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Abstract

Alzhemer’ sdisease (AD) isthemaost common form of brain dementia characterized
by the accumulation of 3-amyloid peptides (AB) and loss of forebrain cholinergic
neurons. AP accumulation and aggregation are thought to contribute to cholin-
ergic neuronal degeneration, in turn causing learning and memory deficits, but the
specific targets that mediate AP neurotoxicity remain elusive. Recently, accumu-
lating lines of evidence have demonstrated that A directly modul ates the func-
tion of neuronal nicotinic acetylcholine receptors (NAChRs), which leads to the
new hypothesis that neuronal NAChRs may serve asimportant targets that medi-
ate AP neurotoxicity. In this review, we summarize current studies performedin
our laboratory and in others to address the question of how A modul ates neu-
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Introduction

Alzheimer’s disease (AD) is a syndrome of dementia,
characterized by gradual degeneration of basal forebrain
chalinergic neurons innervating the cortex, amygdala and
hippocampus, which manifestsitself through difficultiesin
maintaining and sustaining attention, and profound cogni-
tiveimpai rments, such as loss of memory and the ability to
learn™ . These deficits are thought to be due to selective
forebrain cholinergic neuronal degeneration®™. Thusfar, the
mechanisms of selective cholinergic neuronal degeneration
have been hypothesized to include the impairment of neu-
ronal trophic support, disorders in glucose metabolism or
other processes®, but the precise mechanisms involved are
il largely unclear. Recently, accumulating lines of evi-
dence have shown that thereis acrucial impairment of nico-
tinic acetylcholine receptor (nAChR) binding sitesin the
brain of AD patientd”®. B-amyloid peptides (AB) directly
modulate NAChR function'®*3, Nicotinic agents have been
found to improve cognitive function in AD anima models
and AD patients™ ", suggesting that arelationship exists
between nAChRs and AB. Therefore, the neuronal nAChR
islikely toplay an important rolein mediating both Af3 toxic-
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ronal nAChRs, especially nAChR subunit function.

ity and neural degeneration, and may serve as atherapeutic
target for thetreatment of AD.

Neuronal nAChRs

Structure and distribution of NAChRs in the
central nervous system (CNS)

NAChRs are prototypical members of the ligand-gated
ion channel superfamily of neurotransmitter receptors.
NAChRs represent both classic and contemporary models
for the establishment of concepts pertaining to mechanisms
of drug action, synaptic transmission and structural/func-
tional diversity of transmembrane signaling molecules®24,
NAChRs are found throughout the nervous system (eg in
autonomic and sensory ganglia and the CNS), exist as
multiple, diverse subtypes, and are pentamers composed of
unique combinations from afamily of at least 17 (a1—t10,
14, v, d and €) smilar, but genetically-digtinct, subunits.
Each subunit gene hasa unique promoter, even though some
genes are clustered, suggesting a means for cell-specific
expression. Thereare also unigue protein sequence elements
within each subunit, especially in thelarge, cytoplasmicloop,
suggesting a differential post-trandational control of sub-

1277



Liu Q et al

Acta Pharmacologica Sinica ISSN 1671-4083

unit trafficking. Most of these nAChR subtypes appear to
exist asheteropentamers containing 2 or more different kinds
of subunits. For example, heterol ogous expression studies
suggest that a2, a3, a4 or o6 subunits can combinein a
binary fashion with 32 or 84 subunitsto form ligand-binding
and/or functional NAChRs (eg 04p2-nAChRs). B3 and a5
subunits are ‘wild-cards'. They are not able to form func-
tional NAChRs on their own or with any other single type of
subunit, but they are capable of integrating into complexes
with 2 or more other subunit typesto form digtinctivetrinary
or ternary (that also contain more than one of the 0:2—0.4, o6,
B2 or B4 subunitsfoundin binary complexes) complexessuch
asthe 04p205-nAChR or the a3p2B405-nAChR (which is
naturally expressed). In contrast, phylogenetically-ancient
NAChR o7 subunits are able to form functional homo-
pentamers, which constitute the smplest possible prototype
for aligand-gated ion channel. nAChRs containing o7 sub-
units (a7-nAChR) or a4 and $2 subunits (a4p2*-nAChR)
arethemost abundant curaremi metic neurotoxin-binding and
high affinity nicotine-binding nAChRin the brain. However,
other less-abundant NAChRs (eg a3*-nAChR or o.6*-
NAChR) exist and may also play important rolesin brain
physiological regulation.

Function of neuronal nAChRs

NAChR function in vertebrate muscle has been compre-
hensively characterized, and studies of functional nAChRs
in autonomic gangliaare rather advanced®*, In regardsto
nNAChRs found centrally, there has been heavy reliance on
heterol ogous expression studies, principally using oocytes
ashosts, but the use of transfected mammalian cellshas aso
assisted in defining the realm of possibilitiesfor NAChR sub-
unit compositions that are capable of forming functional,
ligand-gated ion channels. Significant insights have been
gained about functional nAChRs in the brain from a sub-
stantial body of evidence derived using dectrophysiol ogi-
cal recordings, neurotransmitter rel ease analyses, isotopic
ion flux studies and internal calcium ion imaging. Studies
using transgenic mice have hel ped to identify subunits that
constitute some native, functional NAChR subtypes®,
Taken collectively, recent findings have indicated that
NAChRsin the brain play roles not only in the mediation of
classic, excitatory, cholinergic neurotransmission at sdected
loci, but also and perhaps more globally, in the modulation
of neurotransmission of other chemical messengers, includ-
ing glutamate, y-aminobutyric acid (GABA), the monoam-
ines dopamine (DA), norepinephrine, serotonin and ACh it-
sel #3138 This means that some nAChR subtypes have
post-synaptic (or peri-synaptic) somatodendritic locali-
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zations, whereas others have pre-synaptic dispositions.
Moreover, some nAChRs have been implicated in processes
such as the structuring and maintenance of neurites and
synapses®~*¥ and even in the modulation of neuronal vi-
ability and/or death® . Therefore, NnAChRS play complex
and interesting rolesin the modulation of chemical milieuin
the brain, for the completion of neuronal circuits, and per-
haps for the formation and maintenance of synapses.
However, morework isrequired to definefunctional nAChRs
inthe CNSand to determinetheir celular distributions. Ad-
ditional studies are also required to determine whether dis-
tinctive subunit combinations dictate whether a given
NAChR subtype will be positioned pre- or post-synaptically
or whether the same nA ChR subtype can have either dispo-
sition depending on the cellular environment.

Asexamples, functional NAChRsin the hippocampus, in
neurons of the mesocorticolimbic DA system, including the
ventral tegmental area (V TA) and substantianigra parscom-
pacta (SNc), or in forebrain cholinergic neurons, havere-
ceived attention™, Some of these functional analyses uti-
lized e ectrophysiological recordingsfrom brain dicesaswell
asprimary cultured hippocampal neurons. Recent exceptions
include studies demonstrating the expression in the VTA of
functionally distinct nAChRs, including homomeric o.7-
NAChRs, which are expressed on less than one-half of VTA
DAergic neurons, and a variety of non-o.7-nAChRs, provi-
sionally identified as a4o605(32).,-, 0do5(32),-, a6p2-, and
04f32-nAChRS%*##8 One complication is that the function
of some of these putative subtypes has not been convinc-
ingly demonstrated, leaving open the possibility that the
immunoisol ates are not functional NAChRs found on the
cdl membrane. Interestingly, GABAergic neuronslocated in
the VTA are likely to express relatively simple nAChR
subtypes, mainly the 04p2-nAChR, since less than 25% of
GABAergic neurons express o3, o5, 06 and 34 subunits®,
Recently, several research groups have focused their atten-
tion on NAChR function in forebrain neurons*>" and have
found that these NAChRs not only participate in forebrain
neuronal function, but are also modulated by ABF2. The
diversity in the expression of NAChR subtypes and sub-
units on different types of neuronslocated in different brain
regions might be the rule more than the exception for other
brain regions, but more work is needed before definitive con-
clusions can be drawn.

Neuronal nAChR changes in AD

Theroles of NAChRsin cognitive function and devel op-
ment arewell documented™*>4, Impaired cognition foundin
AD patientsis believed to be correlated with forebrain cho-
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linergic neural degeneration®*, and the cholinergic sys-
tem has been postul ated to be the primary target in AD™",
Molecular and neurochemical evidence have indicated that
changesin nAChR subtypes occur in thebrain of AD patients.
Evidence also indicates that a consistent, significant loss of
o4-containing NAChRSs occursin a number of neocortical
areas and in the hippocampus of patients with AD%,
Cortical 04*-nAChR deficitsaresignificantly correlated with
cognitive impairment in AD patientd®®3, For example, by
measuring the binding of specific radiolabeled ligands, such
as [*H] epibatidine and [**I]a-bungarotoxin to reflect recep-
tor numbers, areduction in o4- and o.7-nAChR binding sites
was found to be associated with AD. On the other hand, the
numbers of binding sites reflective of the 04 subtype were
significantly elevated in individua swho were habitual smok-
erd® %, However, mRNA levels of different nAChR sub-
types, measured either by in situ hybridization or quantita-
tive RT-PCR, were not different when controls and patients
with AD were compared®®, Attheprotein level, o3 and o4
subunit expression in thetemporal cortex and hippocampus,
and o7 subunit expression in the hippocampus, weresignifi-
cantly lower in AD patients compared to control§%%, Im-
munohistochemical analyses have shown a significant re-
duction in the o4 subunit, but not the o7 or o3 subunits, in
thebrain of AD patientsfollowing autopsy compared to age-
matched samples®®™, |n summary, the above data sug-
gest that thereisareduction in the number of nAChR bind-
ing sitesin the brain of patientswith AD at the protein leve,
but not the mRNA leve, which impliesthat thereduction is
likely to be due to nAChR post-trand ational malfunction.

AP peptides and neurotoxicity
AP and senile plaques

Plagues are defining neuropathol ogical hallmarks of AD
and A, the major constituent of plaques, is considered to
play an important role in the pathophysiology of AD. Clini-
cal evidence indicates that amyloid plagues areresponsible
for the pathogenesis of AD®. These plagues aremainly com-
posed of the AR peptide, which isobtained from an amyloid
precursor protein (APP) by proteolytic cleavage and exists
in 2 predominant forms: the 40-residue AP,_,, and the 42-
residue AR, APy representsthe majority of theAR popu-
lation in normal individual §° and AB,_,,, which exhibits
trophic and toxic effects on neurons®’, appearsto induce
the pathogenesis of AD.

AP accumulation in AD: in vivo and in vitro
studies

A large body of evidence indicates that the accumula-
tion of largeintracellular and extracellular aggregatesisa
histopathological hallmark for the terminal diagnosis of AD.
However, it has long been known that the extent of amyloid
accumul ation does not correlate well with AD pathogenesis™
and that a significant number of individual s who have not
suffered dementia have al so shown notable amounts of amy-
loid plagues. Among in vivo transgenic animalsand in vitro
cell culture models, pathological changes are frequently ob-
served prior to the onset of amyloid accumulation. These
seemingly conflicting lines of evidence can be reconciled by
postulating that soluble A, rather than the mature fibrils,
represents the primary toxic species in amyloid-associated
degenerative diseasd™™. In AD patients, soluble AR corre-
lates better with cognitive decline and loss of synaptic pro-
teins than insoluble, fibril deposits™™. In APPtransgenic
mouse models, neurological deficits precede the deposition
of significant amounts of Ap, suggesting that the patho-
physiology of AD occursprior to amyloid fibril deposition” ™.

On the other hand, evidence has also shown heteroge-
neity in extracellular amyloid in plaques™. Contrary to the
popularized dogmathat al amyloid plaques arisefrom extra-
cellular deposition, the different forms and magnitudes of
amyloid plagues could bethe result of multiple mechanisms
of formation. For example, it has been proposed that diffuse
and dense-core (senile) amyloid plaques differ with respect
to glial activity, with the latter primarily being associated
with highly reactive microglia®. The popular story of extra-
cellular amyloid aggregation which fails to account for the
observed heterogeneity in plaques and detected intracel lu-
lar AP together attract more attention to the mechanismsand
intrace lular aspects of AP plaque formation.

AB is neurotoxic

The addition of AP to cell cultures causes a rapid and
large increase in intracellular Ca**, whereas equivalent
amounts of soluble monomer and fibrils have no detectable
effects®*, Moreover, AB specifically permeabilizes cell
membranes. The Ca?* influx isnot bl ocked by cobalt, indicat-
ing that the effect isnot dueto the activation of existing Ca*
channels. Ap also causes leakage of the membrane
impermeant dye calcein from cdls, indicating that a variety
of molecules diffuse across the membrane following AR
treatment. This conclusion is in agreement with previous
studies that reported that Ap induced the release of dye
from phospholipid vesicles®®, It has also been observed
in cell culturesthat AP treatment resultsin an increasein
cytosolic Ca?* in Ca*-free medium. This increase can be
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largely eiminated by pre-treatment with thaps gargin, which
depl etes endoplasmic reticulum calcium stores®, suggest-
ing that external application of AP leadsto the liberation of
Ca* from intracellular stores. Thisis consistent with reports
that AP may penetrate into cells and disrupt intracellular
membranes, causing | eakage of sequestered Ca?*, but it could
also be the consequence of altered intracel lular signaling®!.
Under in vivo conditions, the chronic |eakage of ions across
the plasma membrane may be sufficient to disrupt normal
neuronal function and serve as a source of chronic stressthat
may impair the maintenance of normal membrane potential.

In addition to Ca®* channel activity, AB also seemsto
activate K* channels. The mechanism by which A increases
K* current, which results in ensuing neurotoxicity, is
unknown, but oxidative stress may be a factor!®®,

In summary, sudiesusing both invivo and in vitro prepa-
rationsindicate that AP isneurotoxic and playsadirect role
in the pathogenesis of AD.

AP modulates nAChRs
Conflicting results

Recent evidence has indicated that nAChRs serve as
central targetsfor AB-induced neurotoxic manifestationssuch
as cholinergic hypofunction and cognitive impairment.
However, the action of AB on nAChRsis not straightfor-
ward and there are several discrepancies among different
research groups. Some experimentsusing in vitro prepara-
tions suggest that AP actsasanAChR agonist. For example,
APB,_4, has been shown to activate a7-nAChRs expressed in
Xenopus oocytes™ and native non-o7-nAChRs in acutely
dissociated rat basal forebrain neurons®?. Using isolated
pre-synaptic nerve endings from rat hippocampus and neo-
cortex combined with confocal Ca?* imaging, AR, Was
found to directly evoke a sustained increase in pre-synaptic
Ca levels vianAChRS®", This action seemed to involve
both o.7- and non-o.7-nAChRs. On the other hand, other
groups, including our laboratory, have shown evidence that
AP actson nAChRs as an antagonist. AfB,_,,was shown to
block native o.7-containing NAChRsin cultured rat hippoc-
ampal neurong™®, human o7-nAChRsin Xenopus oocytes™,
rat a4B2-nAChRs in Xenopus oocytes™, human o4p2-
NAChRsin human SH-EP1 cells*, mouse muscle nAChRs
in human kidney BOSC 23 cell$*, Torpedo nAChRsin Xe-
nopus oocytes’® and non-a.7-nAChRs, including a:2B2-,
04B2- and o4a5B2-NnAChRs in Xenopus oocytes™*?.
Recently, a specific model of interaction between A and
NAChRs was postul ated®*, In addition, a specially de-
signed peptide that binds to AR with high affinity has been
reported, and interestingly, this peptide virtually abolishes
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AB-induced NAChR inhibition™®™. Therefore, although there
are someincons stencies about the effects of A, which may
be explained by the different preparations of A used on
different subtypes of NAChRs by different groups, all of the
above-mentioned studies prove that AP interacts with
NAChRs.

AP modulates nAChRs: possible mechanisms

Thereare 2 main features of AD: AP protein deposition
and severe chalinergic neuronal deficits. AB isa39- to43-
amino acid transmembrane fragment of a large precursor
molecule and is found in diffuse and focal deposits through-
out the brain in AD patients. It has been shown that the AR
protein isamajor congtituent of senile plaque, aneuropatho-
logical hallmark of AD and aneurotoxin in variousin vivo
and in vitro studies. Although the mechanisms by which AB
causes cholinergic neuronal degeneration are not fully
understood, a few hypotheses have been proposed based
on current, growing evidence: (1) neuronal death, either by
apoptosis or necrosis, primarily occurs in the cholinergic
system; (2) insertion of AP proteinsinto the cell membrane
destabilizes the membrane and affects its fluidity®**; (3)
ApB affectsintracellular Ca?* homeostasis through either the
production of cation ionophores or activation of ligand- and/
or voltage-gated channel §*%, and (4) AP affects nAChR
function probably through oxidative processes® . Until
now, the precise mechanisms by which Ap selectively in-
duces degeneration of forebrain cholinergic neuronsin AD
patients have been unclear.

AP modulates nAChRs: homomeric a7-nAChRs

Among nAChRs, the a7 subtype may play the most im-
portant role in mediating the toxicity of AB. AB,_s,bindsto
o7-nAChRs with a higher affinity compared to AB;_,™.
Therefore, it has been suggested that chronic stimulation of
o7-nAChRs by AB, mainly by AP, /Y, devates, at least in
part, intracellular Ca?* levels. Itisalsoinvolvedin thechronic
activation of theextracellular signal-regul ated kinase (ERK )
isoform of the ERK mitogen-activated protein kinase(MAPK)
cascade which leads to the downregul ation of MAPK ™,
The ERK,-MAPK signaling pathway playsa critical rolein
memory formation®, and its derangement could in part ex-
plain the memory impairment observed in patientswith AD.
Moreover, it has been proposed that downregulation of
ERK,-MAPK may betheinitial step of a positive-feedback
loop that resultsin AR accumul ation™@*®, There is also
another explanation implicating the «7-nAChR™, Usingin
vitro preparations, the binding interaction between AB,_4,
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but not AB,_4, and a.7-nAChRsfacilitatesinternalization and
intracellular accumulation of AP, ™. Immunchistochem-
istry and digital imaging studies have revealed that neurons
in thebrain of AD patientswhich contain substantial intrac-
ellular accumulation of AB,_,, invariably expressreatively
high levels of a7-nAChRs*?*, Furthermore, these stud-
ies prove the high co-localization of a.7-nAChRsand AP, 4,
within neurons of AD brains. Michael et al introduced a new
hypothesis referring to the co-localization of a.7-nAChRs
and AB,4,- They suggested that amyloid plaques may de-
rive from the lysis of forebrain neurons that are overbur-
dened with intracd lular accumulation of the o7-nAChR/AB,_,
complex, which challenged the prevailing amyloid accumu-
lation story!®!®_ This provides a reasonable explanation
for AB,_4, causing areduction in the cell surface-associated
o7-nAChR by arelocation of thisreceptor to intracellular
AB,_-positive deposits. Thisreduction resultsin theintra-
cdlular derangement of cal cium cascade, which in turn leads
to selective degeneration of cholinergic and cholinoceptive
neuronsinAD brains.

Another consequence of the interaction between A and
o.7-nAChRs would be a derangement of the GABA system,
which playsarolein long-term potentiation and learning™*™.
o.7-nAChRs, located on GABAergicinterneurons, modulate
GABA rdease, and chronicstimulation of oc7-nAChRswould
modify GABAergic signaling. Taking these results into
consideration, compounds that are able to block the effects
of AP on a7-nAChR function may possibly be used asthera-
peutic agents for AD. Moreover, the mechanisms of AB-
induced damage implicating nAChRs have also been pro-
posed to be involved in the glutamatergic system™. By
inhibiting glutamate re-uptake by astrocytes, Ap would pro-
mote excessive glutamate stimulation. Glutamate inducesan
increasein intracellular Ca®* levelsvia activation of N-me-
thyl-D-aspartate (NMDA) receptors. Thisinflux of Ca?* acti-
vates nitric oxide (NO) synthase and |eadsto the production
of toxic oxygen radicals and cell death®. It has also been
reported that a7-nAChR stimulation would promote anti-
apoptatic protein synthesisvia devation of intrace lular Ca*
levels and activation of phosphatidylinositol 3-kinase and
Akt kinasd'™, These resultssuggest that o7-nAChR stimu-
lation could be used as a neuroprotective therapy, which
could provide the most benefit to patients with AD if the
disease is diagnosed in the early stages of development.
Theabove-mentioned different mechanisms suggest that the
consequences of o.7-nNAChR activation, desensitization or
inactivation by AB,_, or NAChR agonists, such as nicotine,
on AD development are complex or even exhibit opposite
effects, suggesting that A modulation of NAChR function

isindeed complicated.

AB modulates nAChRs: non-a7-nAChRs

A significant decreasein the number of radioligand bind-
ing sites corresponding to NAChRS, especially o4-contain-
ing NAChRs, is one of the earliest eventsin the pathogen-
esis of AD*® even preceding cholinergic neuronal
degeneration. Further support for the cholinergic hypoth-
esisof AD comes from observationsthat nicotineimproves
cognitivefunctionin AD patients™®. Accumulating dataalso
indicates that AP,_4, can block non-o.7-nAChRsin various
neuronsor cell lines®%,

It has been reported that AP can directly modul ate 0432-
NAChR function®%!, which is the most abundant non-7-
NAChR subtype in the brain of vertebrated®%® QOur data
have shown that AB,_,,, at a pathol ogy-relevant concentra-
tion (1 nmoal/L), can inhibit thehuman 04p2-nAChR (ho4B2-
NAChR) heterologoudly expressed in human SH-EP1 cells.
AB._-mediated inhibition of had4f2-nAChRfunctionisnon-
competitive, voltage-independent and use-independent. This
downregulation of ho4p2-nAChR functionby AB,_,hasbeen
confirmed to not be mediated by nAChR internalization!*”.
In addition, we have demonstrated that there is no competi-
tion between AB,_4,, at picomolarto micromolar concentrations,
and nAChR agonists based on radioligand binding sites
using heterologously expressed hai4p2- or ha.7-nAChRs.
Therefore, our findings indicatethat AB,_4, likely actsas a
non-competitive antagonist of ha:4f2-nAChRS®,

In Xenopus oocytes expressing various non-o7-nAChRs,
including 04p2-nAChRs, Af,_4,can reversibly block mem-
brane currents induced by carbachol. More interestingly,
ateringthe 04:f2 RNA ratio of a4B2-nAChRsaltersthesen-
sitivity of NAChRs to AB,_4,. In other words, increasing the
relative amount of the o4 subunit significantly decreasesthe
sensitivity of a4f2 channesto A, s, which suggests that
the relative block by AB,_4,is affected by the stoichiometry
of a4P2 channels*™. Numerous studies have revealed that
AP, regulates the function of non-o.7-nAChRs. However,
links between losses in NAChRs, cholinergic neurona de-
generation and the effects of AP have been dusive.

Histological studies showing co-expression of nAChR
o7 and B2 subunitsin most forebrain cholinergic neurond™,
and heterol ogous expression work indicating that NnAChR
o7 and 2 subunits can come together to form heteromeric
functional channels™?, suggest that although most o7-
NAChRs are formed as homomeric pentamers, others may
exist as heteromers, including a possible o.782-nAChR
subtype. However, the expression of functional a7p2-

1281



Liu Q et al

Acta Pharmacologica Sinica ISSN 1671-4083

NAChRsin forebrain cholinergic neurons has not been dem-
onstrated and their sensitivity to AP hasnat been determined.

The predominant clinical syndrome associated with AD
is a deficiency in both learning and memory capabilities.
These deficits are thought to be due to selective forebrain
cholinergic neuronal degeneration. Although this selective
cholinergic neurodegeneration is largely unclear, several
hypotheses have been postulated, including AB-induced
toxicity, impairment of neuronal trophic support, disorders
in glucose metabolism or other processes*™. The accumu-
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found in the brain of patients with AD™™. Moreover, the
effects of AP have been examined in avariety of cell types
that may not be appropriate model sto characterize the selec-
tive effects of AP on native forebrain cholinergic neurons.

Figure 1 summarizes the roles of neuronal NAChRsin
mediating AB-induced neuronal degeneration.

Conclusion

A marked reduction in the number of NAChRSis one of
the major neurochemical features of AD in disease-relevant
brain regionssuch asthe cortex and hippocampus. Thisloss
is accompanied by a deficiency in the number of forebrain
cholinergic neurons, which contributes to the devel opment
of cognitive dysfunction. The precise mechanismsthat un-
derlie these losses are not yet fully defined. Further devel-
opment of transgenic model s recapitul ating these important
neurochemical characteristics may help to resolve these
issues. Additional major challengesinclude understanding
why aberrant A accumulation occurs, determining if accu-
mulating AR isindeed toxic and identifying the precise mo-
lecular mechanisms leading to synaptic dysfunction and
neuronal degeneration. Such knowledge will help toidentify
and/or develop novel compounds that can restore chaolin-
ergic system function in patientswith AD.
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