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Abstract Alzheimer’s disease (AD) is the most common
cause of dementia in elderly people. Because of the lack of
effective treatments for this illness, research focused on
identifying compounds that restore cognition and functional
impairments in patients with AD is a very active field. Since its
discovery in 1993, the serotonin 5-HT¢ receptor has received
increasing attention, and a growing number of studies sup-
ported 5-HTg receptor antagonism as a target for improving
cognitive dysfunction in AD. This article reviews the rationale
behind investigations into the targeting of 5-HT¢ receptors as a
symptomatic treatment for cognitive and/or behavioral
symptoms of AD. In addition to describing the available
clinical evidence, this article also describes the purported
biochemical and neurochemical mechanisms of action by
which 5-HTjg receptor antagonists could influence cognition,
and the preclinical data supporting this therapeutic approach
to AD. A large number of publications describing the devel-
opment of ligands for this receptor have come to light and
preclinical data indicate the procognitive efficacy of 5-HTg
receptor antagonists. Subsequently, the number of patents
protecting 5-HTg chemical entities has continuously grown.
Some of these compounds have successfully undergone phase
I clinical studies and have been further evaluated in clinical
phase Il trials with variable success. Phase Il studies have also
revealed the potential of combining 5-HT¢ receptor antago-
nism and cholinesterase inhibition. Two of these antagonists,
idalopirdine and RVT-101, have been further developed into
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ongoing phase III clinical trials. Overall, 5-HT¢ receptor
antagonists can reasonably be regarded as potential drug
candidates for the treatment of AD.

Key Points

Research focused on identifying compounds that
restore cognition and functional impairment in
Alzheimers disease (AD) is a very active field of
research.

Preclinical studies support the notion that serotonin
5-HTjg receptor antagonists could improve memory
and help to alleviate behavioral symptoms of the
illness.

5-HT¢ receptor antagonists have successfully
undergone phase I clinical studies (healthy
volunteers), and no side effects have been reported.

Several compounds have shown promising results in
phase II and III studies (patients).

5-HTjg receptor antagonists can reasonably be
regarded as potential drug candidates for the
treatment of AD.

1 Introduction

Alzheimer’s disease (AD), the most common cause of
dementia among elderly people, is characterized by a
progressive decline in memory function [1]. Because of the
aging of populations worldwide, this disorder is reaching
epidemic proportions, with an associated large human,
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social, and economic burden. Senile plaques, neurofibril-
lary tangles, and cholinergic dysfunction are major hall-
marks of the disease [1]. Clinical and preclinical studies
point to neuronal and synaptic loss, as well as synaptic
impairment and associated neurochemical alterations of
several transmitter systems as the main factors underlying
both cognitive and neuropsychiatric symptoms [2—7]. The
currently used treatment for AD is symptomatic and is
based on the use of acetylcholinesterase inhibitors such as
donepezil, rivastigmine and galantamine, as well as the N-
methyl-d-aspartate (NMDA) receptor antagonist meman-
tine. These treatments are only moderately effective in
stabilizing the illness for some months and do not target all
symptoms associated with dementia. Therefore, there is an
unmet need for disease-modifying therapies that halt or
substantially slow disease progression. Furthermore, there
is a need for improved symptomatics that will be required
until disease-modifying drugs are widely available, and for
those who develop dementia too late for early intervention

The serotonergic system has resurfaced as an important
player in the field and is suggested to have promise in
generating novel therapies. The 5-HTg receptor is the most
recently identified of the serotonin (5-HT) receptor super-
family. Initially, interest in the 5-HTg receptors was trig-
gered by evidence showing that certain antipsychotics are
able to bind to these receptors; however, nowadays, there is
substantial preclinical/clinical evidence supporting the
procognitive efficacy of 5-HT¢ receptor antagonists [8—11].
In addition, 5-HTg receptor ligands are being subjected to
study for future use as potential procognitive, antipsychotic
or anti-obese drugs, and all these actions could be con-
sidered as interesting in the field of treatment of AD.

This article aims to provide an up-to-date explanation
regarding the rationale behind testing 5-HTg receptor
antagonist therapies for AD. In addition, to describe the
newly synthesized compounds active on this receptor, this
article will focus on preclinical and ongoing clinical works
describing the purported efficacy of 5-HTg receptor com-
pounds for the treatment of AD.

2 Pharmacology of 5-HT¢ Receptors
2.1 Structure and Localization of 5-HT¢ Receptors

The 5-HTg receptor belongs to the G-protein-coupled
receptor (GPCR) family, displaying seven transmembrane
domains. Initially cloned from striatal tissue [12], the rat
5-HT¢ receptor gene encodes a protein of 438 amino acids
and shares 89% homology with the human form [13, 14].
In terms of structure, the 5-HTg receptor is the most dif-
ferent from all serotoninergic receptors (homology of less
than 50%) and exhibits a unique pharmacological profile
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[15] as it is characterized by a short, third cytoplasmatic
loop and a long C-terminal tail, and contains one intron
located in the middle of the third cytoplasmatic loop. The
development of fluorescent compounds such as
[11C]GSK215083 has helped to improve the characteri-
zation of this GPCR [16]. The 5-HTg receptor has no
known functional isoforms, although a non-functional
truncated splice variant of this receptor has been identified
but appears to have no physiological significance. Kohen
et al. [14] identified a silent polymorphism at base pair 267
(C267T), and although there is evidence linking this
polymorphism to several syndromes that affect cognition,
including dementia, AD, and schizophrenia, their signifi-
cance has not yet been determined.

5-HT¢ receptor expression is mainly restricted within
the central nervous system (CNS), with the highest density
found in the olfactory tubercle, followed by the frontal and
entorhinal cortices, dorsal hippocampus (i.e. dentate gyrus
and the CA1, CA2, and CA3 regions), nucleus accumbens,
and striatum [17, 18]. Lower levels were observed in the
hypothalamus, amygdala, substantia nigra, and several
diencephalic nuclei [17, 18]. Therefore, 5-HTg receptors
appear to be preferentially localized in the brain areas
involved in learning and memory processes. Within these
areas, the receptor has been demonstrated to be exclusively
expressed in neurons [19]. A postsynaptic location of
5-HTg receptors is expected because rats subjected to a
selective serotonergic lesion have shown that 5-HTg
receptors are not present in serotonergic raphe neurons, but
they could be located within 5-HT projection fields in non-
serotonergic neurons [20]. The existence of a 5-HTg
receptor-mediated positive feedback control of 5-HT neu-
rons in the midbrain dorsal raphe nucleus has also been
reported [21]. A purported localization of 5-HT¢ receptors
on cholinergic neurons seems less likely as a selective
cholinergic lesion, induced by injection of the immuno-
toxin 192-IgG-saporin, failed to alter the density of 5-HTg¢
receptor messenger RNA (mRNA) or protein expression in
the deafferentated frontal cortex [22]. On the other hand,
and based on microdialysis studies showing that treatment
with a 5-HT receptor antagonist or atypical antipsychotics
with high affinities for 5-HT¢ receptors, such as clozapine,
enhance glutamate levels in the frontal cortex and hip-
pocampus, it has been suggested that these serotonergic
receptors could be located on glutamatergic neurons [23].
Electrophysiological recordings from medium spiny neu-
rons of the striatum and layer V pyramidal neurons of the
prefrontal cortex have shown that 5-HTg receptor activa-
tion by the novel agonist ST1936 reduced the frequency of
spontaneous excitatory postsynaptic currents [24]. 5-HTg
receptor activation also reduced the amplitude of sponta-
neous excitatory postsynaptic currents recorded from
medium spiny neurons, suggesting a mechanism of action
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involving postsynaptic 5-HTg receptors [24]. The inhibi-
tory effect of ST1936 on glutamatergic transmission was
prevented by the selective 5-HTg receptor antagonist
SB258585 [24].

It has also been shown that 5-HT¢ receptors may be
expressed on GABAergic spiny neurons of the striatum.
The co-localization of glutamic acid decarboxylase and
5-HTg receptors in rat cerebral cortex and hippocampus has
also been demonstrated, and almost 20% of 5-HTg-like
immunoreactive neurons have been shown to be
GABAergic [25]. Based on all these data regarding local-
ization of 5-HT¢ receptors, together with the fact that the
effects of 5-HT receptor antagonists on memory have been
shown to be mediated, at least partially, by increased
acetylcholine release [22, 23, 26], it could be suggested
that 5-HT¢ receptor ligands modulate cholinergic and/or
glutamatergic systems via disinhibition of GABAergic
neurons (Fig. 1). Therefore, 5-HT¢ receptors, by means of
their localization on GABAergic and glutamatergic prin-
cipal neurons, are positioned to regulate the balance
between excitatory and inhibitory signaling in the brain
[27].

2.2 Biochemical Mechanisms Mediating 5-HT
Receptor Function

The 5-HTg receptor is positively coupled to adenylate
cyclase activity, meaning that upon agonist activation,
cyclic adenosine monophosphate (cAMP) formation is
increased. 5-HTg receptor coupling to Gas has been widely
described, but coupling of 5-HT¢ receptors to other Ga
protein subunits (Gai/o or Gaq) or to Ca®" signaling has
also been reported [28, 29]. Using a yeast two-hybrid
assay, it has been reported that the carboxyl-terminal
region of the 5-HTg receptor interacts with the Fyn tyrosine
kinase, a member of the Src family of non-receptor protein
tyrosine kinases [30], and this mechanism could be
responsible for activation of the extracellular signal-regu-
lated kinase 1/2 (ERK1/2). These findings suggest that Fyn
plays an important role in 5-HT¢ receptor-mediated sig-
naling pathways in the CNS. A physical interaction
between 5-HT¢ receptors and the Jun activation domain-
binding protein 1 (Jabl), using different experimental
approaches, has also been described (Fig. 1), suggesting
another signal transduction pathway for these receptors
[31].

2.3 5-HT¢ Receptor Ligands: Drug Development

Since the initial discovery of the first ligands in the late
1990s, a growing number of scientific publications and
patent applications have appeared, mainly focusing on the
relationship between this receptor and cognition [32]. As

the 5-HT¢ receptor has not yet been crystallized, several
homology models, such as the 3D-QSAR method, molec-
ular docking and membrane-embedded molecular dynamic
simulations, have been helpful in the development of novel
and powerful 5-HTg receptor ligands [33, 34]. An
increasing number and diversity of novel, highly selective
5-HT¢ receptor ligands of all functional types has been
reported, although the principal efforts have been focused
on antagonism (Fig. 2).

2.3.1 5-HTgs Receptor Ligands

2.3.1.1 5-HTs Receptor Antagonists Over the years,
numerous groups have developed potent and selective
5-HT¢ receptor antagonists based on different structures.
The first 5-HTg selective ligands that were identified in
1998 as antagonist, by high-throughput screening, were Ro
04-06790 and Ro 63-0563 from Roche [35]. Both were
bisaryl sulfonamides with a basic amino group. Due to
structural analogy between ligands, it has been proposed as
a pharmacophore model for 5-HT, receptor antagonists,
which was initially based on indolylsulfonamide deriva-
tives [36]. The pharmacophore includes four common key
structural elements: a positive ionizable atom (piperidine,
piperazine, or diethylamine group) and a central aromatic
group (indole or isostere) linked to a hydrophobic group by
a hydrogen bond acceptor group (sulfonyl group). The
positive ionizable atom, a protonated nitrogen atom, is
usually a piperazine or a (dimethylamino) ethyl fragment.
Indole, or indole-like cores, are occupied in the central
aromatic group region, including a number of mono- or
bisaryl m-electron donor aromatic or heteroaromatic sys-
tems. The hydrogen bond acceptor group is commonly a
sulfone or sulfonamide group, and the hydrophobic group
is occupied by diverse hydrophobic aromatic rings, such as
benzene, naphthalene, benzothiophene, or imidazo[2,1-
b]thiazole. Following this pharmocophore structure, new
antagonists have been developed [37, 38]. The different
combinations formed by binding the four pharmacophore
elements result in different 5-HT¢ receptor antagonists that
can be classified into four structural classes: indoles,
indole-like derivatives, bisaryl sulphonamides and non-
sulfonyl compounds [39].

Indoles derived as shown were the first based on sero-
tonin and are now the most studied and recurring chemical
motifs present in many 5-HTg receptor ligands. As a recent
example, eight N-arylsulfonylindole compounds have been
synthesized, and exhibited moderate to high binding
affinities and displayed antagonist profile [40]. Otherwise,
numerous indole derivative studies have proposed that the
indole central core is only a scaffold to maintain the proper
orientation of pharmacophore elements to effectively
interact with the receptor. For instance, different scaffolds
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Procognitive
effects

Behavioural
effects

and biochemical
5-HTg receptor functions. The proposed neurochemical circuitry
activated after 5-HT, receptor blockade to influence cognition and
behavior involves modulation of cholinergic and/or glutamatergic
activity through GABAergic interneurons. The 5-HTg¢ receptor is
positively coupled to adenylate cyclase activity and activates the
ERK1/2 via the Fyn-dependent pathway. An interaction between the

Fig. 1 Neurochemical mechanisms mediating
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Fig. 2 Number of scientific publications, patent applications and
clinical trials focused on 5-HT¢ receptors. Over the past 20 years,
there have been almost 600 published studies that directly or
indirectly focused on these receptors, studying them from either a
pharmacological, physiological, behavioral, or biochemical point of
view. 1422 documents protect 5-HTq chemical entities. Source:
Medline search for ‘5-HTg receptors’, Patent Cooperation Treaty
database, and ClinicalTrials.gov webpage
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5-HTjg receptor and Jabl is also described. AC adenylate cyclase, ACh
acetylcholine, cAMP cyclic adenosine monophosphate, ERK1/2
extracellular signal-regulated kinase 1/2, GABA gamma-aminobutyric
acid, Glut glutamate, Jabl Jun activation domain-binding protein 1,
mTOR mammalian target of rapamycin, PKA protein kinase A, MEK
mitogen-activated protein kinase kinase, c-Jun c-Jun

that maintain similar topographical orientations of both the
arylsulfonyl group and the basic amino group have been
proclaimed as the indole-like derivative antagonist class.
SB-742457, an indole-like derivate, has been further
studied as a potent and effective antagonist [41]. Other
antagonist class is bisaryl sulfonamide, an example of
which is N'-(sulfonyl)pyrazoline-1-carboxamide, which
has been developed as a new singular core [42]. Futher-
more, some novel sulfonamides have been conceived and
synthesized as a 5-HT¢ receptor antagonist, and also act as
a partial agonist for the 5-HT, receptor [43]. Finally, non-
sulfonyl compounds are a class where the hydrogen bond
acceptor group of pharmacophores contains a carbonyl or
alkoxy instead of having a sulfonamide or sulfone. One of
the best known molecules is LU AE58054, also known as
idalopirdine, which has been reported to be highly selective
over 5-HTjg receptors as an antagonist [44]. Table 1 shows
the structure of some of the molecules that have been
further developed into clinical trials (phase II or III).
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Table 1 Structure of 5-HTg receptor ligands that have been further developed into clinical trials
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The development of a positron emission tomography
(PET) radioligand tracer for imaging 5-HT¢ receptors in
the brain would enable in vivo imaging of this target, along
with assessment of its involvement in disease pathophysi-
ology. Based on the aforementioned, the development of
N-[3,5-dichloro-2-(methoxy)phenyl]-4-(methoxy)-3-(1-
piperazinyl)benzenesulfonamide (SB399885), a selective
and high affinity (pK(i) = 9.11) 5-HTg receptor antagonist,
radiolabeled with carbon-11 by O-methylation of the cor-
responding desmethyl analog with [(11)C]MeOT, has been
described. PET studies with [(11)C]SB399885 in baboons
showed fast uptake followed by rapid clearance in the brain
[45]. Poor brain entry and inconsistent brain uptake of
[(11)CISB399885, compared with known 5-HTg receptor
distribution, limits its usefulness [46]. The evaluation of
another compound, GSK215083 (GlaxoSmithKline) radi-
olabeled with (11)C via methylation, showed that this
compound readily entered the brain, leading to a hetero-
geneous distribution of the receptor (striatum > cor-
tex > cerebellum) that is consistent with reported 5-HT¢
receptor densities and distribution determined by tissue-
section autoradiography in humans [43]. Subsequently, a
structurally related tracer, (11)C-LuAE60157, was devel-
oped [47]. The first 5-HTg (18)F-labeled radiotracer, [18]F-
2FNQIP, has been tested in preclinical trials [48], and the
tritrated version of LuAE60157 has also been developed
for binding studies in rodents [49].

2.3.1.2 Agonists versus Antagonists Efforts have been
made to design novel agonists acting on 5-HT¢ receptors
[50], most of which are indole-derived. Over the years, new
5-HT¢ receptor agonists have been synthetized by rigidi-
fying the dimethyltryptamine side chain [51] or the piper-
idine ring of the indole core [52]. Another example of the
new synthesized class of drugs are N-heteroarylsul-
fonylindole derivatives [53], azaindole derivatives (WAY-
208466) and indene derivatives (E-15136). Moreover, N-
benzenesulfonylindole derivatives have been developed as
partial agonists of 5-HTg receptors [54]. Another

El Antagonist
=3 Ligand
[ Others

Fig. 3 a Patent applications and b clinical trials focused on 5-HTjg
receptors. In a almost half of the patented compounds are antagonists,
and a small percentage designed as ‘others’, mainly 5-HT,, and
5-HTg combined receptor antagonists. According to the therapeutic
indication described (b), the main focus of attention is CNS disorders
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compound, 5-chloro-2-methyl-3-(1,2,3,6-tetrahydro-4-pyr-
idinyl)-1H-indole hydrochloride (EMD386088) is also
considered as a partial agonist [55].

Interestingly, it has been suggested that both 5-HTg¢
receptor agonists and antagonists may have procognitive
activities [56], implying that both activation and inhibition
of this receptor could lead to similar biochemical respon-
ses. The selective 5-HTg receptor agonist LY-586713
caused a bell-shaped dose—response curve on hippocampal
BDNF mRNA expression (a potential procognitive path-
way). It also increased the Arc mRNA levels, an effect that
was blocked by the 5-HTg receptor antagonist SB-271046.
However, in some brain regions the antagonist was not able
to block the agonist effect and, in fact, it induced an
increase in Arc expression [57] consistent with a potential
differential mechanism. The mechanism for paradoxically
similar effects of agonist/antagonists on cognition could be
related to either the presence of alternative biochemical
pathways activated by 5-HT¢ receptors or the hypothesis
that compounds that are being used as 5-HTg receptor
ligands could display 5-HT¢ receptor-independent effects.
The latter possibility was supported when investigating the
effects of EMD386088, a 5-HTg receptor agonist, on cell
viability. It was found that the cytotoxic effects of
EMD386088, regardless of the presence of 5-HT¢ recep-
tors, were mediated by the downregulation of ERK1/2
activities [58].

2.3.2 Patents

As shown in Fig. 2, the first 5-HTg receptor antagonist was
patented in 1998 [59, 60], with more than 1400 5-HTg
receptor ligands being patented since then [59, 60]. A
detailed review (1998-September 2016) in the Patent
Cooperation Treaty database identified that 1422 docu-
ments protect 5-HT¢ chemical entities or processes for
manufacturing and therapeutic indications. Patent filing
activity increased dramatically in 2002, with 49 patent
documents. The number of published patent documents per

Bl Alzheimer's disease

B8 Down Syndrome

(] CNS pathologies (No AD)
[ Others

(mainly AD). ‘Others’ refers to non-specific labeling of various
disorders related to 5-HTg receptors. Source: Patent Cooperation
Treaty database and ClinicalTrials.gov webpage. AD Alzheimer’s
disease, CNS central nervous system
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annum has risen continually year after year, reaching 186
registered patents in 2008; however, since 2010, the
number of published patents has been gradually decreasing.
Furthermore, this analysis revealed that the field attracts
global interest as these patent documents were filed in
several countries, on all five continents with patent offices.
Analysing the activity of the compounds, almost half
(42%) were described as antagonists and a small percent-
age (2%) designed as 5-HT,, and 5-HTg combined
receptor antagonists (Fig. 2). On the other hand, according
to the therapeutic indication described, the main focus of
attention is CNS, mainly AD (26% of 5-HTg receptor-re-
lated patents). However, a high number of all patents are
dedicated to the non-specific use of treatment of various
disorders related to 5-HT¢ receptors (Fig. 3) [59, 60].

3 Experimental Approaches to the Role of 5-HTq
Receptors in Neurophysiology

Although the mechanisms associated with 5-HT¢ receptor
activation/blockade are not completely understood, a pro-
gressively increasing focus on the 5-HTg receptor as a
potential target for cognitive disorders has been clearly
noted in the past 10 years. The localization of 5-HTjg
receptors in brain areas involved in learning and memory
processes appears to be the initial hypothesis that identified
this receptor as a putative target for the treatment of cog-
nitive dysfunction in AD. In addition, ligands acting on
5-HTg receptors have demonstrated possible utility as
antidepressant and anxiolytic agents in affective and psy-
chotic disorders, as well as for the treatment of obesity and
related metabolic syndrome [61, 62], all of which could be
of relevance for the treatment of AD.

3.1 Effects on Cognition

The first indirect evidence of 5-HT¢ receptor involvement
in memory was obtained by using antisense oligonu-
cleotides [63]. Following the discovery of 5-HT¢ receptor
ligands with good brain penetration, there is general
agreement and preclinical evidence that supports the use of
5-HT¢ receptor antagonism for treating cognitive dys-
function [64, 65]. Further support came from studies based
on how learning paradigms decrease 5-HTg receptor
expression [66, 67], while 5-HT¢ receptor overexpression
of 5-HTg receptors in the striatum, achieved by targeted
gene delivery, led to cognition impairments, in a reward-
based instrumental learning task, a striatum-dependent
learning model [68]. Cognitive training, administration of
the 5-HT6 receptor antagonist SB-399885 and amnesic
drugs modulated 5-HTg receptor mRNA expression in the
prefrontal cortex, hippocampus and striatum [67]. The

procognitive effect of 5-HT, antagonists has been exten-
sively described in numerous animal models and cognitive
paradigms [69, 70], including water maze [71], inhibitory
avoidance [26, 72], autoshaping [73-76], and novel object
recognition [25, 76-78]. At this point, it is worth men-
tioning that there is no single experimental test that reca-
pitulates cognitive impairment in AD and, therefore, that
can be used to evaluate the purported therapeutical efficacy
of a new drug. Moreover, despite large investments in drug
development, the overall success rate of drugs during
clinical development remains low. One prominent expla-
nation is flawed preclinical research, in which the use and
outcome of animal models is pivotal to bridge the trans-
lational gap to the clinic. Over the last decade, different
behavioral paradigms have been developed for the evalu-
ation of cognitive functions in animal models, such as the
Morris water maze, Barnes maze, passive avoidance, radial
arm tests, fear conditioning or novel object recognition
tests. All these paradigms have caveats, mainly in the light
of replicability and reproducibility. Therefore, the selection
of a validated and predictive animal model is essential to
address the clinical question [61, 64, 65, 68, 74, 79].
However, considering the variety of tests in which 5-HTjg
receptor antagonists have shown procognitive effects, the
translation from preclinical to clinical impact is more
likely. Furthermore, several authors propose that 5-HTg
receptors also seem to be useful as neural markers involved
in the processing of information regarding memory and/or
amnesia [79].

Unsurprisingly, it appears that 5-HT¢ receptor blockade
is more consistently effective in alleviating memory defi-
cits rather than increasing memory in normally functioning
animals [80, 81]. 5-HT¢ receptor antagonists have been
shown to reverse cognitive deficits induced either by
pharmacological interventions that attenuate cholinergic
[82] or glutamatergic mechanisms [44], or those associated
with the aging process [71, 81]. Interestingly, the coad-
ministration of a 5-HTg receptor antagonist with an
acetylcholinesterase inhibitor to age-impaired rats resulted
in additive or synergistic effects. The combination of
5-HT¢ receptor antagonists with donepezil demonstrated
significantly improved performance in water maze, passive
avoidance cognition, and/or novel object recognition
models, compared with animals treated with either sub-
stance alone [80, 83]. These findings led to the recent first
report on the design, synthesis and biological evaluation of
a novel class of multifunctional ligands that combine a
5-HTg receptor antagonist with a cholinesterase inhibitor.
These novel multi-target-directed ligands (MTDLs) were
designed by combining pharmacophores directed against
the 5-HTg receptor [1-(phenylsulfonyl)-4-(piperazin-1-yl)-
1H-indole] and cholinesterases (tacrine or N-ben-
zylpiperidine analogs) [84]. Moreover, combination with
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galantamine was able to reverse scopolamine-induced
impairment [80], suggesting additional opportunities for
the clinical use of 5-HTg receptor antagonists as an add-on
therapy to established agents in AD.

Several reports indicate that beneficial effects on cog-
nition arise from the blockade of 5-HT¢ receptors via
mechanisms that may not involve primary Gs coupling
(Fig. 1). Administration of 5-HTg receptor antagonists to
rodents improves cognitive performance in numerous
behavioral tests through stimulation of glutamate, acetyl-
choline, or catecholamine release in cortical and limbic
areas. Indeed, 5-HTg receptor antagonists reversed cogni-
tive impairments induced by scopolamine (a cholinergic
muscarinic antagonist), dizocilpine or phencyclidine (both
glutamatergic antagonists), apomorphine (a dopaminergic
agonist), or tryptophan depletion (a precursor of serotonin)
[68, 85, 86]. Moreover, inhibition of the mTOR pathway or
stimulation of neurite outgrowth may also be involved in
the positive action of 5-HTg antagonists on cognitive pro-
cesses (Fig. 1).

Intriguingly, Fone [87] and Kendall et al. [88] reported
that selective 5-HTg receptor agonists appear to restore
memory impairments in the novel object discrimination
paradigm. Furthermore, the 5-HTg receptor agonist
E-6801, at a non-active dose [88], was able to synergisti-
cally improve the activity of non-active doses of donepezil,
memantine or the 5-HTg receptor antagonist SB-271046.
Thus, both 5-HTg receptor agonist and antagonist com-
pounds show procognitive activity in preclinical studies,
although the explanation for their paradoxical analogous
effect is currently unclear.

3.2 Non-Cognitive Effects of 5-HT4 Ligands
of Relevance for Alzheimer’s Disease (AD)

Initially, interest in 5-HTg receptors was triggered by evi-
dence showing that certain antipsychotics are able to bind
to these receptors. The 5-HT¢ receptor has been implicated
in affective disorders, anxiety and depression, epilepsy and
obesity [89]. The dense expression of 5-HT¢ receptors
within dopaminergic terminal regions of CNS (striatum
and nucleus accumbens), as well as expression in the hip-
pocampal and cortical regions, is compatible with the idea
that this 5-HT receptor subtype may be involved in mani-
festation of psychosis symptoms and cognitive impair-
ments observed in patients with schizophrenia
[25, 78, 90, 91].

Preclinical data suggest that 5-HT¢ receptor agonists
and/or antagonists could establish a new class of thera-
peutic agents in the treatment of anxiodepressive disorders.
This is particularly interesting, taking into account that
these mood disorders are found in AD. 5-HTg receptor
antagonists have shown to induce antidepressant-like
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activity in rodents [92, 93]. Two selective 5-HTg antago-
nists (SB-399885 and SB-271046), as well as donepezil,
were evaluated in the rat forced swimming test, widely
used to identify drugs with antidepressant activity. Sys-
temic administration of the 5-HT¢ receptor antagonist
produced a significant reduction in immobility time in the
rat forced swimming test, with a similar profile in terms of
5-HTg receptor occupancy, measured by binding assay.
These data suggest that 5-HT¢ antagonists, at doses cor-
responding to those that occupy central 5-HTg receptors,
could have an antidepressive effect in humans. This may
differentiate 5-HT, antagonists from acetylcholinesterase
inhibitors with respect to mood control in the symptomatic
treatment of AD [94]. However, similar to the effects on
cognition, both 5-HT¢ receptor agonists and antagonists
may evoke identical responses in animal models of
depression and anxiety. Antidepressant-like effects were
also observed when testing agonists in the tail suspension
or forced swim tests in mice or rats [95-97]. Moreover, the
antidepressant- or anxiolytic-like effects of 5-HTg receptor
agonists were reversed by selective 5-HT¢ receptor antag-
onists. Interestingly, those 5-HTg receptor agonists also
induced anxiolytic-like effects in different rat models [98].
Further research is warranted to try and untangle this
apparent paradox.

4 5-HTg4 Receptors and AD

Significant reductions in 5-HT¢ receptor density in the
cortical areas of AD patients have been found, although the
reductions in 5-HTg receptor density were unrelated to
cognitive status prior to death [99]. Since 5-HTg receptor
blockade induces acetylcholine release, reductions in
5-HTjg receptors may represent an effort to restore acetyl-
choline levels in a deteriorated cholinergic system. How-
ever, as both GABAergic and glutamatergic systems are
also affected by 5-HTg¢ receptor blockade (or decreased
expression), a purported role for these receptors in the
pathogenesis of AD cannot be ruled out.

On the other hand, it has also been reported that dys-
regulation of 5-HTg receptor activation by 5-HT in the
temporal cortex may be related to behavioral symptoms in
AD [80]. Overall, these data support preclinical data on the
non-cognitive effects of 5-HTg receptor ligands (see Sect.
3.2).

In addition, a limited set of preclinical data also points at
the potential disease-modifying effects of 5-HTy antago-
nists. It was reported that treatment with SB-271046 or SB-
SB-399885, two different 5-HTg receptor antagonists,
enhances expression of the polysialylated neural cell
adhesion molecule (PSA-NCAM), an effect that could be
related to synaptic remodeling [100]. Another line of
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evidence associates 5-HT¢ receptors with neuronal activity;
aberrant neuronal activity is one of the mechanisms
implicated in the pathophysiology of AD. There is also
some evidence that 5-HTg receptor antagonists may reduce
neuronal hyperexcitability as several 5-HTg receptor
antagonists were found to have in conventionally-induced
preclinical seizures [101]. However, at this point, it is
worth mentioning a purported relationship between Fyn
and Tau. Tau is a microtubule-associated protein and, in a
hyperphosphorylated state, a main component of neu-
rofibrillary tangles, one of the pathologic hallmarks of AD.
Most of the Tau phosphorylation sites that have been
routinely characterized are serine and threonine residues,
but recent reports state that Tau can be phosphorylated at
tyrosine residues by kinases, including Fyn. In addition,
proline-rich, extensin-like receptor kinase-1 (pERKI) is
one of the kinases involved in tau phosphorylation
[30, 102]. Therefore, it is possible to suggest that modu-
lation of 5-HTg receptors might lead to increased tau
phosphorylation. In other words, it is even possible to
speculate that 5-HT¢ receptor modulation might, in the
short-term, improve cognitive function but, over a longer-
term, enhance the neurodegenerative processes in AD;
however there is no evidence for such a postulate from
studies conducted to date.

5 Clinical Data for 5-HTs Receptor Antagonists

Based on the available preclinical data, several drug
companies (Avineuro, Pfizer, Lundbeck, Otsuka Pharma-
ceuticals, EPIX Pharmaceutical, Roivant, GlaxoSimthK-
line, Suven Life Sciences, Biotie Therapies) have
succeeded in developing candidates for clinical testing
(reviewed by Wicke et al. [11]). 5-HTg receptor antagonists
that have been advanced into clinical phases of develop-
ment are reported to have good CNS penetration and
receptor selectivity profiles towards other serotonergic
receptor subtypes. As described in Table 2, a number of
5-HT¢ receptor antagonists have successfully undergone
phase I clinical studies (healthy volunteers) and some have
been evaluated in clinical phase II and III studies (patients)
for the treatment of Alzheimer’s disease. Overall, favorable
phase I studies indicate no target-related side effects, and
have supported the development of phase II and III studies.
Based on the analysis of information in the ClinicalTrials
webpage (http://www.clinicaltrials.gov) and the National
Library of Medicine’s PubMed database (date of last
search, 22 September 2016), several compounds have
reached clinical trials.

There are several compounds that have shown promis-
ing results in phase I studies. For SYN120, a wide thera-
peutic margin was established, enabling doses that are well

tolerated [103] and, beyond blocking the 5-HT¢ receptor,
will also robustly antagonize 5-HT, receptors in the CNS.
Phase I studies reported on SUVN-502 also suggest that the
compound was well tolerated by the subjects at all dose
levels [104]. A phase II study of this compound in mild-to-
moderate AD patients is ongoing, and results are expected
at the end of 2017. For PRX-0734 [41], at least two phase |
trials identified no dose-limiting toxicity. There are no
reported data relating to two phase II studies on the use of
this compound for cognitive deficits.

Several phase I trials for SAM-531 (cerlapirdine, Pfizer)
[103], assessing its pharmacokinetics, pharmacodynamics,
safety and tolerability in healthy subjects, have been car-
ried out successfully with no adverse effects and suit-
able plasma concentrations; however, this agent revealed
no efficacy at any dose level in two phase II trials [105]. A
follow-up to cerlapirdine, SAM-760 (PF 5212377) has
been also described to be safe and well tolerated in healthy
young and elderly subjects. A new phase II study with this
compound has been performed in AD patients with neu-
ropsychiatric symptoms, but the results have not yet been
released (Table 2).

Lu AE58054 (idalopirdine) is being developed as a
symptomatic adjunct to cholinesterase inhibitor treatment
in AD. It was licensed for clinical development in cogni-
tive impairment in disorders such as schizophrenia. In
phase I studies, high 5-HTg receptor occupancy was
observed following oral doses of idalopirdine. Clinical
studies demonstrated this compound to be safe and well
tolerated, and the clinical effects of idalopirdine have been
investigated in both schizophrenia patients and AD
patients. Phase II studies on AD revealed a significant
impact of this agent, on top of donepezil, on cognition, as
measured by the Alzheimer’s Disease Assessment Scale-
cognitive subscale (ADAS-cog) [60]. The sponsor com-
pany (Lundbeck) launched a global phase III program in
AD that consists of four trials planned to enrol a total of
approximately 3000 patients (Table 2). All four phase III
trials in this program are enrolling patients with mild to
moderate AD who are already taking a stable dose of
10 mg/day of an acetylcholinesterase inhibitor; two studies
require that patients be taking donepezil, one allows any of
the three available drugs of that mechanism. Secondary
outcomes will assess various aspects of global clinical
function and behavior. In the STARSHINE study, idalo-
pirdine showed a weak efficacy profile as neither of the two
doses used in the study met the primary endpoint of a
reduction in the ADAS-cog total score when added to
donepezil. In addition, the secondary endpoints also did not
show separation from placebo. The overall safety profile
for idalopirdine showed that idalopirdine was safe and well
tolerated. Further analysis of the data is ongoing. The two
remaining studies in the phase III program that are
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Table 2 Summary of clinical trials of 5-HT¢ receptor antagonists in phase I, II and III

Compound Phase Other intervention Period Trial identifier Key notes
ABT-354 I Atypical antipsychotic 2011-2012 NCT01545310 Open-label
I Placebo, AChEI 2013-2013 NCTO01908010 Randomized, double-blind
LU AE58054 I Placebo 2013-2013 NCTO01975779 Randomized, double-blind
Idalopirdine 1 2013-2014 NCT02019394 Open-label
1 Itraconazole 2014-2014 NCT02122692 Open-label
1 2014-2015 NCT02231450 Non-randomized, open-label
1 2015-2015 NCT02340195 Non-randomized, open-label
I 2015-2015 NCT02371707 Randomized, open-label
1 Placebo, moxifloxacin 2015-2015 NCT02436486 Randomized, double-blind
1 2015-2016 NCT02415907 Open-label
1 2016-2016" NCT02894515 Randomized, open-label
I Placebo, risperidone 2008-2012 NCT00810667 Randomized, double-blind
I Placebo, donepezil 2009-2012 NCT01019421 Randomized, double-blind
111 Placebo, donepezil 2013-2016" NCTO01955161 Randomized, double-blind
111 Placebo, donepezil 2013-2017* NCT02006641 Randomized, double-blind
111 Placebo, AChEI 2013-2017% NCT02006654 Randomized, double-blind
111 Memantine, donepezil 2014-2017% NCT02079246 Non-randomized, open-label
RVT-101 1 2007-2008 NCT00551772 Randomized, open-label
SB-742457 1I Placebo 2005-2009 NCT00224497 Randomized, double-blind
I Placebo, donepezil 2006-2009 NCT00348192 Randomized, double-blind
I Placebo, donepezil 2008-2012 NCT00708552 Randomized, double-blind
I Placebo, donepezil 2008-2012 NCT00710684 Randomized, double-blind
I Placebo, AChEIL 2014-2017* NCT02258152 Randomized, double-blind
1I Placebo, AChEI 2016-2017% NCT02910102 Randomized, double-blind
I Placebo, AChEI, memantine 2016-2017* NCT02669433 Randomized, double-blind
111 Placebo, donepezil 2015-2017* NCT02585934 Randomized, double-blind
111 Memantine, AChEI 2015-2018* NCT02586909 Open-label
SAM-531 1 Placebo 2007-2007 NCT00479700 Randomized, double-blind
Cerlapirdine 1 Placebo 2007-2007 NCT00480818 Randomized, double-blind
1 Placebo, donepezil 2007-2008 NCT00519298 Randomized, double-blind
1 Placebo 2007-2009 NCT00479297 Randomized, double-blind
1 2007-2009 NCT00479349 Randomized, double-blind
1 Placebo 2008-2009 NCT00726115 Randomized, double-blind
1 2008-2010 NCT00745576 Non-randomized, open-label
1 2009-2009 NCT00906191 Non-randomized, open-label
1 Gemfibrozil 2009-2010 NCT00966966 Non-randomized, open-label
1 2010-2011 NCT01253655 Non-randomized, open-label
I Placebo 2007-2009 NCT00481520 Randomized, double-blind
11 Placebo, donepezil 2009-2012 NCT00895895 Randomized, double-blind
SAM-760 1 Placebo, ketoconazole 2009-2013 NCT00948662 Randomized, double-blind
1 Placebo 2010-2011 NCT01159496 Randomized, double-blind
1 Placebo, scopolamine, donepezil 2010-2012 NCTO01213355 Randomized, double-blind
1 2011-2011 NCT01258751 Non-randomized, open-label
1 2013-2014 NCT02005991 Non-randomized, open-label
1T Placebo, donepezil 20122016 NCTO01712074 Randomized, double-blind
SUVN-502 11 Placebo, donepezil, memantine 2015-2017* NCT02580305 Randomized, double-blind

Only compounds with available data are included

Trial identifier from ClinicalTrials (http://www.clinicaltrials.gov)

Sponsors: ABT-354, Abbott, AbbVie; LU AE58054, H. Lundbeck A/S; RVT-101, Axovant Sciences; SB742457, GlaxoSmithKline; SAM-531, Wyeth/
Pfizer; SAM-760, Pfizer; SUVN-502, Suven Life Sciences

ACHhEI acetylcholinesterase inhibitors

* Open studies
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currently ongoing (STARBEAM and STARBRIGHT) will
continue as planned, and data are expected in the first
quarter of 2017.

For RVT-101 (previously known as GSK742457, SB-
742457), several phase I studies have shown that the
compound was well tolerated. The sponsor company
(GlaxoSmithKline or Axovant) has performed several
phase 1II studies with this compound in AD patients, some
of which were dose-ranging trials comparing RVT-101
with placebo, a comparative study using the RVT-101 and
donepezil arms, or RVT-101 as adjunct therapy to patients
already taking donepezil. In these studies, the primary
endpoints were cognition and function, but secondary
endpoints also covered behavioral symptoms, activities of
daily living and caregiver burden. Even though no clear
results have been found in these outcomes, in a combina-
tion study in addition to donepezil, RVT-101 therapy was
reported to be associated with improvements in cognition
and function [41]. In 2015, the company started an ongoing
phase III trial (with a 12-month, open-label extension) of a
once-daily dose of RVT-101 35mg added to
stable donepezil therapy in 1150 patients with mild to
moderate AD, with a standard co-primary outcome of
ADAS-cog and Alzheimer’s Disease Cooperative Study-
Activities of Daily Living (ADCS-ADL).

AVN-322, AVN-211 and AVN-101 [106] were also
reported to be well tolerated in a wide range of doses, with
no adverse events observed. After two completed phase II
studies for the treatment of other CNS pathologies (i.e.
schizophrenia), the sponsor company (Avineuro) has
planned another trial in AD patients with AVN-211, and
another for AVN-101, for the treatment of AD and anxiety.

On the other hand, not all compounds have shown such
promising results. Dimebon (latrepirdine, also known as
dimebolin), was originally developed as an antihistamine
drug (Table 1). This compound showed good affinity for
5-HTg receptors. Dimebon received widespread publicity
as a potential therapy for AD following a very positive
phase II study [107], but a phase III study showed no
improvements [108].

6 Concluding Remarks

A growing number of preclinical/clinical studies support
the use of 5-HTg¢ receptor antagonism to treat not only
cognitive dysfunction but also behavioral alterations in
AD. Currently, 5-HTg receptors have obvious pharmaceu-
tical potential in terms of the synthesis of new molecules
and related patents. These 5-HTg receptor antagonists dis-
play an excellent pharmacological profile in terms of
potency and selectivity, and good excellent CNS penetra-
tion. Currently, several antagonists have successfully

undergone phase I trials, and some of these antagonists are
now being further developed into phase II and III trials.

It is interesting to note that the neuropharmacological/
biochemical profile of 5-HT¢ receptor antagonists is dif-
ferent from that of currently used AD medications
(acetylcholinesterase inhibitors or memantine), and the
potential of 5-HT¢ receptor antagonists for the treatment of
AD when administered as add-on to cholinesterase inhi-
bitors has been demonstrated in preclinical studies and
clinical trials.

However, 5-HTg receptor functionality is being revealed
to be much more complex than initially defined, and the
full characterization of the functional profile of the 5-HTg
receptor is still pending. Based on the existing data, and
depending on the drug used, different cellular pathways
may be activated. Not only that, but agonists acting on this
receptor have shown similar effects on cognition and
behavior than the antagonists. It is expected that, in the
near future, the drug discovery process will benefit from
the complexity of functional responses associated with
5-HTg receptors, and new molecules generated could be
considered candidates for the treatment of AD.
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