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Summary: The only prescribed drugs for treatment of Alzhei-
mer’s disease (AD) are acetylcholinesterase inhibitors (e.g.,
donepezil, rivastigmine, galantamine, and tacrine) and meman-
tine, an NMDA antagonist. These drugs ameliorate mainly the
symptoms of AD, such as cognitive impairments, rather than
halting or preventing the causal neuropathology. There is cur-
rently no cure for AD and there is no way to stop its progres-
sion, yet there are numerous therapeutic approaches directed
against various pathological hallmarks of AD that are exten-
sively being pursued. In this context, the three major hallmark
characteristics of AD (i.e., the CNS cholinergic hypofunction,

formation of B-amyloid plaques, and tangles containing hyper-
phosphorylated tau proteins) are apparently linked. Such link-
ages may have therapeutic implications, and this review is an
attempt to analyze these versus the advantages and drawbacks
of some cholinergic compounds, such as acetylcholinesterase
inhibitors, M1 muscarinic agonists, M2 antagonists, and nico-
tinic agonists. Among the reviewed treatments, M1 selective
agonists emerge, in particular, as potential disease modifiers.
Key Words: Alzheimer’s, cholinergic, B-amyloid, tau, acetyl-
cholinesterase inhibitors, M1 muscarinic, nicotinic, agonists,
M2 muscarinic antagonists.

INTRODUCTION

Alzheimer’s disease (AD) is a progressive, neurode-
generative disease that is a major health problem in
modern societies. AD is characterized by memory and
cognitive loss, synaptic loss, amyloid plaques containing
the B-amyloid peptide (Af3), degeneration of cholinergic
neurons that ascend from the basal forebrain to cortical
and hippocampal areas, and neurofibrillary tangles
(NFT)." In spite of extensive research performed in the
last decades there is no clear proof as to the etiology of
AD.

One of the major hallmarks of AD is the amyloid
plaque. The key component of the amyloid plaque core is
the deposited AB, which is derived from the amyloid
precursor protein (APP). The APP is cleaved by at least
three sites, a-, 3-, and -y-secretase cleavage. 1-8 The APP
through an enzymatic activity termed o-secretase, pre-
cludes formation of AP and generates a cell-associated
C-terminus (C83) fragment and a longer secreted form
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(a-APPs) that is neurotrophic and neuroprotective. In an
alternate pathway, (B-secretase (BACELl) cleaves APP
releasing a large secreted derivative sAPPB and a C-
terminal fragment C99 that can be further cleaved by
y-secretase to form A, which is released into the extra-
cellular milieu. The predominant peptide secreted is
AB40 with approximately 10 to 15% being AB42, the
more toxic specie. The A peptide, in particular A342,
aggregates and is part of the plaque core. The “amyloid
cascade hypothesis,” and variations thereof, postulate
that generation of A, its oligomers, and their accumu-
lation in the brain, and finally their deposits in plaques is
the major culprit that leads to AD,*?; also see further
references on this.'®!! In this context, the current notion
is that blocking AB formation and/or deposition into
plaques should prevent the progression of AD, but it does
not, however, reverse the damage already caused.'?
Another major hallmark of AD is a cholinergic hypo-
function evidenced by a reduction in acetylcholine
(ACh) synthesis due to reduced choline acetyltransferase
(ChAT) and choline uptake, cholinergic neuronal, and
axonal abnormalities, with degeneration of cholinergic
neurons projecting to the cortex and hippocampus, and
significant depletion of the nicotinic receptors.''%!3~18
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Central cholinergic deficits have a major role in the
progressive cognitive dysfunction, as well as some be-
havioral impairment associated with AD. In this context,
the loss of presynaptic cholinergic markers correlates
with the number of plaques, NFT, and clinical severity of
dementia.'” The rationale for cholinergic treatment in
AD is based on the “cholinergic hypothesis,” which sug-
gests that cholinergic hypofunction contributes to many
of the cognitive and behavioral deficits in patients with
AD.*'*!3 This hypothesis prompted the development of
treatment strategies aimed to restore lost cholinergic
function and to ameliorate cognitive and behavioral im-
pairments in AD patients. The increase in AB formation
and cholinergic dysfunction may occur long before overt
cognitive or behavioral symptoms of AD are detectable,
and both may be implicated as causal factors in AD.
However, it is beyond the scope of this review to debate
which culprit is the earliest causal factor for inducing
AD.

A third major hallmark of AD is the NFT comprised of
hyperphosphorylated tau proteins. Tau proteins are nor-
mally expressed in axons as microtubule associated tau
proteins, which stabilize microtubules, allowing fast ax-
onal transport.”'”1%2° The “tau hypothesis” is based on
the abnormal state of tau proteins in AD that is both
highly phosphorylated and aggregated into paired helical
filaments in NFTs.'”'>?! When tau proteins are hyper-
phosphorylated, there is a breakdown in the system; pre-
venting tau hyperphosphorylation and aggregation can
decrease formation of NFTs. The formation of NFT con-
tributes to AD, but it is debatable whether it is the earliest
causal factor underlying AD pathogenesis as Af3 plaques
typically occur before NFTs.

Notably, a relationship between three of the major
hallmarks that are characteristic of AD have been re-
ported: 1) the CNS cholinergic hypofunction, 2) forma-
tion of A plaques, and 3) tangles containing hyperphos-
phorylated tau proteins.'”-20-222¢

The existing drug therapy mainly targets the symp-
toms of AD, such as cognitive impairments, rather than
also halting or preventing the causal neuropathology.
The only approved drugs for the treatment of AD by
many national regulatory authorities, including the Food
and Drug Administration in the United States, are ace-
tylcholinesterase (AChE) inhibitors (AChE-Is) (e.g.,
donepezil, rivastigmine, galantamine and tac:rinf:),13’27_32
and memantine, which is an NMDA antagonist.'*

This review will present some of the published cho-
linergic therapeutic strategies vis-a-vis the major hypoth-
eses as to the causes of AD. However, due to the plethora
of treatments advocated in the last few years (several of
them at an early stage of drug discovery), the review can
not cover all the published cholinergic treatments. Some
potential advantages and possible challenges in the re-
viewed therapies are discussed. This review will also
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address the question of how the three major hallmarks
that characterize AD (e.g., cholinergic hypofunction, Af3,
and neurofibrillary tangles) may relate to each other, and
how these findings can be translated into comprehensive
and viable modern therapies.

SELECT TREATMENT STRATEGIES BASED
ON THE CHOLINERGIC HYPOTHESIS

AChE-Is

The AChE-Is act on the ACh pathway by inhibiting the
enzyme AChE, which is normally responsible for hydro-
lysis of ACh. These AChE-Is, in spite of some limita-
tions (see as follows), still represent the primary treat-
ment available for AD and related forms of
dementia.'?*"—>

The effects of the four prescribed AChE-Is on im-
provement of cognition in AD patients is similar, yet the
compounds differ to a certain extent in mechanism of
action, in terms of side effects (SE) and treatment sched-
ules. Notably, while donepezil is mainly selective for
AChE, rivastigmine and tacrine inhibit both AChE and
butyrylcholinesterase (BuChE) and galantamine, in ad-
dition to its inhibitory effect on AChE, is a putative
allosteric activator of the nicotinic receptor (e.g., o432
subtype).'*?’! In general, these drugs have demon-
strated a statistically significant effect versus placebo on
cognitive, global, and functional performance of patients
with AD, but tacrine is rarely used because it can cause
liver problems. Notably, the drugs (and their most fre-
quent SE) observed include: tacrine (hepatotoxicity and
gastrointestinal effects); donepezil (nausea, vomiting and
diarrhea); rivastigmine (nausea, vomiting, diarrhea, and
anorexia); and galantamine (nausea, vomiting, diarrhea,
and anorexia). It is beyond the scope of this review to
elaborate on these treatments because numerous reviews
have been written on this subject.'>*"~3?

The use of AChE-Is in AD patients is regarded mainly
as a symptomatic treatment without significant effect on
disease progression. In this context, the progression of
the disease associated with loss of the cholinergic neu-
rons and decreases in ACh may limit the therapeutic
potential of this treatment strategy to only part of the AD
patients. AChE-Is may also appear to stabilize the course
of AD progression to a certain extent.”® Several long-
term clinical trials with AChE-Is have reported that these
drugs actually decrease the rate of cognitive decline, and
may delay the disease progression by 1 to 2 years,*!
but the benefits are modest.>' It was also recently re-
ported that AChE-Is are unable to slow progression from
mild cognitive impairment to dementia.**

In addition to the Food and Drug Administration-ap-
proved AChE-Is, several other such inhibitors at various
stages of research and development have been reported.
These include compounds such as: phenserine,***°
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CHF2819,%° TAK147,%” TV3326,® huperzine A and an-
alogs,39 NP-61,%° and Memoquin.41 Preclinical studies
showed that some of these newer AChE-Is may have
additional properties versus the existent AChE-Is pre-
scribed drugs that may enhance their putative therapeutic
value in AD treatment. In fact, the new generation of
AChE-Is can be defined as multifunctional compounds
designed to provide effects, such as neuroprotection, in-
tervention in Af processing, and others, in addition to
inhibition of AChE. Although this approach, in principle,
may provide more effective drugs, some of the multi-
functional compounds (defined as “dirty drugs”) can also
display multiple SE contributed by each respective
mechanism alone or acting in concert.

Selective inhibitors of BuChE were suggested as a
potential treatment for AD based on the rationale that
BuChE levels are increased in AD brains and that some
neuronal pathways may function through BuChE.** It
remains to be seen if BuChE inhibitors will have less SE
and will be superior versus the approved AChE-Is. No-
tably there is no clear evidence that rivastigmine, a dual
AChE-Is and BuChE inhibitor, is more effective than
donepezil (selective AChE-Is) in AD patients.

M1 muscarinic agonists

AD appears mainly to be a presynaptic cholinergic
hypofunction, whereas post-synaptic M1 muscarinic re-
ceptors (M1 mAChR) are relatively unchanged.'”***’
Postsynaptic M1 muscarinic receptors (M1 mAChR),
predominant in cerebral cortex and hippocampus, have a
major role in hippocampal-based memory and learning
regulation of cognition and psychosis, and short-term
memory in particular, which is impaired in AD.'”*~47
The rationale for developing M1 muscarinic agonists as
a potential treatment strategy in AD is based on “the
cholinergic hypothesis,” the status of M1 mAChR, and
the linkage between the three neuropathological hall-
marks of AD.?>?>43-48 M| selective muscarinic agonists
may, in principle, be more beneficial in treating AD than
AChE-Is, because such agonists should be less affected
by the extent of degeneration of presynaptic cholinergic
terminals capable of synthesizing and releasing the neu-
rotransmitter ACh.

While activation of M1 mAChR is advantageous, stim-
ulation of the other mAChR subtypes leads to SE.**?*
Therefore, M1 muscarinic agonists should be devoid of
M2, M3, and M5 agonistic effects to minimize SE. Some
muscarinic agonists improved cognition and reduced
psychotic episodes in AD patients.”*** However, a scar-
city of selective M1 muscarinic agonists has limited the
clinical use of muscarinic agonists in AD due to SE
observed at higher doses, and thus most of the musca-
rinic agonists tested in AD patients had pharmaceutical
disadvantages.”>** Another potential drawback in the
use of muscarinic agonists may be a possible downregu-

lation of M1 mAChR, if continuously stimulated by ago-
nists. Such a disadvantage may be evident with full, but
not partial, agonists. In addition to the drawbacks previ-
ously mentioned, the clinical testing of muscarinic ago-
nists in AD patients was governed by pharmacokinetic
rather than pharmacodynamic considerations, leading to
overdosing and SE that may have actually obscured ben-
eficial clinical effects of tested muscarinic agonists. No-
tably, most preclinical studies that showed significant
efficacy in restoring cognitive dysfunctions using single,
daily administration of the tested muscarinic agonist,
regardless of its plasma half-life, M1 mAChR selectivity,
full or partial agonistic, and/or SE profiles. Furthermore,
long-term effects on cognition in preclinical studies were
detected with such compounds after the compounds were
eliminated from the body.?*** These would indicate that
lower and less frequent dosing with an M1 muscarinic
agonist may still be effective on cognitive processing and
other effects.

In spite of the problems encountered with the first
generation of nonselective muscarinic agonists, the use
of M1 agonists remains a valid therapeutic strategy in
AD patients. In fact, recent publications indicate that the
M1 mAChR has a major role in modulating the pathol-
ogy of AD, and it is a relevant therapeutic target for other
indications as well (e.g., dementia of Lewy body [DLB],
Sjogren’s syndrome, schizophrenia, and prion diseas-
es).?>2490 A significant amount of data was accumu-
lated on compounds from the AF series (e.g., AF102B
[{Cevimeline, EVOXAC™}: prescribed in the United
States of America and Japan for treatment of Sjogren’s
syndrome49], AF150[S], and AF267B) (see reviews in
references”*?], and these partial M1 agonists are se-
lected in this review to illustrate some of the relevant
features of activating the M1 mAChR for AD treatment.
This selection can be justified because these agonists are
relatively selective for the M1 mAChR, and through the
activation of M1 mAChR, they restore learning and
memory impairments with a high safety margin in sev-
eral animal models for AD; they are neuroprotective, and
they are potential disease modifiers through decreased
Ab and tau pathologies. Whenever possible, these com-
pounds from the AF series are compared with other
putative M1 agonists or some other treatment strategies
for AD.

A number of other centrally active muscarinic agonists
are reported, including: talsaclidine,”! YM796,° CI-
1017, WAY-132983,>* CS-932,>° and LY-593093° [all
claimed to be M1 functionally selective]. A few of the new
agonists are defined as allosteric activators of the M1
mAChR. These include compounds such as: AC-42, AC-
260584,%” desmethylclozapine,””® and 77-LH-28-1."° The
potential of M1 agonists and other compounds as disease-
modifying agents is discussed in the relevant sections as
follows.
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M2 muscarinic antagonists

The rationale of designing M2 muscarinic antagonists
for the treatment of AD is based on the hypothesis that
central cholinergic activity can be induced not only by
postsynaptic muscarinic agonists or AChE-Is, but also by
facilitating ACh release. This can be achieved through
inhibition of presynaptic inhibitory M2 mAChR. When
ACh is released from the presynaptic terminals, it can
activate the inhibitory presynaptic M2 mAChR leading
to inhibition of further release of ACh. Studies have
shown that blockade of M2 mAChR with muscarinic
antagonists leads to increased levels of ACh in the
brain.®® This enhanced release of ACh, by activating
postsynaptic M1 mAChR, can lead to improvement in
cognitive processing, because M2 mAChR-knockout
mice do not mediate cognition and memory, whereas M1
mAChRs are clearly involved in such processes.*’:¢!-2
An additional advantage of M2 antagonists is that by
elevating synaptic ACh, these will also activate both
postsynaptic mAChR, as well as nicotinic receptors. This
would distinguish the M2 antagonists from M1 agonists,
and serves to make this treatment approach more like
AChE-Is at the level of the synapse.®

Some selective M2 antagonists, such as SCH-57790
and SC-72788,% restored memory impairments in ani-
mal models that mimic to some extent the cholinergic
hypofunction in AD. These studies suggest that selective
blockade of M2 mAChR may be a viable strategy for
restoration of cognitive impairments.

Although some of the new M2 antagonists show a
remarkable selectivity for the M2 mAChR, and a rela-
tively wide safety margin in behavioral studies, their
potential benefit in AD still may be limited. First, pe-
ripheral M2 mAChR, located in the heart, may cause
bradychardia after stimulation with ACh. Therefore, as
predicted, M2 antagonists cause tachycardia and because
the cardiac and neuronal M2 mAChR are identical, it is
not clear whether there is a separation between doses
causing tachycardia versus those effective on cognition,
respectively. In addition, the M2 mAChR are located on
presynaptic cholinergic terminals projecting to the hip-
pocampus and neocortex, and these are also the presyn-
aptic cholinergic projections that degenerate in the
course of AD. In fact, M2 mAChR are progressively
decreased in AD.®* Therefore, it can be postulated that
the effects of such M2 antagonists may be transient, as
the approach is entirely dependent on enhanced release
of presynaptic ACh, which is diminished as a result of a
progressive presynaptic cholinergic hypofunction in AD.
In this regard, the M2 antagonists may not offer a sig-
nificant advantage versus the already prescribed
AChE-Is in AD patients.®> Furthermore, while selective
M1 agonists and some AChE-Is may have a potential as
disease modifiers (see as follows), there is no such evi-
dence yet for M2 antagonists.®
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Nicotinic agonists

In AD there is a reduction in brain nicotinic receptor
(nAChR) of a3, a4B2 and a7 subtypes.'®°*%" Preclini-
cal studies in animal models and some pilot studies in
AD showed that activation of nAChR can enhance cog-
nitive impairments.®® The rationale in developing nico-
tinic treatments in AD rests on such ﬁndings,66 as well as
on the link of the nicotinic system with AB.***” Nico-
tinic agonists, in particular, of 432 subtype, can en-
hance ACh release and also showed improved atten-
tion and memory in preclinical studies.®®®” The a7
nAChR is also at the center of major research and
development efforts based on its role in learning and
memory functions.®®®7 In this context, the search for
o7 nAChR agonists as a potential treatment for AD is
being pursued by several research groups and drug
companies.

For the past several years a large number of nicotinic
compounds have been reported. A partial and incomplete
list includes agonists with relative selectivity for a432
nAChR, such as: ABT-418%, SIB-1553A%, RIR-2403",
and &7 nAChR nicotinic agonists, such as: GTS-21"!, AR-
R1779, AR-R234657%, and A-5829417°. Galantamine is the
only compound that is Food and Drug Aministration-ap-
proved for AD treatment, and in addition to its AChE-
inhibitory profile, this compound is also a putative allosteric
activator of 482 nAChR.” The use of nicotinic agonists in
AD patients is not without risk as these compounds can
possess many of the adverse cholinergic toxicity observed
with AChE-Is. Such agonists may have both beneficial and
detrimental effects on some of AD hallmarks (see as fol-
lows), in addition to a potential addictive problem. This
therapeutic strategy is considered in more detail as follows.

HOW DO THE CHOLINERGIC TREATMENTS
RELATE TO THE A AND TAU
HYPOTHESES, RESPECTIVELY?

There is compelling evidence that some select cholin-
ergic treatments, and in particular M1 agonists, may
provide in addition to improvement of cognitive deficits,
also key therapies in AD against both AB and tau pro-
teins pathologies as described as follows.

In vitro studies

A disruption of normal balance between a-secretase
on the one hand and 3- and y-secretase on the other may
lead to increased levels of A, presumed to be neuro-
toxic.”” In this regard, modulating the cholinergic path-
way alters A accumulation and several studies were
focused on activation of the mAChR subtypes and Af.
Stimulation of M1 mAChRs can increase formation of
a-APPs, preventing the formation of AB.”>%" The
mechanism attributed to these effects is M1 mAChR-
mediated activation of at least two transduction path-
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ways, protein kinase C (PKC)-, and mitogen-activated
protein kinase (MAPK)-dependent pathways, that lead to
activation of a-secretase and elevation of a-APPs secre-
tion.”>”’

Stimulation of M3 mAChRs can also lead to enhanced
a-APPs elevation, in vifro.”> However, an M1 agonist-
free M3 agonistic effects should be preferred because an
M3 agonist can produce SE through activation of exo-
crine glands (e.g., gastrointestinal effects, salivation, lac-
rimation, and diaphoresis).?®

Activation of either M2 mAChR or M4 mACHR is not
effective in elevating a-APPs, and stimulation of M2
mAChR may even have an inhibitory effect on a-APPs
release.”*%% In addition to other differences, this may
separate the effects of AChE-Is versus direct-acting M1
agonists as AChE-Is due to inhibition of AChE elevate
synaptic ACh levels that can activate M1-M5 mAChR
subtypes, including the inhibitory M2 and M4 mAChR.?
Thus a possible elevation of a-APPs via ACh-induced
M1 mAChR activation may be masked (i.e., inhibited)
by M2 mAChR-activation.?® Indeed, mixed results were
reported regarding the effects of AChE-Is on A3 modu-
lation.®" Thus a-APPs were increased after treatment of
cell cultures with some AChE-Is.**®** This effect was
attributed to indirect activation of post-synaptic M1
mAChR after synaptic elevation of ACh levels due to
AChE inhibition. However, in some other studies
AChE-Is did not induce an increase in a-APPs in exper-
imental designs where M1 mAChR activation lead to
enhanced a-APPs secretion.”” Given the apparent con-
tradictory results with AChE-Is on a-APPs levels, it was
suggested that different AChE-Is may differ in their ac-
tions on APP metabolism.®'**

Nicotinic receptor activation may also stimulate non-
amyloidogenic cleavage of BAPP to elevate a-APPs.®

One method for decreasing A production could be
via modulation of APP synthesis. This strategy was pur-
sued with phenserine, an AChE-Is.%¢ Notably, in addition
to blocking AChE, phenserine in neuronal cells reduces
levels of AB, APP and a-APPs, which has significant
neuroprotective and neurotrophic functions. One hypoth-
esis to explain the findings attributed the effects of
phenserine to inhibition of APP translation using a path-
way dependent on the interleukin-responsive element
that is a translational regulation motif, identified in the 5’
untranslated region of APP mRNA %

Hyperphosphorylated tau, the other hallmark of AD,
can be modulated by several treatments, including the
cholinergic drugs as described as follows. Relevant to the
scope of this review is the regulation of glycogen syn-
thase kinase-38 (GSK-3).2”°° GSK-3 is a physiolog-
ical kinase for tau and is a candidate protein kinase
involved in the hyperphosphorylation of tau present in
paired helical filaments—tau of NFT in AD. Notably,
GSK-38 has been postulated to mediate AD tau hyper-

phosphorylation, A B-induced neurotoxicity, and preseni-
lin-1 mutation pathogenic effects.®’ """ Increased levels
of GSK-3 have been found in AD, and in particular
neuritic plaques, and GSK-38 has been associated with
NFT in AD brain.”" In this context, it is of special inter-
est that activation of M1 mAChR decreases tau phos-
phorylation as shown in vitro and in vivo.?*?'=** Activa-
tion of M1 mAChR decreases tau hyperphosphorylation via
activation of PKC and inhibition of GSK-383.2%%2

Although less studied than the impact of AChE-Is and
nicotinic agonists on APP processing, a few in vitro
experiments have indicated that these drugs can increase
tau immunoreactivity and alter its phosphorylation state
(e.g., increased both tau phosphorylated and dephospho-
rylated levels), probably via nAChR.?® In fact, activation
of a7 nAChR may be involved in AfB-induced tau phos-
phorylation.’® Thus, it is possible that nAChR modula-
tion, under conditions of elevated A3, may contribute to
tau pathology in AD.%” Therefore, while 7 nAChR ago-
nists appear to have a major role in cognitive processing
and nicotinic agonists, in particular a7 selective, protect-
ing neurons from Ap-induced neurotoxicity, this thera-
peutic strategy may also enhance tau hyperphosphoryla-
tion and mimic the toxic actions of AB. Notably, a7
nAChR antagonists, rather than agonists were proposed
as a more rational therapeutic strategy in AD.”’

AP is neurotoxic and this is evidenced, inter alia, at
several levels as evidenced by detrimental effects on
ACh regulation and release, production of reactive oxi-
dative species, induction of oxidative stress, inflamma-
tion, activation of GSK-3 and elevation of tau hyper-
phosphorylation, impairment of cell viability, induction
of cell death, and apoptosis.**?® In this context, exposure
of cortical slices to fibrillar AB induced a marked in-
crease in the activation of PKC and Ca®"/calmodulin-
dependent kinase II (CaMKII), which are two enzymes
critically involved in a variety of cellular functions. Ac-
tivation of M1 mAChR, but not nicotinic receptors, sig-
nificantly inhibited AB-induced activation of PKC and
CaMKII. Activation of M1 mAChR inhibits A signal-
ing by enhancing the counteracting GABAergic inhibi-
tory transmission.”® Therefore, M1 muscarinic reversal
of the Ap-induced biochemical and physiological
changes provides a potential mechanism for the treat-
ment of AD with M1 agonists. From a different perspec-
tive, M1 muscarinic agonists via M1 mAChR activation
can inhibit AB-induced toxicity on cell cultures.'®*'"!
Thus, AF267B via activation of M1 mAChR protects
hippocampal neurons from Ap-toxicity, and apoptosis
and this effect is achieved by the activation of the Wnt
signaling, since M1 mAChR activates PKC, inhibits
GSK-38 activity, stabilizes cytoplasmic and nuclear
B-catenin, as well as induces the Wnt target genes ex-
pression of engrailed and cyclin-D1, reverting the switch
off of the Wnt pathway caused by ApB-toxicity.'®' These
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results point to a cross-talk between the M1 mAChR
signalling and the Wnt components and add a further
value to use M1 agonists in AD therapy.'®" Notably, Wnt
signaling appears to be compromised in AD.'%*'% Stim-
ulation of nicotinic receptors'®*'%> and some AChE-Is'*®
also prevent AP-induced neuronal death, albeit the
mechanism underlying these effects may differ.

In vivo studies

Studies in vivo support the relation between the cho-
linergic system and A metabolism. Thus, in rabbits,
where the sequence of AB42 is similar to humans, the
three M1 selective agonists AF102B, AF267B and
AF150(S) decreased ApPB40, whereas AF267B and
AF150(S) also reduced levels of AB42 in the CSF with-
out changing a-APPs.'"” Lesioning the cholinergic nu-
cleus basalis magnocellularis in rabbits with a selective
cholinergic immunotoxin results in cortical cholinergic
deafferentation and cortical AB deposition.'” The AB
deposits are primarily vascular, with occasional perivas-
cular plaques.'® The specificity of this change for cho-
linergic processes has been demonstrated by the reduc-
tion of lesion-induced AB deposition in the cortex, and
CSF by chronic cholinergic therapy with the M1 agonist
AF267B and the AChE-Is physostigmine, and by show-
ing that lesioning of the noradrenergic locus ceruleus
does not cause AB deposition.'*®

In triple transgenic mice (3xTg-AD) that recapitulate
cognitive impairments, AB and tau pathologies'® pro-
longed intraperitoneal treatment with low doses of
AF267B- improved significantly hippocampal-depen-
dent memory impairments; caused a decrease in A342 in
both soluble and insoluble fraction in treated mice com-
pared with untreated mice, and decreased Af342 both
intracellular, extracellular, and tau hyperphosphorylation
and pathological tau (in cortex and hippocampus, but not
in amygdala).”® AF267B rescued cognitive deficits and
decreased AB42 and tau pathologies in the cortex and
hippocampus, via MImAChR-activation of ADAMI17/
TACE, and decreased BACE1 and GSK-3p steady state
levels and GSK-38 activity, extending findings from in
vitro studies. The M1 agonist AF267B is the first re-
ported low molecular weight CNS-penetrable compound
that comprehensively targets these hallmarks, and it may
become a major therapy in AD. Earlier studies also
showed that activation of M1 mAChR decreases tau
hyperphosphorylation in additional in vivo models (in
apolipoprotein E-deficient mice,”® and in aged micro-
cebes’ [a natural model the recapitulates both AD pa-
thology and cognitive impairments, reviewed in ''°]).

Other types of cholinergic therapies have also been
used in an attempt to decrease or prevent A3 deposition,
with mixed results. Nicotine treatment resulted in an
80% decrease in plaque load and 50 to 60% reductions in
cortical AP concentrations in the Tg2575/PS1-A246E
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mice,''" but not in 3xTg-AD mice (see as follows).''?

The AChE-Is metrifonate failed to reduce AB deposition
in double transgenic (Tg) (Tg2575/PS1-A246E) mice.'"?
In the AD11 Tg mouse the AChE-Is donepezil and gan-
stigmine restored the cholinergic and behavioral deficits,
but did not reduce Af3 levels and tau hyperphosphoryla-
tion.!"* It is important to mention, however, that chronic
donepezil treatment improved spatial accuracy in APP23
mice so as to reach the same level of performance as
wild-type control animals on this complex visual-spatial
learning task. This study reported a disease-modifying
efficacy of donepezil at the level of cognitive perfor-
mance in Tg mice modeling AD."'” The 3xTg-AD model
offers the possibility of answering fundamental questions
in AD pathology and some therapeutic strategies, in ad-
dition to AF267B as tested so far in this model. Whether
AF267B is more beneficial than AChE-Is prescribed in
AD can not be addressed properly, because there are no
publications on AChE-Is in the 3xTg-AD mice. Notably,
unlike the beneficial effects observed for the M1 agonist
AF267B,%° chronic nicotine treatment, albeit not in com-
parative study, is causing an increase in phosphorylated
and pathological tau-activating p38-MAP kinases and
had no effect on A in the same 3xTg-AD mice mod-
el.''? Notably, a7 nAChR gene delivery into mouse hip-
pocampal neurons leads to functional receptor expres-
sion, improved spatial memory-related performance, and
tau hyperphosphorylation.''® Because M1 muscarinic
agonists promote tau dephosphorylation, such com-
pounds could reduce in principle tangle formation. This
may separate M1 agonists from nicotinic agents and
perhaps AChE-Is as well.

SOME RELEVANT CLINICAL STUDIES ON
AD MODIFICATION

A few studies have addressed the question whether
cholinergic treatments can have an impact on disease
modification. Thus, chronic treatment with the M1 ago-
nists, AF102B""7 and talsaclidine''® resulted in a mod-
est, but significant, decrease of CSF Af3 in AD patients,
whereas the AChE-Is physostigmine,'!” galantamine,
donepezil,'"® and hydroxychloroquine (an anti-inflam-
matory drug)''” were ineffective. The clinical signifi-
cance of these findings with M1 agonists remains to be
established, yet it is possible that the observed effect of
these agonists reflect the outcome of a therapy designed
to alter APP processing. Notably the preclinical data
(e.g., normal and lesioned rabbits, respectively)'®’-'%®
showed that a decrease in the CSF Af induced by M1
agonists is paralleled by a cortical decrease in soluble A3
levels.

Although the tested AChE-Is did not appear to affect
CSF AR levels in AD patients, the impact of cholinest-
erase inhibitor treatment on brain pathology after au-
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topsy was examined in treated patients with dementia
with Lewy bodies with matched, untreated patients for
cortical AB3 and tau pathologies. Cholinesterase inhibi-
tor-treated patients with DLB had significantly less pa-
renchymal Af3 deposition, but no significant effect on tau
pathologies, which is relevant to disease management
and treatment of dementia patients using cholinesterase
inhibitors. The clinical significance of these important
findings remains yet to be clarified.'*°

In a clinical study recently published,* phenserine
caused statistically significant effects in patients with
mild AD on a composite neuropsychological test score
compared with the placebo and donepezil at 3 and 6
months, respectively. Values of regional cerebral meta-
bolic rate for glucose (rCMRglc) were significantly in-
creased in several cortical regions after 3 months of
phenserine treatment, compared with baseline, and cor-
related positively with cognitive function and CSF
AB40. Cortical Pittsburgh Compound B retention corre-
lated negatively with CSF AB40 levels and the ratio
Ap/B-secretase-cleaved APP. In CSF, AB40 correlated
positively with the attention domain of cognition. The
study demonstrated also the value of the positron emis-
sion tomographic scan technique in evaluating drugs for
AD treatment.

Remarkably, while M1 agonists can decrease brain A3
and tau phosphorylation in animal models a relatively
selective antagonist to M1 mAChR, dicyclomine is ex-
acerbating the AD-type pathologies in the 3xTg-AD
mice.”® Furthermore, an increased AD-type pathology
(plaques and tangles) in Parkinson’s disease is associated
with chronic treatment with anti-muscarinc drugs (some
relatively selective M1 antagonists).'*' Thus, it would
appear that the M1 mAChR is strongly linked with A3
processing so that chronic activation or inhibition of this
receptor subtype can decrease or increase the brain A3
burden, respectively.

CONCLUSIONS AND FUTURE PERSPECTIVES

In spite of a few publications,35 120 AChE-Is, the
mainstay of the current treatments in AD, are still re-
garded as symptomatic treatments, and such drugs may
lack a beneficial effect in preventing disease progression
based on: 1) clinical long term experience and 2) pre-
clinical findings, infer alia, regarding nicotinic effects
that may in fact increase tau phosphorylation and M2
muscarinic effects that may prevent a-APPs release. This
may be attributed to elevated synaptic ACh levels after
AChE inhibition that activate in a promiscuous way all
muscarinic and nicotinic receptors subtype, whether
needed or not. The use of nAChR and mAChR agonists
may represent another means for activating cholinergic
receptors in the AD brain. In this regard, activation of
nAChRs by chronic nicotine exposure exacerbates tau

pathology in the 3xTg-AD mice.''? It remains to be seen
whether more selective nicotinic agonists will be devoid
of such detrimental effects at doses that have a beneficial
effect on cognition. In contrast, the results in 3xTg-AD
mice show the remarkable therapeutic potential of
AF267B in attenuating the major hallmark neuropatho-
logical lesions relevant to AD and in restoring cognitive
function.?

Future therapies will have to provide a superior profile
versus the available AChE-Is prescribed for treatment of
AD. The ideal therapy should be beneficial both as a
symptomatic as well as disease modifier. A disease mod-
ifier must have a significant effect also on the major
clinical manifestations of AD, cognitive, and memory
dysfunctions.*'%'?* In this context, it is noteworthy that
some M1 agonists such as AF267B can be beneficial on
the three major hallmarks of AD: 1) A, 2) tau hyper-
phosphorylation, and 3) cognitive dysfunctions via PKC
activation. Taken together, these new findings may mod-
ify the over-simplistic cholinergic hypothesis in AD that
was limited to a symptomatic treatment and ignored the
added potential of M1 agonists as disease-modifying
agents. However, only well-designed clinical trials will
show whether the new generation of M1 agonists, such
as AF267B (tested in phase I studies'*’) can become
effective treatments in AD.
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