neurofibrillary lesions are the major
histopathological hallmarks of Alzheimer’s disease.
Plaques are composed mainly of a small insoluble peptide
of 40–42 amino acids called amyloid-b. Several lines of
evidence suggest that increased production and deposition
of the amyloid-b contributes to the pathogenesis of

ŽAlzheimer’s disease reviewed in Selkoe, 1996, 1999;
.Hardy, 1997; Sabbagh et al., 1997 . Amyloid-b is derived

by proteolytic processing from a larger glycosylated mem-
brane-bound protein, the amyloid b-precursor protein
Ž .APP . Cleavage of APP can occur via several pathways
that are either amyloidogenic, generating amyloid-b, or
non-amyloidogenic, generating soluble APP and p3, a

Ž .truncated amyloid-b fragment Fig. 1 . The biology of
APP and amyloid-b and processing of APP has been

Žextensively reviewed elsewhere Checler, 1995; Mattson,
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.1997; Mills and Reiner, 1999 . The major route of APP
processing is by a-secretase, an enzyme that cleaves within
the amyloid-b sequence thereby preventing the formation
of amyloid-b. Cleavage of APP by b and g-secretase at
the N and C-terminal ends of amyloid-b respectively
generates soluble APP and amyloid-b. Besides the secre-
tory processing pathway full-length APP can be target to

Ž .the endosomal system Haass et al., 1992 , endoplasmic
Žreticulum or Golgi complex Cook et al., 1997; Hartmann

.et al. 1997 . The major form of amyloid-b, roughly 90%
of the total secreted amyloid-b, contains 40 amino acids,

Ž . Ž .amyloid-b- 1–40 , whereas amyloid-b- 1–42 is produced
Ž .in much lower quantities. However, the amyloid-b- 1–42

aggregates far more rapidly into amyloid fibrils than does
Ž .amyloid-b- 1–40 . Evidence for neurotrophic functions of

soluble APP in the nervous system exists, including pro-
motion of neuronal cell survival, adhesive interactions,
neurite outgrowth, synaptogenesis and synaptic plasticity
Ž .for reviews see Small and McLean, 1999; Mattson, 1997 .
Processing of APP can be regulated by a variety of factors
that include stimulation of receptors for acetylcholine,

Žserotonin, glutamate and neuropeptides Nitsch and Grow-
.don, 1994 .
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Fig. 1. Secretase cleavage sites of APP and pathways of APP processing.
APP is processed via two alternative pathways, resulting in a cleavage by
a- or b-secretase generating soluble APPa or APPb, respectively. The
remaining C-terminal fragment in the membrane can undergo cleavage by
g-secretase to generate either p3 when following a-secretase cleavage or
amyloid-b when following b-secretase cleavage. A single transmem-

Ž .brane-spanning domain TM is indicated by the vertical lines.

Another feature of Alzheimer’s disease is the widespread
degeneration and dysfunction of the basal-forebrain cholin-
ergic system in brain. Cholinergic pathways serve impor-
tant functions in the processes of learning and memory and
cholinergic neurotransmission is impaired in Alzheimer’s
disease. Drug development for treatment of Alzheimer’s
disease has generally targeted enhancement of the cholin-

Žergic system via cholinergic agonists muscarinic and nico-
.tinic or cholinesterase inhibitors which indirectly increase

Žthe synaptic concentration of acetylcholine Holladay et
al., 1997; Newhouse et al., 1997; Nordberg and Svensson,

.1998 . A consistent loss of nicotinic receptors in the
cerebral cortex and hippocampus in Alzheimer brain has
been reported, whereas most studies suggest that there are
no changes in the number of muscarinic receptors between

ŽAlzheimer and control brains for review see Nordberg,
.1992; Pavia et al., 1998 . Although the muscarinic receptor

density is not changed, functional studies of muscarinic M1

receptor-mediated signal transduction have shown a loss of
receptor-G protein coupling and other impairments in the

ŽAlzheimer brain Ladner and Lee, 1998; Pavia et al.,
.1998 . This review will briefly discuss the involvement of

muscarinic and nicotinic receptors on the processing of
APP, production of amyloid-b and regulation of tau pro-
tein phosphorylation and the potential relevance of this
relationship to the cholinergic deficits in Alzheimer’s dis-

Ž .ease Table 1 .

2. Cholinergic activity and amyloid precursor protein
processing

2.1. Muscarinic receptor and APP processing

The first study demonstrating that processing of APP
could be regulated by cell surface receptors involved hu-
man kidney embryonic cells overexpressing muscarinic M1

Ž .and M receptors Nitsch et al., 1992 . Activation of these3

receptors with the muscarinic receptors agonist carbachol
significantly increased the release of soluble APP. Later
studies extended these initial findings in a variety of cell

Žlines Buxbaum et al., 1992, 1994; Hung et al., 1993; Wolf
.et al., 1995 . In an attempt to study receptor coupled

regulation of APP processing in brain tissue, hippocampal
Žslices from rat brain were electrically stimulated Nitsch et

.al., 1993 . The depolarisation induced an increase in solu-
ble APP secretion that was blocked by tetrotoxin, indicat-
ing that this release resulted from formation of action
potentials and that APP processing may be regulated by
neuronal activity in brain. Muscarinic M and M receptor1 3

agonists stimulated soluble APP release from cortical slices
Ž .in a dose-dependent manner. Pittel et al. 1996 also found

that secretion of soluble APP from rat cerebral cortex was
Žincreased by carbachol and AF102B muscarinic M recep-1

.tor agonist while secretion from slices of cerebellum, a
brain region that is very poor in muscarinic M receptors,1

was enhanced only by carbachol. Not only have an in-
crease in the secretion of soluble APP been seen but
stimulation of muscarinic M receptor transfected cells by1

carbachol also reduced the secretion of amyloid-b into the
Žmedium Buxbaum et al., 1993; Hung et al., 1993; Wolf et

Table 1
Effects of various agents on phosphorylation of tau protein

Agent Spectrum of action Cell system Phosphorylation Dephosphorylation Reference

Carbachol Muscarinic receptor M transfected decrease increase Sadot et al., 19961

AF 102B agonists PC 12 cells
AF150S APO E deficient mice decrease Genis et al., 1999
Nicotine Nicotinic receptor SH-SY5Y cells increase increase Hellstrom-Lindahl et al., 2000¨
Epibatidine agonists
Tacrine Cholinesterase SH-SY5Y cells increase increase Hellstrom-Lindahl et al., 2000¨
Donepezil inhibitors
Galanthamine
Glutamate Excitatory transmitter Hippocampal neurons increase Mattson, 1990

Cortical neurons increase Sindou et al., 1994
A23187 Calcium Hippocampal neurons increase Mattson, 1990

ionophore SH-SY5Y cells increase decrease Shea et al., 1997
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.al., 1995 . Although an increased release of soluble APP is
expected to be accompanied by a decrease in amyloid-b

Ž .secretion, this is not always true Mills and Reiner, 1999 .
In human neuroblastoma cells amyloid-b production was
not changed by protein kinase C activation whereas secre-

Ž .tion of soluble APP was stimulated Dyrks et al., 1994 .
G-protein coupled receptor stimulation of soluble APP

release appears to be selective for receptors subtypes that
are coupled to the protein kinase C dependent signalling
pathway. Activation of cells expressing the muscarinic M2

and M receptor subtype that are linked to the cAMP4

signal transduction pathway does not change soluble APP
Ž .release Nitsch et al., 1992 . Interestingly, stimulation of

other G-protein coupled receptors linked to phosphotidyli-
nositol hydrolysis could also increase soluble APP secre-
tion, as has been shown for vasopressin and bradykinin
Ž . Ž .Nitsch et al., 1998 , 5-HT receptors Nitsch et al., 1996

Ž .and interleukin 1 receptors Buxbaum et al., 1992 . Further
support for a role for protein kinase C signalling pathway
in regulating APP processing comes from studies where
direct activation of protein kinase C by phorbol esters has
been shown to coincidentally increase soluble APP and

Ždecrease amyloid-b release reviewed in Gandy and
.Greengard, 1994; Mills and Reiner, 1999 . Moreover, these

effects were blocked by various protein kinase C in-
hibitors. Conversely, phosphate inhibitors promote soluble

Ž .APP release Slack et al., 1995 . The downstream phos-
phorylation target of protein kinase C activity with respect
to the mechanism of soluble APP secretion is still unclear,
but may include additional kinase steps. It is possible that
substrates other than APP, e.g., proteases involved in APP
cleavage, are phosphorylated in response to receptor acti-

Ž .vation Nitsch et al., 1994 .
Taken together, these findings show that muscarinic

receptors in brain can regulate APP processing pathways
and activation of these receptors can stimulate non-
amyloidogenic a-secretase processing of APP and in many
cases concurrently inhibit the b-secretase processing path-
way.

2.2. Nicotinic receptors and APP processing

Unlike G-protein-coupled receptors, few studies have
examined regulation of soluble APP release by activation
of ligand-gated channels such as nicotinic receptors.
Whether nicotine modulates the expression and processing

Ž .of APP was studied in PC 12 cells Kim et al., 1997 .
Treatment with nicotine at concentrations )50 mM sig-
nificantly increased the release of soluble APP into the
medium without affecting the expression of APP mRNA.
The effect of nicotine on the secretion of soluble APP was
attenuated by co-treatment with the nicotinic receptor an-
tagonist mecamylamine, indicating that nicotine could en-
hance release of soluble APP through specific interactions
with nicotinic receptors. In PC12 cells transiently trans-
fected with the Swedish APP mutation, nicotine could not

reduce amyloid-b production whereas nicotine could stim-
Ž .ulate the release of soluble APP Kim et al., 1997 . The

effect of nicotine on soluble APP secretion was recently
Ž .confirmed by Kuisak et al. 1999 in stably transfected

PC12 cells expressing the human wildtype and mutant
APP. The increase of soluble APP was inhibited by the a7
nicotinic receptor antagonist methyllycaconitine, or EGTA,
a calcium chelator. Furthermore, the increased Ca2q influx
induced by nicotine correlated with the increase in soluble
APP secretion, suggesting that Ca2q influx through nico-
tinic receptors is sufficient to enhance this secretion. This
is in agreement with the findings from several studies

2q Žindicating that Ca can regulate APP processing Loeffler
and Huber, 1993; Buxbaum et al., 1994; Querfurth and

. 2qSelkoe, 1994 . However, there are also reports where Ca
Ždid not increase soluble APP release Nitsch et al.,1992,

.1996 . In bovine chromaffin cell cultures, nicotine, carba-
chol and potassium-induced depolarization stimulated se-

Žcretion of soluble full-length APP Efthimiopoulos et al.,
.1996 . In Alzheimer brain, the density of nicotinic recep-

tors is consistently reduced, which may lead to an aberrant
processing of APP. Reduced levels of soluble APP may
secondary contribute to the neuronal loss in Alzheimer’s
disease.

2.3. Cholinesterase inhibitors and APP processing

Among new treatment strategies in Alzheimer’s disease,
the cholinesterase inhibitors have so far been most promis-
ing in improving cognitive function of Alzheimer patients.
In addition to acting as an inhibitor of cholinesterase,
several of these drugs have been shown to have other
pharmacological actions. These effects include up-regu-

Žlation of nicotinic receptors in vitro and in vivo Nordberg
.et al., 1992; Svensson and Nordberg, 1996 , interactions

with an allosteric site on the nicotinic receptor that is
Ždistinct from that for acetylcholine Pereira et al., 1994;

.Maelicke et al., 1995; Svensson and Nordberg, 1997 ,
Žmodulation of tau protein phosphorylation in cells Hel-

.lstrom-Lindahl et al., 2000 and attenuation of amyloid-b-¨
Ž . Ž25–35 toxicity in PC 12 cells Svensson and Nordberg,

.1998 . Cholinesterase inhibitors have been shown to alter
the release of soluble APP in rat cortex and in various cell
lines. Physostigmine, heptl-physostigmine, and 2,2-dichlo-
rovinyldimethyl phosphate elevated soluble APP secretion

Ž . Ž .in rat cortical slices Mori et al., 1995 . Lahiri et al. 1994
reported that normal levels of secretion of soluble APP by
glial, fibroblast, PC12 and neuroblastoma cells were
severely inhibited after treatment with tacrine. Later, this
group showed that tacrine treatment of human neuroblas-
toma cells reduced the levels of total amyloid-b, amyloid-
Ž . Ž .b- 1–40 and amyloid-b- 1–42 in addition to soluble

Ž .APP Lahiri et al., 1998 . The reduction in soluble APP
and amyloid-b levels could not be explained by a reduc-
tion in APP synthesis and it was suggested that tacrine
alters trafficking of APP andror increased intracellular
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proteolysis. In other words, tacrine may reduce the levels
Ž .of neurotoxic and amyloidogenic amyloid-b- 1–42 ; also,

the neuroprotective soluble APP and the net effect of
tacrine needs to be further studied.

3. b-Amyloid peptides as cholinergic neuromodulators

Several lines of evidence suggest a relationship between
cholinergic neurotransmission and amyloid-b, and that
amyloid-b may act as a physiological active modulator
Ž .Auld et al., 1998 . Recent studies have shown that low

Ž .concentrations picomolar to nanomolar of amyloid-b can
directly induce cholinergic hypofunction. Solubilized amy-
loid-b inhibits several steps of acetylcholine synthesis and
release without inducing any apparent neurotoxicity. Low
concentrations of amyloid-b reduced the high-affinity
choline uptake and acetylcholine release in slices from rat

Žhippocampus and cortex, but not from striatum Kar et al.,
.1996, 1998 . Subtoxic levels of amyloid-b disrupted car-

bachol-induced muscarinic signal transduction in rat corti-
cal neurons and reduced carbachol stimulated GTPase

Ž .activity Kelly et al., 1996 . In SN 56 cells, derived from
Žmouse basal forebrain cholinergic neurons, amyloid-b- 1–

. Ž .42 and amyloid-b- 1–28 reduced the acetylcholine con-
tent of the cells accompanied by proportional decrease in

Ž .choline acetyltransferase activity Pedersen et al., 1996 .
Ž .Solubilized amyloid-b- 1–42 suppressed acetylcholine

synthesis in rat neuronal cultures and also pyruvate dehy-
drogenase activity. The major course of reduced acetyl-
choline synthesis was considered to be an inadequate
supply of acetyl–CoA owing to pyruvate dehydrogenase

Ž .impairment Hoshi et al., 1997 . After in vivo treatment by
injecting or infusing amyloid-b into rodent brain, hypo-
function has been observed such as reduced choline acetyl-

Žtransferase markers and levels of acetylcholine Abe et al.,
.1994; Giovannelli et al., 1995; Itoh et al., 1996 . The

findings that amyloid-b disrupts muscarinic receptor cou-
pling to G proteins implicate amyloid-b in the impairment
of cholinergic transmission that occurs in Alzheimer’s
disease. Impaired muscarinic M receptor-G protein cou-1

pling would lead to a decreased processing of APP via the
a-secretase pathway and potentially increased formation of
amyloid-b which in turn might exert additional modulation
of the cholinergic system. Recent work by Geula et al.
Ž .1998 has shown that aging renders the brain vulnerable
to amyloid-b neurotoxicity. Injection of amyloid-b into
brains of old rhesus monkeys was neurotoxic whereas it
had little toxic effect in young monkeys.

The effect of amyloid-b on nicotinic receptors has so
far not been extensively studied. However, recent data
imply that amyloid-b as well as hyperphosphorylated tau
might suppress gene expression of nicotinic receptors. In
cerebral cortex of Alzheimer brain, double-labelling exper-
iments using nicotinic receptor RNA probes and AT8
antibodies against tau demonstrated that neurons heavily

labelled for hyperphosphorylated tau seem to express little
or no a4 and a7 mRNA. There was no direct correlation
between localisation of neurons expressing a4 and a7

ŽmRNA and accumulation of amyloid-b Wevers et al.,
.1999 . Chronic treatment of PC12 cells with low concen-

Ž .trations of amyloid-b- 25–35 significantly reduced the
number of 125I-a-bungarotoxin binding sites, representing
a7 nicotinic receptor subtype, and the level of a7 subunit

Ž .mRNA X. Zhang, personal communication .

4. Neurotransmitter regulation of tau protein

Another hallmark of Alzheimer’s disease is the neu-
rofibrillary lesions consisting of neurofibrillary tangles,
neuropil threads, and dystrophic neurites. The principal
structural component of neurofibrillary lesions are paired
helical filaments, which are made up of microtubule-asso-

Žciated protein tau in a hyperphosphorylated state for
reviews, see Spillantini and Goedert, 1997; Johnson and

.Hartigan, 1998 . Hyperphosphorylation of tau has been
shown to dissociate tau from microtubules, leading to
disruption of the neuronal cytoskeleton and interference

Žwith intracellular transport mechanisms Vincent et al.,
.1994 .

An imbalance of protein kinaserprotein phosphatase
system, either as an increased activity of protein kinase,
andror decreased activity of protein phosphatase may
contribute to the hyperphosphorylation of tau in Alzhei-
mer’s disease. Many kinases have been shown to phospho-
rylate tau in vitro, including Ca2qrcalmodulin dependent
kinase II, mitogen-activated protein kinases and glycogen

Žsynthetase kinase-3b Billingsley and Kincaid, 1997; John-
.son and Hartigan, 1998 . However, the mechanism that

regulates the activities of brain protein kinases and phos-
phatases and thus determine the pattern and extent of tau
phosphorylation in vivo are not fully understood. In gen-
eral, the number of neurofibrillary tangles correlates more
closely with the severity of dementia and loss of synapses

Ž .and neurons Gomez-Isla et al., 1997; Terry, 1996 than
the number of plaques. A highly correlative relationship
between cortical distribution of hyperphosphorylated tau in
Alzheimer brain and cholinergic depletion early during the
course of the disease was demonstrated by Arendt et al.
Ž .1999 . Compared to studies investigating modulation of
APP processing by stimulating cholinergic receptors, few
works have focused on the role of these receptors in
regulation of tau protein phosphorylation.

4.1. Muscarinic receptors

A stimulation of PC12 cells transfected with the gene
for muscarinic M receptor with the agonists carbachol and1

AF 102B has been reported to decrease the levels of
Ž .phosphorylated tau AT8 and PHF1 immunoreactivity .

This effect was both time-and dose-dependent, and was
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Ž .blocked by atropine Sadot et al., 1996 . Recently, it was
shown that tau of apolipoprotein E-deficient mice contains
a domain of hyperphosphorylated epitopes and that treat-
ment of these mice with the muscarinic M receptor1

Ž .agonist AF150 S can reduce this excess phosphorylation
Ž .of tau Genis et al., 1999 . Furthermore, treatment of these

Ž .mice with AF150 S abolished their memory deficits and
resulted in recovery of their brain cholinergic markers
Ž .Fisher et al.,1998 . The inverse relationship between mus-
carinic receptor activation and tau phosphorylation sug-
gests a link between the cholinergic signal transduction
system and the neuronal cytoskeleton. The decreased
cholinergic activity associated with Alzheimer’s disease
may contribute to an increased phosphorylation of tau and
destabilization of the microtubule and cell death.

4.2. Nicotinic receptors

This is an area of research where few data are available
despite the fact that a loss of nicotinic receptors is consis-
tently found in brain of Alzheimer patients. Using SH-
SY5Y human neuroblastoma cells, we found that treatment
with nicotine and epibatidine increased the levels of phos-

Ž .phorylated tau AT8 and AT 270 immunreactivity as well
Ž . Žas nonphosphorylated tau Tau-1 immunoreactivity Hel-

.lstrom-Lindahl et al., 2000 . The antagonists D-tubo-¨
curarine and mecamylamine prevented the increase in tau
immunoreactivity, but failed to block the effect of nicotine
or epibatidine on up-regulation of nicotinic receptors. Thus,
activation of nicotinic receptors seems to be required for
affecting intracellular levels of tau but not for the up-regu-
lation of the receptors induced by nicotine or epibatidine in
these cells. The effect of cholinesterase inhibitors on tau
phosphorylation was also investigated since as aforemen-
tioned, several cholinesterase inhibitors have been shown
to interact with the nicotinic receptors. Similar to nicotine,
treatment with the cholinesterase inhibitors tacrine,
donepezil and galanthamine all increased levels of phos-
phorylated tau and up-regulated the number of nicotinic
receptors. The increased tau immunoreactivity induced by
tacrine was prevented by nicotinic antagonists but not by
the muscarinic receptor antagonist atropine, indicating that
in terms of acetylcholine receptors, tacrine modulates tau
levels mainly through interactions with nicotinic receptors
and not with muscarinic receptors. Whether the increase in
tau phosphorylation also leads to abnormal tau aggregation
and contributes to formation of paired helical filaments
remains to be studied.

The exact molecular mechanism by which nicotinic
receptor activation induces changes in tau levels and phos-
phorylation remains unclear. It is also unknown if stimula-
tion of other nicotinic receptor subtypes, like a4b2, pro-
duces similar effects as those seen in SH-SY5Y cells
which express the a3 and a7 subtype. Nicotinic receptors
are permeable for Ca2q and its entry through the receptor
is sufficient to activate various Ca2q dependent cellular

processes. The nicotine-induced increase in phosphorylated
tau was calcium-dependent since removal of Ca2q by
addition of EGTA into culture medium prevented this
increase. A similar effect of EGTA have been shown for
the glutamate-induced increase in tau phosphorylation
Ž . 2qMattson, 1990 . Moreover, treatment with the Ca
ionophore A23187 in the presence of extracellular Ca2q

Žinduced an increased phosphorylation of tau Mattson,1990;
.Shea et al., 1996 . This increase was prevented by in-

hibitors against calpain or the Ca2q dependent protein
kinase C, whereas activation of protein kinase C increased
immunoreactivity, suggesting that these enzymes were re-
quired and perhaps involved one or more kinase cascades
to mediate the effect of Ca2q influx on tau immunoreactiv-

Ž .ity Shea et al., 1996 .

5. Tau protein and amyloid-b interactions

A central issue in the pathogenesis of Alzheimer’s
disease is the relationship between amyloid deposition and
neurofibrillary tangle formation. Several lines of evidence
suggest that increased phosphorylation of tau by amy-
loid-b could contribute to the amyloid-b neurotoxicity. In
Alzheimer brain, nanomolar concentration of tau binds to
senile plaque in situ in cortical and subcortical regions by
a direct interaction with a transmembrane region of APP

Ž714–723, which is a component of senile plaques Smith
.et al., 1995 . Several studies have shown that treatment of

different cell cultures with amyloid-b can induce tau phos-
Žphorylation Busciglio et al., 1995; Takashima et al., 1996;

.Le et al., 1997; Shea et al., 1997 . In vivo, Sigurdsson et
Ž . Ž .al. 1995 demonstrated the amyloid-b- 25–35 induced

immunoreactivity of phosphorylated tau following injec-
Ž .tions into amygdala of rats. Amyloid-b- 25–35 also

evoked tau phosphorylation in SH-SY5Y neuroblastoma
Ž .cells Shea et al., 1997 . In primary cultures of fetal rat

hippocampus and human cortical neurons, fibrillar amy-
loid-b, but not soluble or aggregated amyloid-b, induced
the phosphorylation of tau, resulting in loss of microtubule

Ž .binding capacity Busciglio et al., 1995 . Using SN 56
Ž .cells, Le et al. 1997 showed that treatment with aggre-
Ž .gated amyloid-b- 1–40 caused cell injury, increased lev-

els of phosphorylated tau as well as total tau. Interestingly,
Ž .amyloid-b- 1–40 also increased the levels of cell-associ-

ated and secreted APP; furthermore, secreted forms of
ŽAPP can enhance phosphorylation of tau Greenberg et al.,

.1994 . Thus, amyloid-b can increase expression of APP,
and tau phosphorylation induced by APP may contribute to
amyloid-b neurotoxicity as opposed to the neuroprotective
effects of APP. The mechanisms by which amyloid-b
induce phosphorylated tau are not clear but can be a result

Žof increased activities of protein kinases Greenberg et al.,
.1994; Takashima et al., 1996 . These studies suggest a

potential link between amyloid-b aggregation, cytoskeletal
abnormalities and cell death, and that neurofibrillary tan-
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gles and senile plaques may play a role in each other’s
formation during pathogenesis of Alzheimer’s disease.

6. Neuroprotective effect of nicotine and smoking

In earlier epidemiological studies, smoking has been
Žassociated with a reduced risk of Alzheimer’s disease Lee,

.1994 . The number of nicotinic receptors are increased in
Žbrains of smokers Benwell et al., 1988; Court et al., 1998,
.Perry et al., 1999 and the neuroprotective effects may be

mediated by the stimulation of nicotinic receptors. How-
ever, two recent prospective population-based studies on
smoking and risk of Alzheimer’s disease showed in com-
parison with those who never smoked that smokers had a
twofold increased risk of dementia and Alzheimer’s dis-

Ž .ease Ott et al., 1998; Merchant et al., 1999 . Among
previous smokers who quit smoking, there was an indica-
tion of slight reduction in the risk of Alzheimer’s disease
Ž .Merchant et al., 1999 . Although the findings from epi-
demiological studies are somewhat contradicting, in vitro
data suggest a neuroprotective effect of nicotine and nico-
tinic agonists. Incubating rat cortical neurons with nicotine

Ž .significantly reduces amyloid-b- 25–35 cytotoxicity
Ž .Kihara et al., 1998 . This neuroprotective effect was
blocked by dihydro-beta-erytroidine and a4b2 nicotinic
receptor antagonist. Nicotine was also found to attenuate

Ž .the neurotoxicity of amyloid-b- 25–35 in rat hippocampal
neuronal cultures, an effect which was significantly inhib-
ited by the nicotinic receptor antagonist mecamylamine
Ž .Zamani et al., 1997 . Furthermore, the cholinesterase
inhibitors tacrine and donepezil were found in clinical

Ž .relevant concentrations to attenuate amyloid-b- 25–35 in-
Žduced toxicity in PC 12 cells Svensson and Nordberg,

.1998 . The effect of tacrine was blocked by mecamy-
lamine and D-tubocurarine, suggesting an interaction with
nicotinic receptors. Nicotine has also been shown, via
stimulation of a7 nicotinic receptors, to protect against

Žneurotoxicity induced by glutamate Akaike et al., 1994;
.Shimohama et al., 1998 and nerve growth factor depriva-

Ž .tion Li et al.,1999 . The mechanism by which nicotine is
neuroprotective is not clear but might involve the desensi-
tization andror up-regulation of nicotinic receptors in-
duced by chronic nicotine exposure, increased release of
neurotrophic soluble APP by nicotine, or involve regula-
tion of nitric oxide synthase.

A few studies have investigated whether smoking exerts
any influence on a number of senile plaques and neurofib-

Ž .rillary tangle formation. Ulrich et al. 1997 found signifi-
cantly reduced senile plaques in female smokers compared
to non-smokers. This is in agreement with a study by

Ž .Court et al. 1998 demonstrating that mean density of
neocortical plaques tended to be higher in non-smokers
than in smokers, whereas ex-smoking values were interme-
diate. The relationship between nicotinic receptors and

b-amyloidosis have been investigated in a large series of
non-demented and demented individuals, and demonstrated
a greater age-related loss of nicotine binding in areas

Ž .earliest affected by plaques Perry et al., 2000 . There was
Ž .a significant correlation between amyloid-b- 1–42 and

density of nicotinic receptors whereas formation of neu-
rofibrillary tangles was not correlated to a number of
nicotinic receptors. In vitro studies have shown that nico-
tine may inhibit deposition of amyloid-b by stabilizing the
a-helical structure of the b-peptide and thereby prevent

Ž .b-sheet formation Salomon et al., 1996 . This is in con-
Ž .trast to the findings reported by Kihara et al. 1999

demonstrating that nicotinic receptor agonists did not influ-
ence the formation of the b-sheet structure.

7. Concluding remarks

Aberrant processing of APP is central to the formation
of amyloid-b and senile plaque present in Alzheimer brain.
It is not clear which is the first step in the generation of
Alzheimer’s disease but it seems that the cholinergic
system, amyloid-b production and formation of neuro-
fibrillary tangles are closely related. It is possible that
APP mismetabolism as a result of impaired cholinergic
neurotransmission may contribute to amyloidogenesis. Ne-
urofibrillary tangles and senile plaques, often thought as
independent structures, may play a role in each other’s
formation during pathogenesis of Alzheimer’s disease.
Many factors have been shown to influence the processing
of APP and phosphorylation of tau, including activation of
actylcholine receptors. Considerable in vitro evidence ex-
ists for the neuroprotective effects of nicotine and related
agents. Compared to effects demonstrated by activation of
nicotinic and muscarinic receptors in cell models, regula-
tion of APP processing and tau phosphorylation in the
intact brain may be much more complex in that different
receptors may interact simultaneously. It is also clear that,
in brain, there are several additional factors that may
contribute to the formation of paired helical filaments or
the aggregation of amyloid-b and thereby induce neurode-
generation.
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