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Cholinergic Drugs in Pharmacotherapy of Alzheimer's Disease
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Abstract: The cholinergic hypothesis of Alzheimer's disease has spurred the development of numerous
structural classes of compounds with different pharmacological profiles aimed at increasing central cholinergic
neurotransmission, thus providing a symptomatic treatment for this disease. Indeed, the only drugs currently
approved for the treatment of Alzheimer's disease are cholinomimetics with the pharmacological profile of
acetylcholinesterase inhibitors. Recent evidence of a potential disease modifying role of acetylcholinesterase
inhibitors and M1 muscarinic agonists have led to a revival of this approach, which might be considered as
more than a symptomatic treatment.

1. INTRODUCTION of the protein by an α-secretase, resulting in the generation
of a soluble APP fragment (APPs) that displays neurotrophic
and neuroprotective properties. Alternatively, successive
cleavages of APP by β- and γ -secretases result in the
generation of the Aβ peptide. While trace amounts of Aβ
have been detected as part of the normal cellular metabolism
of APP, an increase in the production of the peptide and its
subsequent deposition as insoluble amyloid plaques may
represent the key pathological event that triggers the disease
process [5]. Therefore, any manipulation that diminishes or
prevents the generation or deposition of Aβ may be a
potential therapeutic strategy, which could serve to slow
down the rate of progression of the disease and prevent
further neuronal cell losses. Although recently developed
strategies based on immunization with Aβ [6], use of β- and
γ -secretase inhibitors [7] or amyloid aggregation inhibitors
[8] show a promise for the treatment and prevention of AD,
these approaches are still in their infancy and no clinical
experience is available at present.

Alzheimer's disease (AD) is a slow progressive
neurodegenerative disorder, clinically characterized by a
noticeable cognitive decline defined by a loss of memory and
learning ability, together with a reduced ability to perform
basic activities of daily living [1], and a diverse array of
neuropsychiatric symptoms such as apathy, verbal and
physical agitation, irritability, anxiety, depression, delusions
and hallucinations [1]. Taking into account the increase in
life expectancy, the fact that the incidence of AD increases
with advancing age, and the devastating effects of this
illness, nowadays AD represents a major public health
problem and will presumably be the most important
pathology of the XXI century in the developed countries.
Important efforts have been made in the last two decades in
order to determine the etiopathogenesis of AD, and to carry
out its early diagnosis and therapeutic control [2,3].

2. THERAPEUTIC STRATEGIES The second main approach is to slow the decline of
neuronal degeneration and to treat the symptoms of the
disease by repletion of several deficient neurotransmitters.
Among different neurotransmitter deficits occurring in AD,
reproducible cholinergic deficits are consistently reported [9-
10], which appear early in the disease process, and correlate
well with the degree of dementia [11]. The deficit of the
neurotransmitter acetylcholine (ACh) is secondary to a
selective degeneration of cholinergic neurons that originate in
the basal forebrain and project to the cortex and
hippocampus. As a consequence, losses in all known
presynaptic cholinergic markers, such as choline
acetyltransferase, the rate limiting enzyme for ACh synthesis,
ACh levels, acetylcholinesterase (AChE), the enzyme
responsible for the degradation of ACh, as well as
presynaptic M2 muscarinic and nicotinic receptors have been
repeatedly found in the cerebral cortex and hippocampus
[12], usually in post-mortem brain examination, while
postsynaptic M1 muscarinic receptors are relatively preserved
in AD [13]. This selective cholinergic neurodegeneration
forms the basis for the so-called cholinergic hypothesis of
AD [14-16], that postulates that many of the cognitive,
functional and behavioral symptoms experienced by patients

In spite of the multifactorial nature of AD [4], most
treatment strategies have been directed to two main targets:
the β-amyloid peptide (Aβ) and the cholinergic
neurotransmission. Therefore, there are two main approaches
for the treatment of AD.

The first approach is to prevent the neurodegenerative
changes that ultimately cause irreversible damage to the
brain. Aβ is the main component of the extraneuronal senile
plaques, one of the main neurohistopathological signs of
AD. Aβ derives from the proteolytic processing of the β-
amyloid precursor protein (APP), which can take place
through two alternative pathways which are mutually
exclusive [5]. The primary pathway results from the cleavage
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with AD result from a deficiency in neurotransmitter ACh,
and thus in cholinergic neurotransmission. Pharmacological
and lesion studies in animals support the involvement of
central cholinergic systems in learning and memory.
Anticholinergic substances such as the muscarinic antagonist
scopolamine are known to induce a marked deterioration in
short-term memory, similar to that observed in the first stage
of AD, which can be reversed by administration of
cholinomimetics such as the centrally active AChE inhibitor
physostigmine. The cholinergic hypothesis of AD has
provided the rationale for the current major therapeutic
approach to AD: enhancement or restoration of central
cholinergic function may significantly improve the cognitive
impairments present in AD. Currently, the only FDA-
approved AD therapies are a group of indirect
cholinomimetics which enhance cholinergic function by
inhibiting ACh degradation.

neurotransmission can be enhanced by increasing the release
of the remaining presynaptic neurotransmitter in the brain or
by increasing the uptake of choline into the presynaptic
neuron in order to increase ACh synthesis.

3.1. Acetylcholine Release Enhancers

Several distinct pharmacologic mechanisms result in the
enhancement of ACh release in the central nervous system
(CNS).

Potassium Channel Blockers [Fig. (1)]

On the one hand, ACh release is modulated by voltage-
gated ion channels. Among the voltage-gated ion channel
modulators, potassium channel blockers have been the most
studied ACh release enhancers. In spite of the memory-
enhancing effects in animal models of cognition displayed by
the initial prototypes of this class of compounds, 4-
aminopyridine and linopirdine (DuP 996), their development
was halted by lack of efficacy in clinical trials with AD
patients [17,18], probably due to their short and variable
half-life and poor blood-brain barrier (BBB) penetration [19].
Different structural modifications around these lead
compounds have been carried out in order to develop a
second generation of ACh release enhancers which can
overcome these limitations. Replacement of the 2-indolinone
core of linopirdine with the tricyclic anthrone core and
additional introduction of a fluorine atom ortho to the
nitrogen in the pyridylmethyl pendant groups has led to the
more lipophilic XE991 and to the N-oxidation resistant
DMP 543, with improved in vitro and in vivo potency
[20,21]. Particularly interesting is DMP 543, which is
currently undergoing clinical development [18,22] on the
basis of its 10-20-fold higher potency, 4-fold longer half-life
and 6-fold greater brain penetration in comparison with
linopirdine. Recently, some hybrid compounds have been

Different treatment strategies aimed at enhancing
cholinergic neurotransmission have been attempted for the
symptomatic treatment of AD. Cholinergic drugs can act
presinaptically or synaptically, essentially by increasing the
release or the bioavailabitity of ACh at the synaptic cleft, or
postsynaptically through direct stimulation of muscarinic
receptors. In this paper, we offer an overview of the structure
and pharmacological profile of the different classes of drugs
which have been developed for restoring central cholinergic
tone, highlighting the new strategies or novel compounds
which are under preclinical or clinical development.

3. PRESYNAPTIC CHOLINERGIC DRUGS

One of the first attempts to treat AD was directed to
increase the synthesis of ACh by supplying ACh precursors
such as lecithin and choline with generally disappointing
results [9]. Consequently, this approach has, for the most
part, been abandoned. Alternatively, cholinergic
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Fig. (1). Potassium channel blockers.
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designed to improve the pharmacokinetic profile of the lead
compounds, by connecting a 4-aminopyridine subunit to a
4-aminobutyric acid (GABA) chain in order to improve the
diffusion into the brain (compound 1) or to the 2-indolinone
subunit of linopirdine (compound 2), showing potent
antiamnesic activity compared to piracetam [23]. Besipirdine
(HP 749) emerged from a program for the synthesis of
arylaminopyridines as more lipophilic analogues of 4-
aminopyridine [24]. Although interactions of besipirdine
with potassium channels have been described, recent
evidence points to an interaction with voltage-dependent
sodium channels [25]. Besipirdine reverses memory deficits
in animal behavioral models [26], and interestingly, it
displays a unique combination of adrenergic and
cholinomimetic properties, which has supported its
development, being currently in advanced clinical trials [24].
Given the fact that multiple biochemical deficits are
associated with AD, compounds able to modulate
neurotransmission by multiple biochemical mechanisms
may find a great utility in this disease. Second generation
drugs such as besipirdine and also XE991 and DMP 543,
which also enhance the release of dopamine and aspartic acid
[20] as well, may provide such a therapeutic benefit to
patients with AD. Moreover, with the more recent
availability of cloned potassium channel subunits which play
a critical role in regulating neuronal excitability in the
nervous system, more potent and selective compounds useful
for treatment of AD are likely to be forthcoming [27].

antagonists should provide another means of increasing ACh
release, thus restoring the cholinergic tone in AD at least at
the stage where these receptors are not completely lost [28].
Several pyridobenzodiazepinones and dibenzodiazepinones
such as BIBN 99 and DIBD have been designed around the
initial low lipophilic tricyclic prototypes AF-DX 116 [29]
and AQ-RA 741 [30], by structural modifications of the side
chain directed to increase lipophilicity and consequently
their penetration into the CNS, thus minimizing peripheral
actions on M2 receptors in gastrointestinal and cardiac
tissues [31,32]. Moreover, these novel compounds are
endowed with improved M2 versus M1 selectivity, that
might avoid counteraction of their presynaptic action on
ACh release by acting on postsynaptic muscarinic receptors
[33,34]. While these compounds are still in an early stage of
development, they seem to have the pharmacokinetic and
subtype selectivity properties that make them possible
candidates for AD treatment. From a synthetic program
aimed to develop atropine-related derivatives endowed with
more intensive antinociceptive and antiamnesic activities
than those recently reported for atropine [35], PG-9 emerged
as novel M2 muscarinic antagonist with central antiamnesic
and antinociceptive effects in mice and rats, and good side
effect profile [36]. SCH-57790 is the prototype of another
structural class of selective M2 muscarinic antagonists [37].
Although it was shown to increase ACh levels in vivo after
oral administration and was effective in animal models of
cognition [38], the presence of the chemically labile benzylic
cyano group precluded its development as a clinical
candidate. Pharmacomodulation of this lead structure has led
to more interesting compounds such as SCH-217443 [39]
and SCH-72788 [40], with a higher M2/M1 affinity ratio
(623 and 84, respectively), which seem sufficient to inhibit
M2 autoreceptor function without blocking M1 activity, thus

M2 muscarinic antagonists. [Fig. (2)]

ACh release in the CNS is also modulated by negative
feedback via presynaptic M2 muscarinic receptors in
cholinergic terminals, whose blockade by selective
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preventing side effects produced by non-selective muscarinic
antagonists such as scopolamine. These novel potent and
selective M2 muscarinic antagonists have been chosen for
further evaluation as potential drug candidates for AD
treatment.

the first selective α7 nicotinic agonist to be developed as a
drug candidate for AD. It displays neuroprotective activity
and much lower toxicity than (−)-nicotine [49]. In phase I
clinical tests it improved memory and attention, and it
showed to be safe after oral administration of large doses
[49]. More recently, novel potent and selective nicotinic
agonists such as ABT-089 [50] and SIB-1553A [51] are
shown to be more efficacious and better tolerated than (−)-
nicotine in preclinical tests, exhibiting also a better oral
bioavailability than ABT-418 and GTS-21 [52] and a
marked increase in cortical and hippocampal levels of ACh
and other neurotransmitters relevant for cognitive processes
[53], respectively. Although these new selective nicotinic
agonists are unlikely to be totally free of nicotine-like
adverse effects such as dizziness and nausea [44], their overall
pharmacological profile supports their potential as drug
candidates for the treatment of AD.

Nicotinic Agonists. [Fig. (3)]

Nicotinic receptors are located on presynaptic cholinergic
terminals, and nicotinic agonists increase ACh release
resulting in a feed-forward effect on cholinergic transmission.
Nicotine itself, which stimulates all known nicotinic receptor
subtypes to some degree, has been reported to be beneficial
for memory in human and animal tests. However, the
occurrence of side-effects at higher doses, such as anxiety,
adverse mood changes, nausea and vomiting, have
apparently delayed intensive research efforts to develop
nicotinic agonists which would restore central cholinergic
tone [41]. In the past few years, however, thanks to progress
in molecular biology, physiology and pharmacology of
central nicotinic receptors [42], the possibility that nicotinic
stimulation may have beneficial effects in AD and other
neuropsychiatric disorders has been recognised. Of the many
nicotinic receptor subtypes that are expressed in the
mammalian brain, α4β2 and α7 subtypes are the most
prominent ones [43], the former having the greatest relevancy
to AD [44]. Recently, it started an intensive search for novel
selective nicotinic agonists, designed by modification of
either the pyridine or the pyrrolidine ring of nicotine [44-46],
that could possess a better therapeutic index, improved
pharmacokinetics, and higher degree of efficacy in AD
patients. ABT-418, an isoxazole analogue of (−)-nicotine,
was the first novel selective nicotinic agonist tested in
human patients. It is a potent agonist at the α4β2 nicotinic
receptor subtype [47], which in preclinical tests was shown
to be 3- to 10-fold more potent than (−)-nicotine in memory
enhancement and in anxiolytic test paradigms, with an
improved side effect profile [47,48]. GTS-21 (DMXBA) is

3.2. High Affinity Choline Uptake Enhancers

High affinity choline uptake (HAChU) is a regulatory
step in ACh synthesis, and as other presynaptic cholinergic
markers, its levels are decreased in AD [54]. Therefore, the
increase of the uptake of choline into the presynaptic neuron
constitutes another approach to activate the presynaptic
cholinergic function and improve central cholinergic tone.

In preclinical tests, Z-4105 [Fig. (4)] enhanced HAChU
after acute treatment in hippocampus, without affecting the
levels of other neurotransmitters and displaying low toxicity
after oral administration [55]. Starting from 4-aminopyridine,
which is known to increase HAChU, as a lead compound, a
series of 4-acylaminopyridine derivatives was synthesized
[56], among which the compound MKC-231 [Fig. (4)]
emerged as a potent HAChU enhancer, with in vivo activity
and low acute toxicity in rats [56]. This compound is
currently undergoing clinical trials.
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4. SYNAPTIC CHOLINERGIC DRUGS

Two types of cholinesterases, AChE and
butyrylcholinesterase (BChE), are present in a wide variety
of tissues. Cholinesterase in the brain is predominantly
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AChE, which hydrolyzes ACh to choline and acetate,
thereby terminating the effect of this neurotransmitter at
cholinergic synapses. AChE is therefore the target of
cholinesterase inhibitors used for the cholinergic
pharmacotherapy of AD, since its inhibition leads to an
increase in the bioavailability of ACh at the synaptic cleft,
and consequently to an increased stimulation of postsynaptic
muscarinic receptors, thus improving cholinergic
neurotransmission, while neither of the cholinesterases in
peripheral tissues (AChE and BChE) is a target for treatment
of AD, since their inhibition would cause side effects.

slower rate than the acylated form resulting from the
interaction with the substrate ACh. The prototype of this
class of compounds is physostigmine, which was the first
AChEI to be clinically studied for the treatment of AD. In
spite of the first encouraging results, its potential use for AD
was discarded following the completion of phase III clinical
studies, where a lack of efficacy was shown, resulting from
its short half-life, variable bioavailability, and narrow
therapeutic index. In order to improve the in vivo profile of
physostigmine, while retaining its in vitro potency, a
number of more lipophilic analogues have been designed.
Eptastigmine is a second generation AChEI carbamate, with
lower toxicity and longer duration of action. Although, in
phase III clinical trials, it has shown to be efficacious [60],
its clinical utility could be limited by the occurence of
neutropenia and aplastic anemia in some patients [61].
Quilostigmine (NXX-066) is another potent and long-acting
second generation AChEI carbamate [62], which in phase I
studies has shown a good side effect profile. The miotine
derivative rivastigmine (SDZ-ENA-713, Exelon®) is less
potent than physostigmine ex vivo  and in vitro and also
inhibits BChE. However, its superior global
pharmacological profile, including a good combination of
brain selectivity, long-lasting in vivo activity, good
tolerability and neuroprotective properties [57,63], led to its
approval for the treatment of AD by the European Union in
1998 and by the US FDA in 2000. A third generation of
AChEI carbamates which combine long duration of action
and selectivity for AChE versus BChE inhibition has
recently been developed. Phenserine and tolserine display
long-lasting action, high selectivity for AChE versus BChE
(75-200-fold) and also high brain versus plasma selectivity
(10-24-fold) [64,65], which is reflected in an unusually wide
therapeutic window and high potency to improve memory
and cognition in preclinical animal studies [66]. Phenserine
is entering phase I clinical trials. Ro 46-5934 is another
novel potent and selective AChEI, with M2 muscarinic
antagonist activity, leading to a higher efficacy in increasing
extracellular levels of ACh [67]. CHF2819 is a novel, orally
active geneserine derivative with long-lasting AChE
inhibitory activity, which produces a concomitant increase in
the levels of ACh and serotonine in rat hippocampus, which

Acetylcholinesterase inhibitors (AChEIs) are assumed to
take advantage of the relative preservation of postsynaptic
muscarinic receptors in AD. However, this approach is
limited, in principle, to patients who have intact and
functionally active presynaptic neurons that are capable of
synthesizing and releasing ACh. Therefore, AChEIs may be
most useful in the early stages of AD and lose effectiveness
over time. The efficacy of AChEIs may be further limited by
activation of presynaptic M2 muscarinic autoreceptors by
ACh, leading to an inhibition of further presynaptic release of
this neurotransmitter, thus counteracting their effects. In spite
of these drawbacks, AChEIs constitute, to date, the most
effective approach to treat the cognitive symptoms of AD
[57-59]. They have shown clear therapeutic utility on both
cognitive performance, as well as on the quality of life in
these patients [59]. Indeed, the only drugs currently
approved for the treatment of AD are AChEIs (i.e. tacrine,
donepezil, rivastigmine and galantamine). A large amount of
AChEIs has been developed, which differ among themselves
in selectivity for AChE and BChE, mechanism of inhibition
and reversibility. On the basis of their mechanism of
inhibition and structure, AChEIs can be divided in several
groups.

4.1. Pseudo-irreversible AChEIs

This class of AChEIs includes a group of carbamates [Fig
(5)] which form a carbamoylated complex with the serine
residue of the catalytic triad of AChE, that is hydrolyzed at a
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could be useful to treat the depressive syndrome
accompanying AD [68]. P10358, a carbamate derivative of
besipirdine, is a novel potent, nonselective, centrally active
AChEI, more efficacious and safer than eptastigmine in
preclinical animal studies [69].

and interestingly, it also increased the levels of noradrenaline
and dopamine in rat cortex [72].

Me3N
CF3

O

Me3 Si
CF3

OI

3   zifrosilone
(MDL-73745)

4.2. Irreversible AChEIs

This class includes some organophosphates which form a
stable phosphorylated complex with the serine residue of the
active site of AChE, whose dephosphorylation is even
slower than decarbamoylation. The only representative of
this class of AChEIs which has undegone extensive clinical
trials is metrifonate [Fig (6)] [70]. Metrifonate differs from
other AChEIs in that it is a nonactive prodrug, which is
non-enzymatically transformed in vivo into an active
metabolite, 2,2-dichlorovinyl dimethylphosphate (DDVP),
small amounts of which are sufficient to inhibit AChE, but
also BChE, in vivo for several weeks, being thus the AChEI
with the longest duration of action. Although phase III
clinical trials were generally supportive of its cognitive
efficacy, its application for FDA-approval was withdrawn
because of concerns about reversible but clinically significant
muscle weakness and respiratory depression occurring in a
small proportion of patients.

Fig. (7). Transition state analogue acetylcholinesterase
inhibitors.

4.4. Reversible AChEIs

In contrast with the three above described classes of
AChEIs, reversible AChEIs interact with the enzyme near its
catalytic site, without producing a covalently modified
complex. Three general structural families can be considered:
aminoacridines, N-benzylpiperidines and some alkaloids.

Aminoacridines. [Fig. (8)]

The prototype of centrally active AChEI aminoacridine is
tacrine (Cognex®) [73,74], which was the first drug
approved by the FDA for the treatment of AD in 1993.
Tacrine is slightly more potent toward BChE than toward
AChE, and has other actions, including blocking sodium
and potassium channels and direct activity at muscarinic
receptors and on other neurotransmitter systems, which
might contribute to its demonstrated activity on AD [57].
However, several disadvantages, such as short-half life, high
incidence of side effects and especially induction of
hepatotoxicity, have largely eliminated it from the market.
Large numbers of analogues have been designed around
tacrine. The hydroxy- and methoxy-derivatives velnacrine,
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Fig. (6). Irreversible acetylcholinesterase inhibitor metrifonate.

4.3. Transition State Analogue Inhibitors

Trifluoromethylketones are effective inhibitors of serine
enzymes [71], whose potency arises from a reversible
covalent interaction with the serine residue of the active site
of the enzyme to form a tetrahedral hemiketal adduct which
structurally resembles transition states in the catalytic
mechanisms of the enzyme. Indeed, m-(N,N,N-
trimethylammonio)trifluoroacetophenone, 3, [Fig (7)] is a
highly potent reversible AChEI, having an inhibition
constant in the fentomolar range [71]. The ionic nature of
this compound prevents its capability to cross BBB,
however more lipophilic non-ionic derivatives should be
useful to inhibit central AChE. Zifrosilone (MDL-73745) is
a representative of a new class of AChEI based on this
concept of transition state analogue inhibitors, which is
being developed as a possible treatment of AD. This
compound combines the reactivity of the
trifluoromethylketone functionality with the high
lipophilicity introduced by a trimethylsilyl group, which
increases brain penetration. MDL-73745 is a selective slow-
tight-binding AChEI which an inhibition constant KI in the
picomolar range [72], what accounts for its long-lasting
inhibition of brain AChE. MDL 73745 was effective in
several animal models of cognition, exhibiting low toxicity,
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suronacrine, and 7-methoxytacrine were active in animal
models of cognition [75-77], showing a lower acute toxicity.
However, occurrence of hepatotoxicity in some patients
treated with velnacrine [78] has precluded further
development. Amiridine (NIK-247) showed well-defined
therapeutic benefits and safety in initial clinical studies [79],
and is currently undergoing phase III clinical evaluation in
Japan. Introduction of halogen atoms at positions 6 or 8 of
tacrine is known to have a positive effect on AChE
inhibitory activity [80]. One of such derivatives, SM-10888
is nearly equipotent to tacrine and 2-4 times more potent
than amiridine and velnacrine, and has started clinical trials
in Japan for the treatment of AD [81]. CI-1002 is another
derivative bearing halogen atoms at positions equivalent to
positions 6 and 8 of tacrine. While this compound is nearly
equipotent to tacrine [82], recent studies suggest that it
might be more effective than tacrine in maintaining ACh in
the synaptic cleft [83].

higher potency and selectivity than donepezil and were
effective in animal models of cognition [89].

Alkaloids. [Fig. (10)]

Galantamine (Reminyl®) is a tertiary amine alkaloid
isolated from Amaryllidaceae (Galanthus woronowi, the
Caucasian snowdrop), that has been recently approved in
several countries for the symptomatic treatment of AD [90].
It is a reversible, competitive inhibitor of AChE with
relatively less BChE activity, and also an allosteric
modulator of nicotinic receptors in vitro, enhancing the
response of nicotinic receptors to ACh [91], which results in
an increase in the release of ACh and other neurotransmitters,
additional to the increase in ACh bioavailability by
inhibition of AChE. Although not clinically proven useful
yet, this dual action of galantamine makes it an intriguing
prospect for the treatment of AD. Several galantamine
analogues have been developed [92], among which the 6-
ester derivatives P11012 and P11149 are the most promising
ones. These compounds are in fact prodrugs, which after oral
administration are quickly hydrolyzed in vivo to 6-
demethylgalantamine, which is 10-fold more potent and 6-
fold more selective than galantamine. (−)-Huperzine A, an
alkaloid isolated from the Chinese medicinal herb Huperzia
serrata, is a very potent, selective and long-acting AChEI
with low toxicity, which enhances cognitive function in

N-Benzylpiperidines. [Fig. (9)]

Donepezil (Aricept®), the prototype of this structural
class, was the second FDA-approved drug for the treatment
of mild to moderate AD in 1996. It is a potent, long-acting
and highly selective AChEI, exhibiting an affinity for AChE
1250 times greater than for BChE, and also exhibiting brain
versus plasma selectivity in vivo [84,85]. Its superior
pharmacological profile, including high efficacy, safety profile
and brain selectivity, has spurred the development of other
N-benzylpiperidine derivatives. TAK-147, although less
potent than donepezil, has shown beneficial effects in animal
models of cognition, without eliciting significant side effects
[86], and is currently undergoing phase II clinical testing in
Japan. T-82 is another potent AChEI, which additionally
seems to have antagonistic activity on 5-HT3 receptors, what
could lead to an enhanced release of ACh from presynaptic
cholinergic terminals, resulting in a synergistic effect with
AChE inhibition [87]. Some N-benzylpiperidine derivatives
in which the indanone moiety of donepezil has been replaced
by different heterocyclic systems have been recently described
[88,89]. Among these compounds, bioisosteric N-
benzylpiperidine benzisoxazoles such as 4 and 5 displayed
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animals and human, and exhibits a neuroprotective action on
hippocampal and cortical neurons [93,94]. (−)-Huperzine A
is undergoing clinical trials in AD patients in China, and
has been recently marketed in USA as a dietary supplement.
As a promising lead compound, much efforts have been
devoted to the synthesis of huperzine A analogues [93,94].
However, the sole analogues which can rival the activity of
the lead compound are the 10-methyl substituted analogue 6
which is 8-fold more potent than (±)-huperzine A and a 10-
spirocyclopropyl analogue which is equipotent to (−)-
huperzine A.

appropriate distance for interaction with both binding sites,
have been recently synthesized [95-99]. Although all of these
bis-ligands are clearly more potent than the parent
compounds, but the most promising of them is compound
7, which is 149-fold more potent than tacrine and has
recently shown to be effective in animal models of cognition
[100] and in protection against oxidative damage [101].
Compounds 11 and 12, which combine the 3-amino-6-
phenylpiridazine moiety of minaprine, an antidepressant with
weak AChE inhibitory activity, with the N-benzylpiperidine
moiety of donepezil also seem to interact with both binding
sites of the enzyme, and are more potent and selective than
tacrine [102,103].Recently very interesting novel AChEIs have been

designed by enlargement of known lead structures either by
duplication of the parent drug or by association in the same
molecule of structural fragments of different lead compounds
[Fig. (11)]. Three different goals have been pursued with
these conjunctive approaches.

On the other hand, some tacrine−huperzine A hybrids
(huprines) were designed by combination of the 4-
aminoquinoline substructure of tacrine with the carbobicyclic
substructure of (−)-huperzine A, with the idea of increasing
their binding to the active site of AChE, since the binding
sites of tacrine and (−)-huperzine A are close and partially
overlap. Huprine X and huprine Y are the most promising
compounds of this novel class of AChEIs as drug candidates
for the treatment of AD [104,105]. These compounds act as
tight-binding reversible AChEIs, being more than 400-fold
more potent than tacrine and 492- and 777-fold, more potent
toward AChE than toward BChE. They are able to cross the
BBB, and bind to human AChE with an inhibition constant
KI around 30 pM, indicating that they bind to the enzyme
with one of the highests affinities yet reported. The affinity of
these compounds for human AChE is around 1200-fold

On the one hand, bivalency is an effective strategy for
improving drug potency and selectivity, when multiple
recognition sites for the same substrate exist. In this sense,
important efforts have been made to develop new AChE
inhibitors of increased affinity, potency and selectivity, able
to bind simultaneously to the two known binding sites of
AChE, namely the catalytic and the peripheral sites. Thus,
several homo- or hetero-dimers, such as compounds 7-10,
containing units of tacrine, a key fragment of huperzine A or
galantamine linked by an oligomethylene chain with a
suitable length to locate both components at the most
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higher than that of tacrine, 180-fold higher than that of (−)-
huperzine A and 40-fold higher than that of donepezil.
Further development of huprine X and huprine Y is awaiting
partner.

secretion of APPs via the α-secretase pathway, with
consequent reduction in Aβ release, what suggests that
cholinomimetics can prevent the formation of amyloid
plaques and promote normal processing of APP. To the
extent that cholinergic therapies may have effects beyond the
short-term symptomatic improvement of cognition or
function, and may modify disease progression, their potential
importance for delaying the onset or modifying clinical
progression is evident, although this remains to be
demonstrated in extensive clinical trials. Meanwhile, as
newer potential non-cholinergic therapeutics are still early in
clinical development, AChEIs are likely to be actively used
for the next several years.

A third used strategy is based on the design of
compounds able to interact with two binding sites, but
belonging to two different biological targets. TV3326 can be
considered as a hybrid compound which combines the
phenyl N-ethyl-N-methylcarbamate moiety of rivastigmine
with the N-propargyl-(1R)-aminoindan structure of rasagiline,
a potent selective inhibitor of MAO-B. Indeed, TV3326
possesses both AChE and monoamine oxidase (MAO-A and
MAO-B) inhibitory activity, which results in a unique
combination of pharmacological activities including
cognitive enhancing, neuroprotective and antidepressant
properties. TV3326 is currently under development for the
treatment of AD [106].

5. POSTSYNAPTIC CHOLINERGIC DRUGS

Postsynaptic M1 muscarinic receptors are essentially
spared from degeneration or even up-regulated in AD [109].
While AChEIs depend on ACh release from presynaptic
neurons that are progressively lost during the course of the
disease, M1 muscarinic agonists might be effective in the
treatment of AD, regardless of the extent of degeneration of
presynaptic cholinergic projections to cortex and
hippocampus. For this reason, M1 muscarinic agonists have
been proposed to represent a more rational treatment for AD
than AChEIs [41,110-112]. Moreover, the recent evidence
that M1 agonists could display a modifying disease role
through stimulation of the non-amyloidogenic α-secretase
pathway of APP, regulation of tau phosphorylation and
induction of neurotrophic responses, has reinforced the
development of these compounds [111].

While convincing efficacy data for other classes of
cholinomimetics are lacking at present, AChEIs have proven
to be the most effective class of medication for short term (6
to 12 months) improving cognitive function and activities of
daily living. However, overall results are usually modest,
affecting only one third of treated patients [107], and
cholinergically mediated gastrointestinal side-effects,
although characteristically mild in severity and short-lived,
are frequent. Inhibition of BChE was initially thought to be
related to the occurrence of peripheral side-effects, but non-
selective and selective AChEIs produce qualitatively similar
adverse effects that, therefore, do no appear to result from
inhibition of BChE [108]. In spite of these drawbacks, the
interest for AChEIs has been renewed due to the discovery of
additional benefits of these drugs beyond improving
intellectual functions, such as the decrease and amelioration
of the neuropsychiatric symptoms of AD, especially apathy
and visual hallucinations [1]. More interestingly, recent
evidence suggests that both muscarinic agonists and AChEIs
may actually modify disease progression [57,107].
Activation of M1 muscarinic receptors can stimulate

Early clinical studies with first-generation muscarinic
agonists, such as arecoline [Fig. (12)], oxotremorine [Fig.
(15)], pilocarpine [Fig. (15)] and RS86 [Fig. (13)], were
very disappointing due to their low potency, short-term
duration of action, poor oral bioavailability and occurrence of
significant peripheral cholinergic side-effects due to
insufficient receptor subtype specificity [113]. To overcome
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these limitations, second generation agonists with improved
pharmacokinetics, BBB penetration and M1 selectivity have
been designed. However, attaining receptor subtype
selectivity among muscarinic agonists has proven to be an
illusive goal, probably due to the high degree of homology
between the five known muscarinic receptor subtypes (M1-
M5) [114]. An alternative approach is based on the use of
partial agonists to confer functional selectivity [115], even in
the absence of significant differences in affinity with respect to
receptor subtypes, taking advantage of the high M1
muscarinic receptor reserved in brain and low levels of ACh.
Many muscarinic agonists have been designed, mostly by
pharmacomodulation of first-generation agents or ACh itself.

The potent agonists muscarine and cis-dioxolane [Fig. (13)]
are quaternary ammonium compounds which do not
penetrate BBB. The related spirocyclic piperidine
succinimide RS86 and the quinuclidine dioxolane analogue
AF-30 are known agonists of moderate potency [127], which
have been used as lead compounds for the design of novel
spiropiperidines and spiroquinuclidines with therapeutic
potential for AD. One of such compounds, the dioxolane
analogue SDZ 210-086, is a potent, centrally active
muscarinic agonist with good bioavailability. However,
elevation of liver transaminases at the expected therapeutic
dose level precluded further clinical studies [127]. YM-796
is a muscarinic M1 agonist with 3.5-fold selectivity for M1
over M2 receptors, which improves learning in animal
models of cognition [128] and is currently in phase II
clinical trials for AD. Cevimeline (AF102B), AF150(S) and
AF267B (the AF series) are other well studied spirocyclic
compounds, which are considered rigid analogues of ACh.
This rigidity might limit their ability to adapt to minor
differences in receptor structure, thereby providing selectivity
toward a limited population of receptor subtype [129].
Indeed, these compounds are M1 functionally selective
agonists which restore memory and learning deficits in
several models of cognition with relatively few side-effects
and a high safety margin [129]. Development of cevimeline
for AD was, however, discontinued due to a lack of efficacy
and the high incidence of cholinergic side-effects.

Several muscarinic agonists have been designed around
arecoline or conformationally rigid azabicyclic analogues, by
replacement of the metabolically labile ester function either
with bioisosteric five-membered heterocyclic rings or with an
oxime ether functionality [Fig. (12)], for improving both
metabolic stability and muscarinic receptor subtype
selectivity. Initially developed derivatives such as the M1 /
M4 preferring agonist xanomeline [116], the M1 partial
agonist and M2 / M3 antagonist alvameline (Lu 25-109)
[117,118], the nonselective muscarinic agonist milameline
(CI-979) [119], and the functionally selective partial M1
agonist sabcomeline (SB-202026) [120,121] failed to show
statistically significant efficacy and / or were associated with
a high incidence of gastrointestinal side effects in phase II or
phase III clinical trials, that led to discontinuation of their
development. Other recently developed arecoline derivatives
are still under preclinical or clinical evaluation. RU 47213 is
a prodrug under development for treatment of AD, whose
carbamate function is hydrolyzed in vivo to form the
tetrahydropyridine oxime RU 35963, a nonselective
muscarinic agonist [122]. After oral administration, RU
47213 seems superior to arecoline in terms of potency,
central selectivity and duration of action, and is also active
in animal models of cognition, without eliciting significant
cholinergic side effects [122]. CI-1017 (PD-151832) is a
functionally selective M1 muscarinic agonist, which emerged
from a program directed to the synthesis of muscarinic
agonists longer/larger than the classical ones with the aim of
increasing subtype selectivity by ensuring maximum contact
between the agonist and the internal surface of the binding
cavity [113]. CI-1017 was well tolerated in phase I clinical
trials and is entering phase II studies [123]. CDD-0034-C,
an analogue of arecoline in which the tetrahydropyridine ring
is replaced with a tetrahydropyrimidine ring, emerged from a
program directed to the synthesis of amidines as suitable
bioisosteres of the ammonium group of ACh or arecoline (in
its protonated form) [124]. The moderate affinity for central
muscarinic receptors displayed by CDD-0034-C was
increased either by introduction of larger alkyl subtituents or
by bioisosteric replacement of the methyl ester group with a
five-membered heterocyclic ring. Thus, compounds CDD-
0097-A and CDD-0102 display relatively high affinity,
functional selectivity for M1 versus M3 receptors, high
central bioavailability and a limited side effect profile [125].
Indeed recent studies have shown that CDD-0102 improves
memory function in animals, exhibiting good oral
bioavailability and low toxicity, that supports further
development [126].
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Talsaclidine (WAL 2014) [Fig. (14)] can be considered
as a derivative of the rigid ACh analogue aceclidine.
Talsaclidine is a functionally preferential M1 agonist with
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full intrinsic activity and less pronounced effects at M2 and
M3 receptors. Because of this favourable receptor profile and
its pharmacokinetic properties [130], talsaclidine was
expected to cause fewer and less severe side-effects than other
muscarinic agonists. Indeed, in safety clinical trials,
talsaclidine was well-tolerated in both healthy volunteers and
AD patients. It is currently undergoing phase III clinical
trials for AD treatment, although it seems not to show
convincing any improvement in cognitive functions [130].

Although M1 muscarinic agonists seem to improve the
psychiatric symptoms usually present in AD patients [41],
clinical results have so far not been satisfactory due to a
doubtful efficacy of cognitive function and a high incidence of
muscarinic-related side-effects, as a consequence of their
usually modest selectivity. A possible explanation of the
failure of these agents, where AChEIs are relatively effective,
is that inhibition of AChE and subsequent elevation of ACh
levels enhances not only muscarinic but also nicotinic
stimulation. It has also been suggested that the limited
efficacy of muscarinic agonists may be due to dysfunctional
receptor response mechanisms in AD [110]. It is not clear if
sufficient M1 receptor reserve exists in brain areas of AD
patients, which regulate cognitive function to compensate for
these partial reductions in muscarinic receptor function.
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(WAL 2014)

aceclidine

As already mentioned, activation of M1 muscarinic
receptors accelerates APPs secretion and inhibits Aβ
formation. This has been evidenced in numerous studies in
vitro, in vivo, and in AD patients as well as, with different
muscarinic agonists including xanomeline [134], alvameline
[112], milameline [112], sabcomeline [112], CI-1017 [123],
cevimeline and AF150(S) [129,135], and talsaclidine [136].
However, only large, long-term phase III studies in humans
will allow to assess the speculated potential of these agents
to modify AD.

Fig. (14). Rigid analogues of acetylcholine with muscarinic
activity.

Several analogues of the classical muscarinic agonists
oxotremorine and pilocarpine have been developed [Fig.
(15)]. Oxotremorine analogue UH5 has been reported to be
somewhat subtype selective muscarinic agonist [131].
Oxime 13, an analogue of UH5, is a novel potent and M1
selective partial muscarinic agonist, with a 5-fold selectivity
for M1 over M2 muscarinic receptors [131]. Compound 14 is
another recently developed oxotremorine analogue with
selective affinity for brain M1 receptors compared to heart M2
receptors [132]. The pilocarpine isostere thiopilocarpine
(SDZ-ENS 163) exhibits an unusual receptor profile of
postsynaptic M1 agonist as well as presynaptic M2
antagonist, which makes it an ideal drug for augmenting
central cholinergic transmission. It is currently in clinical
trials for AD [133].

6. FUTURE PROSPECTS

The general acceptance of the cholinergic hypothesis of
AD has experienced some ups and downs due to the modest
effects displayed by AChEIs and the failure of the other
classes of cholinomimetics. However, the finding that APP
processing may be under cholinergic control, and therefore
the assumption that cholinergic pharmacotherapy might have
more than a symptomatic role in the management of AD, has
boosted a recent revival of this strategy.
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While AChEIs are likely to be actively used for the
indefinite future as the only available efficacious treatment for
AD, future trends in cholinergic pharmacotherapy of AD
seem to address, on the one hand, the development of
allosteric modulators of both muscarinic [110,137] and
nicotine [91] receptors, as a way to achieve better subtype
selectivity and to prevent compensatory processes such as
receptor desensitization or downregulation of expression,
which are induced by agonists.

On the other hand, treatment of AD with a single drug is
probably not a realistic option due to the complicated nature
of the disease. In this sense, a combination therapy of
AChEIs with muscarinic or nicotinic agonists, or with non-
cholinergic agents such as estrogens, antioxidants or anti-
inflammatory agents will be a future alternative to the present
monotherapy [10,49,107,111]. Moreover, combination
therapies could be directed to the manipulation of several
neurotransmitters which are deficient in AD patients and are
also involved in the various components of memory and
cognitive ability. Recent evidence suggests that combined
cholinergic-monoaminergic therapies are markedly effective
in restoring some aspects of cortical functioning [138-141],
and a combination therapy of AChEIs with the NMDA

Fig. (15). Oxotremorine- and pilocarpine-analogue muscarinic
agonists.
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receptor antagonist memantine has been suggested to result
in both funtional improvement and neuroprotection from
glutamate [142]. Thus, a more thorough investigation of the
potential benefits of this polypharmaceutical approach in AD
seems warranted.

[9] Cababelos, R.: Nordberg, A.; Caamaño, J.; Franco-
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X.A.; Takeda, M.; Prous, J.; Nishimura, T.; Winblad, B.
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