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PREFACE

Ligands to 5-HT receptors represent so far an unresolved mystery. Agonists and
antagonists are defined by i vitro techniques for receptor binding and second
messenger systems. However, both agonists and antagonists have been claimed
to exert similar i viwo pharmacological effects, even if information on metabolic
pattern is missing. This may explain why 5-HT¢ receptor antagonism may induce
(Bentley et al., 1999; Bos et al., 2001; Bourson et al., 1995; Lindner et al., 2003;
Marcos et al., 2008b; Reavill and Rogers, 2001; Sleight et al., 1998) or may not
induce (Hamon ez al., 1999; Otano et al., 1999; Russell and Dias, 2002; Stean e/ al.,
2002; Yoshioka et al., 1998) the so-called behavioral syndrome.

Furthermore, pharmacokinetics often does not correlate with pharmacody-
namics. For example, (1) the antagonist SB-357134 had its brain and plasma 7,
after 1 h but its anticonvulsant effects peaked at 46 h (Stean ez al., 2002); (2) the
anticonvulsant effects induced by oral SB-271046 appeared in less than 30 min,
when blood and brain levels are not yet appreciable (Routledge ¢t al., 2000); (3) the
maximum brain and plasma concentrations of oral SB-399885 were between 3
and 4 h, respectively, but its best effects on extracellular acetylcholine in the cortex
were after 1 h and its anticonvulsant effects after 6 h (Hirst ez al., 2006); and (4) the
peak effect of compound 11 on acetylcholine extracellular levels was after 20 min,
despite its plasmatic 7,,, was at 2 h (Riemer et al., 2003).

In line with these inconsistencies, both 5-HT¢ receptor antagonists and ago-
nists have been reported in animal models to possess antidepressant potential
(Chapter 3 by Wesolowska and Jastrzbska-Wisek), to be cognitive enhancers
(Chapter 6 by Arnt and Olsen, Chapter 2 by Meneses, Chapter 7 by Mitchell),
to exert antiobesity effects (Chapter 4 by Heal et al.). The uncertainty of the
mechanism of action of 5-HT¢ receptor ligands is also revealed by brain micro-
dialysis studies (Chapter 1 by Dawson, Chapter 5 by D1 Chiara et al.).

However, it should be considered that the expression of 5-HT§ receptors
may depend on circulating adrenal corticoids (Holmes, 2008; Marcos et al.,
2008a; Yau et al., 1997). Thus, the level of stress of animals may influence the
vivo effects of 5-H'T'¢ receptor ligands. Another aspect to be considered is that 5-H'Tg
receptors undergo rapid desensitization (Max e al., 1995). Thus, some activities of
5-HT¢ agonists may depend on their agonistic properties at shorter times, but, due
to rapid receptor desensitization, an antagonistic action may appear at longer
times. If so, stress, time course of the effects, and time of iz vitro incubation may
become crucial to understand some discrepancies. Consequently, at present, no

xi
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one can affirm with certainty that a particular pharmacological effect is due to
agonistic or antagonistic properties of 5-H'T's receptor ligands. This is also reflected
by the decreased interest of pharmaceutical companies in the 5-HTy field.

It 1s also difficult to have a clear picture of 5-HT¢ receptor distribution in the
brain. The distribution of 5-HTg receptors may depend on the radiolabeled
compound or by the antibody, or by the use of anesthetics. In fact, receptor density
in cloned cells ranges between 1.6 and 6.1 pmol/mg, if [H]R063-0563
(Boess et al., 1998), ['*°T]SB-258585 (Hirst et al., 2000), ["H]5-HT (Boess ¢ al.,
1997), or [PH]LSD (Hirst ¢t al., 2000) is used. This is an intriguing finding because
receptor saturation analysis cannot be explained by the presence of multiple
binding sites (Boess et al., 1998; Hirst et al., 2000). Another important aspect is
the difference in 5-HT¢ receptor density between native tissues and recombinant
cells, the density being about 30 times lower in native tissues than in cloned cells
(Hirst et al., 2000). Several researchers have reported the presence of 5-HTj
receptors in brain regions such as striatum, nucleus accumbens, hippocampus,
or olfactory tubercle (Gerard et al., 1997; Hamon et al., 1999; Hirst e al., 2000,
2003; Roberts et al., 2002; Yoshioka et al., 1998). However, the distribution of
5-HT's receptors in rats does not find a general consensus for certain regions, such
as hypothalamus and globus pallidus (Gerard e al, 1997; Hamon et al., 1999).
There are few mismatches between the localization of the 5-HTg receptor and its
mRNA (Gerard ¢t al., 1996; Hamon e/ al., 1999; Ward and Dorsa, 1996). For
example, intense 5-H'T receptor density was observed in cerebellum, where only
weak to moderate levels of 5-H'Ts receptor mRNA were found. Another mismatch
is in hippocampus, where a few 5-HT§ receptors were seen and high levels of
5-HTs-mRNA were detected. Thus, it seems that the 5-HTg receptor in those
regions is formed in somata and then moves to dendrites or axons. 5-HTg recep-
tors, which appear in the brain from the 12th day of fetal life, are present on
GABAergic cells (Ward and Dorsa, 1996), but not on serotonergic (Gerard ¢ al.,
1996) and dopaminergic neurons (Hamon et al., 1999). The presence or absence of
5-HT's receptors on cholinergic neurons depends on the technique used: electro-
physiology (Tassone et al., 2010) or biochemistry (Woolley et al., 2001), respectively.

This book wants to evidence the state of the art in the field of 5-HTg receptor in
viwo physiology and pharmacology. We hope that this book may represent refer-
ence information for all researchers who work in this field.
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l. Introduction

The 5-HTg receptor is one of the most recently discovered of the serotonin
superfamily of receptors. It was discovered by two independent groups using
molecular cloning technologies, which were at their peak back in the early
1990s, and was isolated from rat striatum (Monsma el al., 1993; Ruat et al.,
1993). The human homolog was subsequently discovered by Kohen et al
(1996). The 5-HT¢ receptor is a part of the seven-transmembrane G-protein-
coupled receptor family that positively couples to Gas subunits, and as such
stimulates adenylate cyclase and increases cAMP signaling cascades. In situ
hybridization and Northern blot analysis revealed that 5-HTg receptors are
expressed almost exclusively within the mammalian central nervous system
(CNS) (Monsma et al., 1993; Ruat et al., 1993; Ward et al., 1995). Regional
distribution studies revealed that the highest levels of expression are found in
olfactory tubercle, striatal areas, cerebral cortex, and subfields of the hippo-
campus (Gerard et al., 1996, 1997; Hamon et al., 1999; Monsma et al., 1993;
Roberts et al., 2002; Ruat et al., 1993). These studies also suggested that 5-HTjg
receptors are largely expressed within the projection regions and not in cell
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bodies of the raphe nuclei, suggesting a postsynaptic role for the receptor. This
localization pattern, together with the early observation that several antide-
pressants (e.g., amoxapine, amitriptyline, and mianserin) and many of the
atypical antipsychotics (e.g., clozapine, olanzapine, and sertindole) show high
to moderate affinity (Roth et al., 1994) for the 5-H'T§ receptor, has led to the
suggestion that it may have therapeutic utility in the treatment of various
neurological disorders.

The chronological history of this receptor has been reviewed in depth in a
previous chapter, but elucidating the exact role of this receptor and its neu-
rophysiological role in modulating brain processes has been a slow and steadily
evolving story, despite being discovered over 15 years ago. The early studies
in preclinical species utilized antisense oligonucleotide administration
and behavioral observations in an effort to understand the functional role of
5-HT¢ receptors (Bourson et al., 1995). These studies demonstrated that intra-
cerebroventricular (i.c.v.) administration of antisense oligonucleotide, to dis-
rupt 5-HTg receptor-mediated signaling, produced a syndrome of behaviors
that included yawning, chewing, and stretching. These behaviors were atten-
uated by the cholinergic receptor antagonist atropine, thus indicating that
reducing the activity of the 5-HT¢ receptor had a modulatory role on cholin-
ergic neurotransmission (Bourson ef al., 1995). Later studies by the same group,
again using 1.c.v. administration of antisense oligonucleotide, showed that
cognitive performance in a rat water maze paradigm could be improved
(Bentley et al, 1999; Woolley et al., 2001), presumably mediated via the
enhanced cholinergic function implied from previous studies. Interestingly,
there were also effects on the feeding behavior of these animals (Bentley
et al., 1999; Woolley et al., 2001; the neurobiology of these observations and
therapeutic implication will be covered in a later chapter). Taken together,
these early data suggested that the 5-HT¢ receptor may play a modulatory role
on the cholinergic system. Following these antisense oligonucleotide studies, a
number of selective 5-HT4 receptor small-molecule antagonists were discov-
ered. Subsequently, a steady flow of improved antagonist (i.e. showing en-
hanced DMPK and CNS penetration), and more recently, small-molecule
agonist ligands began to appear in the literature. These were quickly used to
more fully elucidate the role of the 5-HTg receptor in modulating brain
neurochemistry and the efficacy that resulted (at least preclinically). This
chapter will describe the use of these ligands, using preclinical sampling tech-
niques such as i vivo microdialysis, to demonstrate the modulatory role of
the 5-HTg receptor on multiple neurotransmitter systems and networks
within mammalian brain. The underlying neurobiology of the observed
changes will also be discussed along with the potential therapeutic implications
and utility of both agonist and antagonist ligands in a range of neurobiological
disorders.
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Il. Effects of 5-HT, Receptor Antagonist and Agonist Ligands

A. CHOLINERGIC NEUROTRANSMISSION

As highlighted above early studies using antisense oligonucleotide approaches
implicated a role for the 5-HT¢ receptor in the modulation of cholinergic function
within the rodent brain. With the development of the early selective small-molecule
5-HTg receptor antagonist ligands, the functional correlate for a modulatory role
on cholinergic neurotransmission was further strengthened. In rats habituated to
observation cages, Ro 04-6790 produced a behavioral syndrome similar to that
seen following treatment with antisense oligonucleotides designed to reduce the
expression of 5-HTg receptors. This behavioral syndrome consisted of stretching,
yawning, and chewing (Sleight et al., 1998). Bourson et al. (1998) and Bentley et al.
(1999) similarly demonstrated that Ro 04-6790 induced stretching behavior and
also inhibited 6-OHDPAT lesion-induced rotational behavior. Both phenomena
were significantly attenuated by the centrally active muscarinic antagonists scopol-
amine and atropine but not by the N-methylscopolamine or by the dopamine D,
receptor antagonist haloperidol. Similarly, Routledge e/ al. (2000) showed that an
alternative 5-HTg receptor antagonist, SB-271046 (Bromidge e/ al., 1999) potenti-
ated the acetylcholine esterase inhibitor physostigmine-induced chewing behaviors.
This occurred at similar dose ranges as those that were able to enhance cognitive
performance (Hatcher ¢t al., 2005; Rogers and Hagan, 2001; Rogers et al., 1999)
and reverse cholinergic-induced impairments (Foley et al, 2004; Liecbnen et al.,
2005) in various models of learning and memory.

Despite all of these early data implicating a direct role for 5-HT¢ receptors on
cholinergic neurotransmission, no direct neurochemical evidence was reported for
quite some time. Sleight ¢t al. (1999) presented an abstract communication that
showed that Ro 65-7199 was able to enhance acetylcholine (ACh) output in both
the cortex and the hippocampus of rats using n vivo microdialysis. This occurred at
doses that had been shown to be efficacious in memory models (Sleight et al., 1999).
This same group later demonstrated that a further molecule from their chemical
series (N-(pyridin-4-yl)-4-amino-benzene sulfonyl phenylamine; compound 11)
also produced an increase in frontal cortex ACh levels, reaching a maximum of
120% above preinjection baseline following a 30 mg/kg oral dosing (Riemer ¢ al.,
2003). The temporal profile of this increase showed a maximum response at 20—
40 min postdose, which then steadily declined. The PK profile of this molecule
largely followed this temporal profile of neurochemical effects, although the max-
imum concentration was achieved at 1 h postdose and had a half-life of 4 h, which
far surpassed the neurochemical readout. Subsequently, two further 5-HT¢ recep-
tor antagonists, SB-271046 and SB-399885, have been shown to enhance fore-
brain ACh levels in microdialysis studies in the rat. SB-271046 (10 mg/kg s.c.)
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produced a 150% increase in extracellular levels of ACh in the rat hippocampus
(Zhang et al., 2007). Maximum increases were observed at 40 min post adminis-
tration and were then sustained for the duration of the study, that is, 160 min
postdose (Zhang et al., 2007). The follow-on molecule from SB-271046, SB-
399885 (which shows improved DMPK characteristics and, in particular,
enhanced oral bioavailability and brain penetration Hirst ¢/ al. (2006)) produced
a dose-related increase in extracellular levels of ACh in the medial prefrontal
cortex (mPFC) of the rat. Maximum increases of 200% (at 10 mg/kg p.o.) were
achieved at 1 h post dose and were maintained for the duration of the study (i.e. 4 h
postdose). These doses correlated well with those that were shown to be efficacious
in the rat novel object recognition (NOR) paradigm of recognition memory
(Hirst et al., 2006). Interestingly, concurrent ex vivo receptor occupancy studies
revealed that striatal receptor occupancy was still >80% at 4 h, which was the
time required to attain the maximum brain concentration of this molecule
(Hirst et al., 2006). Taken together one may conclude that a high level of occu-
pancy, with this competitive receptor antagonist, was required to enhance extra-
cellular levels of ACh and concurrently produce a cognitive enhancement.
Perhaps the most recently described 5-HT¢ receptor antagonist is SB-742457.
This molecule is of particular interest because it is one of the four molecules that
have gone into a clinical population (together with PRX-07034, SYN-114,
SUVN502, and more recently SAM531; Table I) and was the first example within
the mechanistic class to show cognitive enhancing efficacy in Alzheimer’s patients
(Upton et al., 2008). In in vivo microdialysis studies (Chuang et al., 2006) SB-742457
produced an increase in extracellular levels of ACh in the rat mPFC. A maximum
two fold increase was observed with 10 mg/kg p.o. 30-45 min post administration
and the increase was maintained for the duration of the sampling period (265 min).
Interestingly, no minimal effective dose was identified in this study with a similar
two fold increase being observed at 1 and 3 mg/kg p.o., suggesting that this
molecule has an increased i vivo potency versus those compounds that preceded it.

It would therefore appear that a range of structurally diverse 5-HT¢ receptor
antagonist molecules have now been shown to enhance extracellular levels of ACh.
These molecules, irrespective of dose or route administered, have all produced an
approximately two fold increase in extracellular ACh levels at time points and
durations of efficacy commensurate with their PK profile. The reason for this
ceiling effect is likely that the tonic influence that serotonin has on hippocampal
and cortical cholinergic output is finite. It has been demonstrated that the 5-HTjg
receptor is not localized directly on cholinergic neurons (Marcos et al., 2006;
Woolley et al., 2000, 2004). Simplistically, it may seem somewhat paradoxical that
a Gos coupled receptor, when antagonized, would actually increase neurotrans-
mitter output. Localization data have suggested that the 5-HT4 receptors are
colocalized with markers of GABAergic function (Gerard et al., 1996, 1997;
Hamon et al., 1999; Woolley et al., 2000) and hence play a role in modulating
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Table 1

5-HT ¢ RECEPTOR ANTAGONISTS IN CLINICAL DEVELOPMENT: CURRENT STATUS.

Clinical Data and Status

Compound Study;

(Company) Indication

SB-742457 Phase II; AD
(GSK)

SAM-531 Phase II; AD

(PF-5212365;
WAY-262531)

(Wyeth)

SGS-518 (Lu Phase II;
AE58054) schizophrenia
(Lundbeck/ and AD
Lilly)

PRX-07034 Phase I; AD and
(EPIX) obesity

In several phase I studies, SB-742457 was found to be well

tolerated, with a safety profile similar to that of placebo.
Terminal half-life was >24 h; at a dose of 35 mg, 5-HT§
receptor occupancy in the brain was >80%. Two phase II
trials have now been completed. Preliminary data suggested
efficacy in comparison to aricept (reported at CINP May
2008). Adjunctive study with aricept/donepezil and SB-
742457 (15 and 35 mg) is ongoing

A double-blind phase Ila study included 74 patients with mild

to moderate AD who were randomized to 4 wecks of
treatment with SAM-531 0.5, 1.5, 3.0, or 5.0 mg o.d. or
placebo. SAM-531 appeared to be safe, with most adverse
events mild and none serious. PK parameters included 4y«
values of 1.5-4 h, G« values of 15-192 ng/mlL, and AUC
(0-24 h) of 268-3187 ng h/mL. A trend towards efficacy
was seen with SAM-531 (1.5, 3.0, and 5.0 mg) in terms of
improvement from baseline on Alzheimer’s Disease
Assessment Scale-Cognitive Subscale assessments. Patients
given the three highest doses of SAM-531 also tended to
make fewer errors at week 4 on the CANTAB Paired
Associates Learning test than those given placebo. Mini-
Mental State Examination results were not indicative of a
clear effect of treatment (reported at ICAD July 2010).

A phase II study is underway examining three doses of
SAMS531 (1.5, 3, and 5 mg) versus donepezil

In phase I studies, SGS-518 was well tolerated in both a dose-

ranging and a multidose cohort. Encouragingly, in a small
trial involving 20 schizophrenia patients stable on
antipsychotic medication SGS-518 produced a dose-
proportionate improvement in cognition as determined
using the Brief Assessment of Cognition in Schizophrenia
scale. This effect reached significance at the highest dose
tested (240 mg), and no dose-limiting adverse effects were
apparent. However, the schizophrenia studies were
subsequently terminated due to lack of efficacy. A phase II
study adjunctive to donepezil in AD patients is ongoing

A number of phase I trials have been completed with PRX-

07034. Most significant has been a multiple ascending-dose
study in which PRX-07034 was administered once daily for
28 days to 33 obese, but otherwise healthy, adults. The

compound was generally well tolerated at up to 600 mg and

(continued )
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Table I (continued )

Compound Study; Clinical Data and Status
(Company) Indication

at this dose level produced a significant improvement in

several performance measures within a cognitive screening
battery (CogScreen; developed by G.G. Kay). PRX-07034
has been selected by the Treatment Units for Research on
Neurocognition and Schizophrenia for a future phase II trial

SYN-114 Phase I; AD An initial phase I trial with SYN-114 has been completed, but
(Synosia/ to date no clinical data have been reported
Roche)

SUVN-502 Phase I; AD and  Phase I studies with SUVN-502 are underway
(Suven) obesity

Information on the general design and purpose of clinical trials was obtained from the U.S. National
Institutes of Health http://www.clinicaltrials.gov website. Results data were obtained from press
releases on the website of the sponsoring company. AD: Alzheimer’s disease; PD: pharmacodynamic;
PK: pharmacokinetic. (Adapted and updated from Upton e al., 2008.)

GABAergic neurotransmission. It could therefore be speculated that 5-HTg recep-
tors, localized on GABAergic interneurons, tonically modulate the activity of the
GABA system. Thus, blockade of this tone effectively reduces GABA output and
hence disinhibits cholinergic neurotransmission, increasing output (Woolley et al.,
2000, 2004). As will be discussed later the neurochemical support for this hypoth-
esis will be reviewed, as will the evidence that this disinhibition does not exclusively
modulate the cholinergic system.

Another correlation that seems to be very consistent across all small-molecule
antagonist ligands is that the doses that increase cholinergic output, in n vivo
microdialysis studies, are also roughly the doses that improve cognitive perfor-
mance in normal, aged, and pharmacologically impaired rodents (see reviews by
Fone, 2008; Mitchell and Neumaier, 2005; Upton e al., 2008). It 1s therefore likely
that, at least in part, 5-HTg receptor antagonist-induced efficacy in the various
cognition paradigms is mediated by a modulation of cholinergic output.

B. GLUTAMATERGIC NEUROTRANSMISSION

Although much of the early work did focus on the role of 5-HT¢ receptor
antagonists in modulating cholinergic function, the first dedicated neurochemistry
study demonstrated an effect on cortical glutamate output (Dawson et al., 2000).
These findings were further expanded upon and more fully characterized shortly
afterward (Dawson e al., 2001). Using in vivo microdialysis in the freely moving rat,
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it was demonstrated that SB-271046 (10 mg/kg s.c.) induced a three- and two fold
increase in extracellular levels of glutamate in the dorsal lateral frontal cortex
(dIFC) and hippocampus, respectively. As with other studies with SB-271046, this
pharmacodynamic effect was sustained for the duration of the study (i.e. 240 min)
and was maximal at 160-200 min post administration in both brain structures.
Reverse microdialysis infusion of the voltage-dependent sodium channel blocker
tetrodotoxin (10 uM) attenuated this SB-271046-induced effect, clearly demon-
strating the impulse-dependent neuronal origin of the glutamate. As 5-HT¢ recep-
tors have been suggested to enhance cholinergic function (Bentley et al., 1999;
Bourson et al., 1995; Routledge et al., 2000; Sleight et al., 1999) and postsynaptic
muscarinic receptor activation can induce changes in glutamate (Alcantara et al.,
2001; Sanz et al., 1997), atropine was used in an effort to block the SB-271046-
induced effects. Atropine, at doses previously shown to block 5-HTg antisense
oligonucleotide-driven behaviors (3 mg/kg s.c.; Bentley ez al., 1999; Bourson ez al.,
1998), administered 1 h following SB-271046 was without effect in either the dIFC
or the hippocampus, suggesting that the observed increases in extracellular gluta-
mate were not a consequence of enhanced cholinergic function. Interestingly,
these enhanced glutamatergic effects were observed in the cortex and hippocam-
pus but not within any of the other subcortical dopaminergic (i.e. striatum and
nucleus accumbens) structures examined in this study, areas previously shown to
be areas of relatively high 5-HT¢ receptor expression (Gerard e al., 1996, 1997;
Hamon et al., 1999; Monsma e/ al., 1993; Roberts et al., 2002; Ruat et al., 1993).
More recently, the effect of SB-742457 on glutamatergic neurotransmission in the
mPFC of rats has been shown (Chuang e al., 2006). In this latest study, SB-742457
given orally produced a dose-dependent increase in extracellular levels of gluta-
mate with a maximum effect attained at 100 min post administration (3 mg/kg
p-o.). This elevated level was then maintained for the duration of the sampling
regime, which again was commensurate with the PK profile of the molecule, with
maximum circulating concentrations of SB-742457 being achieved at 4 h post-
administration (Chuang e al., 2006). Interestingly, there appeared to be a bell-
shaped dose-response in this study, with SB-742457 at 10 mg/kg producing a
smaller maximum increase versus that seen at 3 mg/kg. This has not been seen
with previous molecules; however, SB-742457 is arguably the most potent com-
pound tested i vivo to date, showing improved PK parameters and a 10-fold
increase in ex vivo receptor occupancy EDj5y’s versus SB-399885, for example
(Chuang et al., 2006; Hirst et al., 2006). That said the exact reason for this apparent
bell-shaped dose—response is not clear. Taken together these data do suggest that
the increase in forebrain glutamate is a 5-H'T's receptor antagonist-mediated effect
as structurally diverse molecules have reproduced these findings. More recently, a
number of agonist ligands have been reported in the literature. These molecules
have greatly contributed to our understanding of the interplay between the 5-HTg
receptor and the complex interconnecting neurochemical systems. Interestingly,
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the two recently reported agonists, WAY-181187 and WAY-208466, did not alter
basal levels of glutamate in any brain region examined in the study reported by
Schechter et al. (2008), even following 14 days of chronic administration of WAY-
208466 (10 mg/kg s.c., q.d.). From experience, observing alterations in basal levels
of glutamate sampled by @ viwo microdialysis is notoriously difficult, particularly
when that change 1s a decrease. The majority of glutamate sampled by microdialysis
1s generally not neuronal in origin and, as such, changes in neuronal output do not
produce detectable alterations in basal extracellular concentrations. Stimulated
efflux, on the other hand, which by nature is likely to be more neuronal, is much
more easily modulated. Indeed the Schechter study (2008) clearly demonstrated
that WAY-181187 attenuated but sodium azide (an ischemic/metabolic compro-
mise challenge) and potassium stimulated glutamatergic output in an isolated hip-
pocampal slice preparation. This provides further evidence that the 5-HT¢ receptor
plays a central role in modulating forebrain glutamatergic neurotransmission.

Several lines of biochemical and behavioral data have provided functional
support of these neurochemical observations. King ¢/ al. (2004) demonstrated that
prior administration of the NMDA receptor antagonist MK 801 attenuated mem-
ory consolidation induced by the 5-HT{ receptor antagonists SB-271046 and Ro
40-6790 (both given at 10 mg/kg 1.p.) in the rat NOR paradigm. Furthermore, in
the common marmoset SB-271046 (3 and 10 mg/kg p.o.) completely reversed an
MK 801-induced deficit in a perceptual visual and visuospatial conditional dis-
crimination task (Upton e/ al., 2008). Thus, 5-H T receptor antagonists appear to
be able to reverse glutamatergic impairments or have their own efficacy prevented
by NMDA receptor blockade, suggesting a direct interaction at the level of the
glutamatergic synapse. Indeed biochemical studies have shown that repeated
administration of SB-271046 (10 mg/kg p.o., b.i.d. for 7 days) produced changes
in NMDA subunit expression (Marcos ¢t al, 2009). Furthermore, the work of
Regan and colleagues (Chuang et al., 2006; Foley et al., 2008) has shown that a
number of 5-HTg receptor antagonists are able to augment the polysialylation of a
neuronal cell adhesion molecule (PSA-NCAM) in the dentate gyrus of rats.
Glutamate is thought to promote the differentiation of neuronal progenitor cells,
a process that involves the formation of immature neuronal populations, which
express PSA-NCAM (Seki and Arai, 1999). This leads to enhanced interneuronal
contact that is vital for increased neuronal plasticity processes such as long-term
potentiation (Lthl ¢/ al., 1994) and hence is likely involved in the cognitive enhanc-
ing effects observed. Thus, taken together it would appear that cognitive enhance-
ment of 5-HTj receptor antagonists may largely be mediated by the enhanced
excitatory neurotransmission in forebrain structures and subsequent downstream
changes in plasticity. The underlying mechanism of action behind how 5-HTj
receptors modulate glutamatergic output is again somewhat paradoxical but has
been speculated to be similarly to that mooted for cholinergic enhancement, that is,
a disinhibition effect via modulation of GABAergic neurotransmission.
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C. GABAERGIC NEUROTRANSMISSION

A relationship between the 5-HTg receptor and the GABA system has been
speculated upon for some time. Localization of 5-HTy receptors on
GABAergic spiny neurons has been demonstrated (Gerard et al, 1997) and
colocalization with glutamic acid decarboxylase (GAD) immunoreactivity (the
synthetic enzyme for GABA; Ward and Dorsa, 1996; Woolley et al., 2000,
2004) also shown. This has led to the hypothesis that much of the neurochem-
ical effects induced by antagonists have been a result of the blockade of a tonic
serotonergic drive on GABAergic neurons and a subsequent disinhibition of
other neuronal phenotypes. However, with the recent identification and char-
acterization of selective 5-HTg receptor agonist ligands, this hypothesis has
gained much confirmatory neurochemical support. Schechter e al. (2008)
described two new selective small-molecule 5-HTg receptor agonists WAY-
181187 and WAY-208466 (WAY-466; both molecules have been previously
reported in abstract form; Beyer et al, 2005; Schechter et al, 2004).
Administration of WAY-181187 (3-30 mg/kg s.c.) produced dose-related
increases in extracellular levels of GABA in the dIFC, striatum, dorsal hippo-
campus, and amygdala of the rat (with no effects seen in the nucleus accum-
bens or thalamus). Maximum increases were observed at the 30 mg/kg dose
and were two- to three fold above preinjection basal levels across all brain
structures examined. This maximum increase was generally observed approx-
imately 60 min postdose and was then maintained for the remainder of the
study (i.e., 240 min postdose). This phenomenon occurred across all brain
regions examined with the exception of the striatum where there was a steady
increase throughout the sampling period; why this profile was observed is not
clear. The maximal effect in the dIFC was fully attenuated by preadministra-
tion of SB-271046 (10 mg/kg s.c.) but the antagonist was without effects in its
own right. One may have expected a decrease in GABA with the antagonist;
however, this may be a technical issue, since levels of GABA sampled using
overflow techniques, such as i vivo microdialysis, are generally quite low in
structures such as the cortex (as stated in the Schechter manuscript) and hence
measuring a robust decrease tends to be very difficult. This is less of an issue in
structures such as the amygdala but the comparative study has not been
reported. The effect of WAY-208466 was examined following a period of
chronic administration (10 mg/kg s.c., q.d., 14 days), presumably to examine
whether prolonged agonist exposure induced any tachyphylaxis. The agonist-
induced increases in GABA in the dIFC were maintained and actually showed
evidence of augmentation following 14 days of administration, suggesting that
there was no desensitization of the 5-HTg receptor-induced effects. The pre-
sumed downstream effects of these changes in extracellular GABA on other
neurotransmitter systems will be highlighted in the next section. However, a
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recent report also demonstrated that WAY-181187 was able to enhance inhib-
itory postsynaptic currents in the hippocampus of rats, a direct correlate of
enhanced GABAergic function (West ¢t al., 2009). These observations do serve
to strengthen the hypothesis that much of the neurochemical changes induced
by modulating the 5-HTg¢ receptor, and thus the range of subsequent ligand-
induced changes in behavior, may indeed be a complex interplay with the
GABA system playing a very central role.

D. MONOAMINERGIC NEUROTRANSMISSION

The monoaminergic systems have obviously been a focus for much neuro-
psychiatric research for many years. At least some of the older antidepressant
type molecules (e.g., amoxapine, amitriptyline, and mianserin) and many of the
atypical antipsychotics (e.g., clozapine, olanzapine, and sertindole) show mod-
erate affinity for the 5-HTg receptor (Roth ez al., 1994). These types of molecules
also modulate many monoaminergic systems, at least in preclinical studies
(Ichikawa et al., 2002a, 2002b; Kuroki et al., 1999). It now seems logical that
these effects may, at least in part, be mediated by this 5-HT¢ receptor affinity
and thus a number of groups have examined this hypothesis. The effects of SB-
271046 have been investigated across a number of brain structures using i vivo
microdialysis in the rat. The initial study by Dawson et al. (2001) showed very
little effect of SB-27016 on dopamine, noradrenaline, or 5-HT efflux across a
range of brain structures, that is, dIFC, striatum, hippocampus, or nucleus
accumbens. Although there was perhaps a trend to increase dopamine in the
dIFC, Li et al. (2007) also showed a similar lack of effect of SB-399885 (3 and
10 mg/kg s.c.) on dopamine in the mPFC but a small increase in the hippo-
campus. In contrast, Hirst et al. (2003) showed that SB-399885 (1-10 mg/kg
p.o.) produced a dose-related increase in mPFC dopamine and noradrenaline.
No temporal profile of effect was shown but there did appear to be somewhat of
a bell-shaped dose-response in this study with 3 mg/kg producing maximal
effect; this was seen previously with SB-742457 (Chuang et al., 2006) on gluta-
mate changes but again no clear cause was suggested, so the reason for this
remains unclear. A subsequent study (Lacroix et al., 2004) examined the effect of
SB-271046 in the mPFC of the rat. Here SB-271046 (1-10 mg/kg p.o.) also
produced a significant increase in extracellular levels of dopamine and nor-
adrenaline but not 5-HT. These increases were three fold above preinjection
basal levels for both transmitters and reached a maximum at 120 min post
administration of 10 mg/kg p.o. Interestingly, the effect on monoamines seemed
to dissipate when compared to temporal profile of previous profiles seen with
glutamate and ACh changes. The exact reason for this is not clear, although
previous studies largely used s.c. dosing of SB-271046 versus p.o. This may have
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resulted in higher drug exposures; thus, the PK profile, and hence pharmaco-
dynamic effect, may have been prolonged particularly given SB-270146’s
poorer oral PK profile. The agonist WAY-181187 was also examined for its
effect on monoaminergic neurotransmission across six different brain structures
in the Schechter study (2008). Here WAY-181187 (3-10 mg/kg s.c.) produced
a decrease in extracellular levels of dopamine (at the 30 mg/kg dose) in the
dIFC and striatum, and 5-HT (at 10 and 30 mg/kg s.c.) in the dIFC. All effects
were attenuated by pretreatment with SB-271046 (10 mg/kg s.c.), demonstrat-
ing that these were 5-HTg receptor driven. Furthermore, local infusion of the
GABA, receptor antagonist bicuculline (10 pM for 60 min postagonist admin-
istration) into the dIFC also fully attenuated the dopamine and 5-HT effects.
These data therefore suggest that these decreases in monoamine levels were
likely driven by the agonist-induced increases in extracellular levels of GABA
seen with WAY-181187. Two studies both from the Dawson labs (Dawson and
Li, 2003; Dawson et al., 2003) looked at the combination of SB-271046 with a
range of noradrenaline- and/or serotonin-based antidepressant molecules and
the psychostimulant amphetamine. SB-271046 (10 mg/kg s.c.) had no effect on
systemically administered desipramine-, fluoxetine-, or venlafaxine-induced
changes in monoamine neurotransmission in the dIFG (Dawson and Li,
2003). One may expect that coadministration of serotonergic enhancers such
as fluoxetine and venlafaxine could enhance the serotonergic tone at the 5-HTj
receptor and thus an antagonist may have a more pronounced effect, but this
was not the case, at least within the parameters measured. Interestingly, fluox-
etine and venlafaxine did attenuate the SB-271046-induced increases in gluta-
mate. The authors speculated that this may be due to enhanced serotonergic
drive on the inhibitory 5-HT, heteroreceptors, which are located on gluta-
mate neurons of the cortex. Just as an aside, blockade of this particular target
has also been mooted to be a cognitive enhancing strategy (for review see
Schechter et al,, 2002) but with limited clinical success (for review see
Dawson and Bromidge, 2008). A further combination study (Li et al., 2007)
examined the influence of SB-399885 on the neurochemical effects of risper-
idone and haloperidol. SB-399885 (3 mg/kg s.c.) significantly potentiated the
ability of the typical antipsychotic drug haloperidol (a Dy receptor antagonist;
0.1 mg/kg s.c.) to increase dopamine efflux in the hippocampus but not the
mPFC. The atypical antipsychotic drug risperidone (a multiaffinity monoamine
receptor antagonist, which lacks 5-HTs receptor antagonist properties; 0.1, 0.3,
and 1.0 mg/kg s.c.) produced a bell-shaped dose-response effect on dopamine
efflux in the mPFC and hippocampus. SB-399885 potentiated risperidone
(1.0 mg/kg s.c.)-induced dopamine efflux in both regions. These data provided
additional evidence in support of the idea that the 5-HTs receptor antagonist
activity of some atypical antipsychotics (Roth ez al., 1994) may be contributing
to their activity.
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Further studies have examined the combination of 5-HTg receptor antagonists
with the psychostimulant amphetamine. It had been previously shown that block-
ade of the 5-HT§g receptor, with SB-271046, had no effect on striatal monoamin-
ergic neurotransmission (Dawson et al., 2001), suggesting no tonic role of this
receptor in regulating neurochemical output in this brain structure, despite high
striatal expression (Gerard e/ al., 1997) of the receptor. SB-271046 (10 mg/kg s.c.)
augmented dopamine output induced by amphetamine (0.3 mg/kg s.c.) and also
increased extracellular 5-HT levels despite amphetamine not having an effect on
this neurotransmitter in its own right. This augmentation was not observed,
however, when amphetamine was infused into the striatum by reverse microdia-
lysis. This suggested that the level of interaction is remote to the striatal region
sampled. The authors speculated that once again the interaction may be at the
level of the striatal GABAergic spiny neurons (Gerard et al., 1997) that play a role in
directly and indirectly regulating nigrostriatal dopaminergic circuitry. Frantz et al.
(2002) previously showed that an alternative antagonist SB-258510 produced an
increase in amphetamine-induced locomotor behavior and augmented the
amphetamine-induced increases in PFC dopamine. Furthermore, Ashby and
co-workers (Minabe ¢t al., 2004) demonstrated, using i vivo electrophysiology, that
chronic administration of SB-271046 (1-10 mg/kg p.o., o.d. for 21 days) selec-
tively (vs. the ventral tegmental area) increased the number of spontaneously active
substantia nigra dopaminergic neurons. These data further demonstrated that the
5-HT receptor may play a role in regulating nigrostriatal dopaminergic output
and cell firing. The reason for the 5-HTg receptor antagonist-induced enhance-
ment of amphetamine on 5-HT levels is less clear and the authors suggested that
the changes may be a result of other SB-271046-induced changes, for example,
enhanced cortical glutamate feedback to the dorsal raphe inputs to the striatum,
but of course this is speculative.

The demonstrated regulation of dopamine output is also not a phenomenon
localized to the classically recognized dopamine regions or even the brain. A recent
paper has shown that SB-271046 was able to elevate extracellular overflow from
guinea pig cochlea, in what appeared to be a GABAergic disinhibitory manner
(Doleviczeny et al., 2008).

Taken as a whole it is quite clear that the 5-HT¢ receptor plays a central role in
modulating multiple neurotransmitter systems across multiple brain structures and
neurocircuitry. This central role is largely due to the receptor’s ability to regulate
the inhibitory input onto multiple systems. The localization (discussed in depth in
previous chapters and re-iterated here) of the 5-HTg receptor on presumed
GABAergic spiny neurons (Gerard et al., 1997; Hamon ¢ al., 1999) and colocaliza-
tion with GAD immunoreactivity (Woolley e al., 2000, 2004), together with recent
observations with direct agonist stimulation and enhanced GABAergic output
with the selective agonist ligands, has greatly strengthened the evidence in support
of this hypothesis. Figure 1 schematically speculates on how these interactions may
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FiG. 1. The proposed neurochemical circuitry for 5-HTg receptors to influence both GABA and
glutamate neurotransmission. (Figure adapted from Schechter et al., 2008.) (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this chapter.)

occur in cortical and hippocampal structures. There are clearly unknown details as
to how exactly the 5-HTg receptor regulates specific neurocircuitry but with the
newly discovered ligands and, in particular, the receptor agonist ligands this area
may yet become clearer in the future.
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ll. Therapeutic Implications

A. CoGNITIVE ENHANCEMENT: ALZHEIMER’S DISEASE

The role of 5-HT in cognitive processing and performance has been known for
sometime (for review see Ramirez et al., 2005). The 5-HT receptor is one of the
receptors, within the serotonergic subfamily, which has seen the most focus in this
regard. From the early studies examining the effects of the antisense oligonucle-
otide on cognitive performance in rat water maze (Bentley ez al., 1997) to the
extensive studies examining the selective small-molecule receptor antagonist in
many diverse models of rodent and primate cognition and learning (for review see
Fone, 2008; Mitchell and Neumaier, 2005; Schrieber et al., 2006; Upton et al.,
2008; Woolley et al., 2004), it has been clear that blockade of 5-HT§ receptor-
mediated neurotransmission leads to an enhanced cognitive performance in pre-
clinical species. Interestingly, and somewhat paradoxically, it appears that 5-HTj
receptor agonists may also be procognitive in some preclinical models of cognitive
flexibility (i.e., attentional set shifting; Burnham et al., 2010) and recognition
memory (i.e., NOR; Kendall ez al., 2010). However, this was not observed in social
recognition where an agonist was actually amnesic (Loiseau e al., 2008), which
perhaps is in more agreement with the attenuation of hippocampal LTP observed
by West ¢t al. (2009). As a whole from all of the data reviewed here, it would appear
that the underlying mechanism of action of 5-HT¢ receptor on learning and
memory processes may be via a modulatory role on multiple neurotransmitter
systems.

Enhanced cholinergic output has been demonstrated with multiple chemically
diverse 5-HT§ receptor antagonists (see above). Cholinergic function has been
demonstrated to play a key role in various learning and memory processes
(Perry et al., 1999). Indeed blockade of cholinergic function, using nonselective
antagonists such as scopolamine, produces a characteristic amnesic effect across
multiple species including man. However, probably the most compelling support-
ive data for the role of ACh in learning and memory come from the observations
that normal aging and diseases such as Alzheimer’s disease (AD) appear to be
primarily disorders of reduced cortical cholinergic function (Terry and
Buccafusco, 2003). Further, the observation that acetylcholine esterase inhibitors,
which produce a global increase in ACh levels via attenuation of neurotransmitter
catabolism, are currently still the frontline therapeutics for diseases that clinically
manifest with symptoms of cognitive decline. Thus, a molecule that can enhance
cholinergic output should have potential as a therapeutic for the treatment of
diseases with an associated cognitive decline, such as AD. Indeed a number of
5-HTs receptor antagonists have entered the clinic for the treatment of AD
(Table I) and these molecules have shown some clinical efficacy (for review see
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FiG. 2. Combination of SB-742457 and aricept produced an additive augmentation of extracellular
levels of acetylcholine in the rat mPFC. n vivo microdialysis in the freely moving rat. SB-742457
(1.0 mg/kg) and aricept (either 0.3 or 1.0 mg/kg) were dosed separately via the p.o. route (SB-
742457 followed by aricept). *P < 0.05; **P < 0.01. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this chapter.)

Upton et al., 2008). Interestingly based on the mechanism of action of the 5-HTj
receptor, that is, removal of the tonic inhibitory drive on the cholinergic system,
one may hypothesize that an antagonist may be useful as an adjunctive to acetyl-
choline esterase inhibitors. There are emerging preclinical data to support this
hypothesis; Marcos et al. (2008) demonstrated that SB-271046 enhanced the
efficacy of galanthamine in the Morris water maze task in rats. Furthermore,
neurochemically we have demonstrated that SB-742457 can augment the ari-
cept-induced increases in cortical ACh output as measured by microdialysis
(Fig. 2). This adjunctive utility is currently being tested clinically with SB-
742457 and SGS-518 (Table I), so it will be interesting to see the clinical utility
of this adjunctive approach if and when data are released.

Given the complexity and diversity of the cognitive and behavioral abnormal-
ities seen in AD, it is highly likely that these symptoms are a consequence of diverse
and interactive dysfunctions of multiple neurotransmitter systems. This is sup-
ported by the observations that cholinesterase inhibitors are at best only partially
efficacious in treating AD (Courtney et al., 2004). Thus, the effect of 5-HTjg
receptor antagonists on multiple systems, including glutamate and dopamine,
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provides hope that these molecules may have a therapeutic impact on multiple
facets of the cognitive and behavioral symptoms of AD. Both of these systems have
been demonstrated to be dysfunctional at various stages in AD (Francis, 2009;
Reeves et al., 2010) and to play functional roles in modulating various integrated
learning and memory processes (Francis, 2008; Levy and Goldman-Rakic, 2000).
Certainly within the preclinical arena 5-HTg receptor antagonists are able to
reverse not only cholinergic deficits but also glutamatergic impairments in various
cognition paradigms in rodent and primate species (for reviews see Fone, 2008;
Schrieber et al., 2006; Upton et al., 2008; Woolley et al., 2004). Thus, we await
further clinical data on the current (see Table I) and future clinical molecules in
Alzheimer’s populations to see whether efficacy is further proven and possibly
enhanced versus current first-line medications.

B. ANTIPSYCHOTICS: SCHIZOPHRENIA

Schizophrenia is a complex and highly heterogeneous disorder for which there
is no common identifiable pathology and for which the etiology is poorly under-
stood. That said the theories behind the manifestation of the various symptoms of
the disease are neurochemical in nature and largely based around dopamine and
glutamate dysfunction (Carlsson, 2000; Carlsson et al., 2001). Conceptually, hyper-
activity of the mesolimbic dopaminergic pathway is believed to cause the positive
symptoms of the disease and the negative and cognitive domains are believed to
arise from hypoactivity of the mesocortical dopaminergic pathways. However, it is
now believed that schizophrenic symptoms reflect complex dysfunctional interplay
between dopaminergic and cortical hypoglutamatergic deficits (Carlsson et al.,
2001; Laruelle et al., 2003; Lisman et al., 2008).

As mentioned previously several of the current atypical antipsychotics, for
example, clozapine and olanzapine, exhibit nM affinity for the 5-HT¢ receptor
(Roth e al., 1994). This has led to the hypothesis that molecules targeted at this
receptor may have antipsychotic efficacy. This is possibly an oversimplification,
however, as atypical antipsychotics have a multifaceted pharmacology having
affinity for a number of aminergic receptors. This “rich pharmacology” no doubt
contributes to their efficacy and also the side effects and other issues. Preclinical
neurochemistry studies have shown that molecules such as clozapine and olanza-
pine do have a characteristic monoaminergic signature across cortical and sub-
cortical brain structures (Ichikawa et al., 2002a, 2002b; Kuroki ez al., 1999; Shilliam
and Dawson, 2005). The characteristic cortical (largely mPFC) neurochemical
profile of the atypical antipsychotics is an increase in dopamine, noradrenaline,
and ACh with no effect on 5-HT (Ichikawa ez al., 2002a, 2002b; Kuroki ez al., 1999;
Shirazi-Southall et al., 2002). Although a direct comparison has never been
reported, the composite profile of molecules such as SB-271046 and SB-399885
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would suggest that 5-HT¢ receptor antagonism produces a qualitative profile in
the mPFC (Hirst ¢/ al., 2006; Lacroix et al., 2004) similar to that of an atypical
antipsychotic. It also appears that adjunctive usage may be possible, since SB-
399885 can augment the neurochemical effects of antipsychotics that do not
possess significant 5-HTg receptor affinity (Li e/ al, 2007). In addition to the
monoaminergic effects, 5-HT¢ receptor antagonists enhance cortical and hippo-
campal glutamate levels (Dawson et al., 2000, 2001), which, in our hands, atypical
antipsychotics, such as clozapine, do not (unpublished observations). Since the
current neurochemical theories of schizophrenia hypothesize that a dysfunction in
dopamine and glutamate in the cortex may contribute to some, if not all, of the
symptoms seen in schizophrenia, simplistically one may therefore conclude that
5-HT receptor antagonists may have utility as antipsychotics. One would at least
expect that the cortical enhancement in dopamine, ACh, and glutamate should
improve the cognitive deficits seen in schizophrenia. In fact in a phase Ila clinical
trial, SGS-518 was well tolerated and produced a dose-dependent, significant
impact on the Brief Assessment of Cognition in Schizophrenia scores in a small
population (20) of antipsychotic stabilized patients with schizophrenia (Lesem,
2007). It should be noted, however, that the molecule has subsequently been
terminated for this indication but is still in development for AD. However, an
efficacious antipsychotic would need to address the more florid positive symptoms
of the disease, which probably means having a neurochemical impact on the
aberrant subcortical dopaminergic systems (Carlsson, 2000; Carlsson el al.,
2001). Acute treatments with atypical antipsychotics produce, to greater or lesser
degrees, an increase in mesolimbic and mesocortical dopamine output (Ichikawa
et al., 2002a, 2002b; Kuroki e al., 1999; Shilliam and Dawson, 2005). However,
upon chronic administration the mesolimbic output is attenuated, as shown by
electrophysiological and neurochemical studies (Blackburn et al, 2002; Di
Giovanni et al., 1998; Shilliam and Dawson, 2005; Stockton and Rasmussen,
1996). This attenuation is thought to be mesolimbic pathway specific versus
nigrostriatal, for atypical antipsychotic drugs but not for typical antipsychotics
such as haloperidol. This difference is thought to be the reason why antipsychotics
have a delay to therapeutic onset of efficacy and why atypical antipsychotics have a
reduced propensity to induce extrapyramidal side effects. The reports highlighting
the acute neurochemical effects of 5-HT receptor antagonists suggest that there
1s no tonic effect on either nigrostriatal or mesolimbic dopaminergic output
(Dawson et al., 2001). Adjunctive treatment to amphetamine has demonstrated
that 5-HT§¢ receptor antagonism can augment amphetamine-induced striatal
(Dawson et al., 2003) and cortical (but not nucleus accumbens; Frantz e al.,
2002) dopamine output. The Frantz study (2002) concurrently showed that
SB-258510 also augmented amphetamine-induced locomotor behavior, which
would support the enhanced neurochemical output (Dawson et al, 2003).
Furthermore, electrophysiology studies, examining the effects of chronic
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administration of SB-271046 (Minabe e/ al,, 2004), suggest that there is a
selective increase in nigrostriatal activity, that is, increased dopaminergic cell
firing in the substantia nigra pars compacta. Taken together these data suggest
that blockade of the 5-HT¢ receptor would have limited utility in the treatment
of the positive symptoms of schizophrenia. Selective augmentation of nigros-
triatal pathways per s¢ and an augmentory effect on hyperactive nigrostriatal
output (as in the case with amphetamine) may have an impact on positive
symptoms and/or EPS liability in schizophrenic patients. This is of course
speculation and in fact a role of this receptor in dependency has been speculated
upon (Ferguson et al., 2008), which may actually suggest the contrary. Although
some clinical evaluation in schizophrenics has been performed, i.e. the SGS-518
study that examined cognitive effects (T'able I), it is impossible to draw any clear
conclusions in this regard. This study was performed in stabilized patients, that
is, as an add-on to Dy blocking agents, an activity that would ameliorate any
clear behavioral outcome of elevations in dopamine. Similarly all antipsychotics
that possess 5-HT§ receptor affinity are Dy receptor antagonists; so again any
potentially detrimental impact of 5-HT¢ receptor-induced changes in subcorti-
cal dopamine system would be masked. There are no reported clinical studies
that have demonstrated antipsychotic efficacy of 5-HTg receptor antagonists as
stand-alone treatments. The preclinical evidence, in models thought to be
predictive of antipsychotic efficacy, are also limited and those studies that have
examined this are very mixed in their conclusions (Leng e al., 2003; Mitchell
and Neumaier, 2008; Pouzet et al., 2002; Schreiber et al., 2007). It would
therefore seem from available data that 5-H'Ts receptor antagonism may have
some utility in the treatment of cognitive deficits in schizophrenia but the
supportive evidence for utility against the other symptom domains of the disease
is somewhat limited.

C. ANXIETY/DEPRESSION

The introduction of novel 5-HT¢ receptor agonists (Cole et al., 2007) has
provided strong supporting evidence to the immunohistochemical studies
(Gerard et al., 1997; Hamon et al., 1999; Woolley et al., 2001, 2004), suggesting
that 5-HTg receptors play a central role in modulating GABAergic neurotrans-
mission across the brain. In this regard, neurochemical studies have demonstrated
that both WAY-181187 and WAY-208466 consistently elevate levels of GABA in
multiple brain regions associated with anxiety, including frontal cortex, hippo-
campus, and amygdala (Schechter ez al., 2008). Current therapeutic agents for the
treatment of anxiety disorders include benzodiazepines and serotonin-specific
reuptake inhibitors (SSRIs), both of which act either directly or indirectly to
modulate GABAergic neurotransmission. Benzodiazepines act as positive
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allosteric modulators of the GABA, receptor/Cl™ ion channel complex, and thus
enhance GABAergic signaling. SSRIs also may enhance levels of GABA as pre-
dicted from recent imaging studies in humans (Sanacora et al., 2002). Additionally,
both WAY-181187 and WAY-208466 attenuate stimulated glutamate efflux in
brain slices (Schechter et al., 2008). Under stressful situations, glutamatergic neu-
rotransmission may increase in cortical and limbic systems and may be associated
with anxiety symptoms as well as hippocampal atrophy. These glutamate atten-
uating effects of 5-HT¢ receptor agonists may also be beneficial in obsessive—
compulsive disorder, which may also involve increased levels of glutamate and
dopamine (Carlsson et al., 2001; Stein, 2000). Electrophysiological studies have
shown that chronic administration of a 5-HT¢ receptor agonist decreased the basal
firing rate of the substantia nigra dopaminergic cells (Schechter ¢t al., 2005), which
correlates well with the previous data with SB-271046 (Minabe e al., 2004) and
suggests that agonists may also attenuate aberrant dopamine output. Supporting
behavioral observations have shown that 5-HTg receptor agonists are effective
acutely in preclinical models of anxiety/depression (Carr et al., 2010; Svenningsson
et al., 2007) and schedule-induced polydipsia model, indicative of a rapid-onset
anti-OCD-like effect (Schechter e/ al., 2008). Furthermore, the 5-HT¢ receptor
agonist LY586713 upregulates BDNF mRNA in the hippocampus following either
acute or short-term (4 days) treatment effects that can be blocked by a 5-HTjg
receptor antagonist (De Foubert et al., 2007). Antidepressants, including SSR1Is,
have been shown to upregulate BDNF gene expression (Russo-Neustadt and
Chen, 2005). However, in contrast to the observations with 5-HT¢ receptor
agonists, the Wesolowska group has shown that SB-399885 consistently produces
anxiolytic/antidepressant efficacy in preclinical models (Wesolowska, 2007, 2008;
Wesolowska and Nikiforuk, 2007). Clearly further work needs to be done to more
fully evaluate 5-HT¢ receptor modulators in anxiety/depression/OCD type dis-
orders. 5-H'T; receptor agonists seem to have the most supportive evidence to date
at least as anxiolytics but these ligands are still early in the drug development
process, so we await emerging data with interest.

IV. Conclusions

Since the discovery of the 5-HTj receptor and the development of small-
molecule antagonist and agonist ligands, neurochemical and localization studies
have clearly demonstrated a central role for this receptor in modulating GABAergic
neurotransmission across a wide range of brain structures and networks. As a
consequence of this central role, 5-HT¢ receptor ligands can subsequently produce
a diverse series of changes in monoaminergic, cholinergic, and excitatory amino
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acid neurotransmission (as discussed herein). These neurochemical data have pro-
vided supportive data to suggest a number of therapeutic avenues that may be
pursued for antagonist and more recently agonist ligands. Preclinical behavioral
studies have concurrently provided supportive evidence for targeting relevant CNS
disorders. Improvements in cognitive performance, learning, and memory have
largely been the focus of this area thus far and clinical evaluation has reached phase
II for the furthest developed molecules. However, as data continue to emerge other
areas may also be pursued (some reviewed here and in later chapters, e.g., obesity)
in the future, particularly with the emergence of the newer 5-HTg receptor agonist
ligands. This receptor still offers much potential as a therapeutic intervention point
for a range of CNS-related disorders and we await the outcomes of current and
future clinical evaluations with interest and hope.
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Growing evidence indicates that antagonists of the 5-hydroxytryptamine
(serotonin) receptorg (5-HT) improve memory and reverse amnesia, although the
mechanisms involved are poorly understood. Hence, in this paper an attempt
was made to summarize recent findings. Available evidence indicates that diverse
5-HT§ receptor antagonists produce promnesic and/or antiamnesic effects in
diverse conditions, including memory formation, age-related cognitive
impairments, memory deficits in diseases such as schizophrenia, Parkinson, and
Alzheimer’s disease (AD). Notably, some 5-H'Tg receptor agonists seem to have
promnesic and/or antiamnesic effects. At the present, it is unclear why 5-H'Tg
receptor agonists and antagonists may facilitate memory or may reverse amnesia
in some memory tasks. Certainly, 5-HT¢ drugs modulate memory, which are
accompanied with neural changes. Likewise, memory, aging, and AD modify
5-HT¢ receptors and signaling cascades. Further investigation in different memory
tasks, times, and amnesia models together with more complex control groups
might provide further clues. Notably, human studies suggest a potential utility of
5-HT§ receptor antagonists in mild-to-moderate AD patients. Even individuals
with mild cognitive impairment (MCI) offer a great opportunity to test them.
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I. Introduction

Memory may be defined according to its content, in relation to time and its
neurobiological basis: in the former case, as declarative/explicit or nondeclara-
tive/implicit memory, and regarding time, as short-term (STM) or working, and
long-term memory (LTM) (Davis and Squire, 1984; Izquierdo ez al., 1999, 2006);
the latter depends on protein and mRNA synthesis. Notably, diverse brain areas
and neurotransmission systems mediate memory systems, including serotonergic
systems. Serotonin (5-hydroxytryptamine, 5-HT) was discovered about 50 years
ago, and currently it still continues to generate interest as one of the most successful
targets for therapeutic applications, ranging from depression, schizophrenia, anx-
lety to learning and memory disorders. Serotonin has been implicated in learning
and memory previously (revised by Altman and Normile, 1988; Ogren, 1985), and
recently this notion has gained wider acceptance and interest. For instance, a
Medline search in 1999 for 5-HT and memory or 5-HT and learning produced
394/1512 articles, respectively; whereas, in a March (2007) search for serotonin
and memory or 5-HT and learning or 5-HT and memory or serotonin and
learning yielded 4113 publications. Thus, in the last few years more than 2500
or 3500 papers have appeared that directly or indirectly implicate 5-HT or its
receptors in learning and memory in species ranging from humans to inverte-
brates, and to date (December 2010), this trend continues (5311 papers).

Il. 5-HT Systems and Markers Related to Memory Systems

The identification of seven 5-HT receptor families (5-HT to 5-HT';) (Hannon
and Hoyer, 2008; Hoyer et al., 2002) and serotonin transporter (SERT; see e.g.,
Kalueff ez al., 2010) in mammalian species as well as drugs selective for these sites
have allowed to dissect their participation in learning and memory (see e.g., Dayan
and Huys, 2009; King ¢ al., 2008; Meneses, 1999, 2003; Pérez-Garcia and Meneses,
2008a; Meneses et al., 2011; Terry et al., 2008). Actually, growing evidence indicates
that 5-HT receptors and SERT are involved in normal, pathophysiological, and
therapeutic aspects of learning and memory (Meneses, 1999; Meneses et al., 2011;
Schmitt et al., 2006). For instance, disorders such as AD and schizophrenia contain
an important component of dysfunctional memory and their etiology includes
dysfunctions of cholinergic, glutamatergic, and serotonergic systems (Cassel, 2010;
Lietal., 2007; Meneses and Perez-Garcia, 2007; Pérez-Garcia and Meneses, 2008a;
Steckler and Sahgal, 1995; Stewart et al., 2007; Terry et al., 2008). The serotonergic
systems have been also implicated in diseases with memory disorders such as depres-
sion, Down’s syndrome, posttraumatic stress disorder, and so on.
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5-HT pathways project to almost all brain areas (Jacobs and Azmitia, 1992;
Steinbusch, 1981) and diverse 5-H'T mechanisms might be useful in the treatment
of learning and memory dysfunctions. Notably, aging, AD, and amnesia are
associated with decrements in 5-HT markers such as the raphe nuclei, the
uptake/transporter complex, and in the number of 5-HT51p, 5-HTos,0c,
5-HTy4, 5-HTg, and 5-HT; receptors (for references, see Francis et al., 2010;
Meneses, 1999, 2003; Meneses and Perez-Garcia, 2007; Meneses ¢t al., 2011).
Emerging evidence suggests that memory formation, amnesia, and promnesic
and amnesic drugs modify serotonergic markers, including 5-H'T receptors and
SERT (see e.g., Belcher et al., 2005; Garcia-Alloza et al., 2004; Huerta-Rivas et al.,
2010; Lorke et al., 2006; Marcos et al., 2006, 2008; Meneses et al., 2007; 2011; Pérez-
Garcia and Meneses, 2006, 2008a, 2009; Tellez et al., 2010). Certainly, 5-HT 4,
5-HToa/0c, 5-HT3, 5-HTy, 5-HTg, and 5-HT; receptors have attracted more
scientific interest regarding memory (see e.g., Bockaert el al., 2008; Meneses,
1999, 2003; King e al., 2006, 2008; Ogren et al., 2008; Roth ¢t al., 2004; Terry
et al., 2008). Partlcularly, 5-HT A, 5-HT}, -HT(), and 5-HT; receptors have in
common that their agonists and/or antagonists seem to have promnesic and/or
antiamnesic effects (see e.g., Bockaert et al., 2008; King et al., 2008; Meneses, 1999,
2003; Ogren et al., 2008; Roth et al., 2004; Terry et al., 2008; van Praag, 2004).

As 5-HTg receptors have attracted wide interest, reviewing more current
pharmacological, physiological (Tassone et al., 2010), behavioral, and molecular
studies may be particularly insightful and timely in view of the apparently contra-
dictory notion that either 5-HT¢ receptor agonists or antagonists might be useful in
the treatment of learning and memory disorders. In this regard, probably a key
issue to determine is whether 5-HT markers (e.g., receptor, reuptake sites, neural
levels of serotonin) directly or indirectly contribute to the physiological and phar-
macological basis of memory and its pathogenesis (Meneses and Perez-Garcia,
2007), or if they represent protective or adaptable mechanisms. Finally, it should
be noted a recent review of the physiological effects associated to 5-HT¢ receptor
(Tassone et al., 2010), including the depolarizing response to 5-HT was reduced by
the selective 5-HTg receptor antagonist SB258585. Moreover, application of
5-HT, in the presence of RS102221 plus SB269970 to selectively activate 5-HTg
receptor, caused an increase in input resistance and induced an inward current.

lll. Localization of the 5-HT4 Receptor in Brain Areas Mediation Memory

Relative to the ontogenetic profiles of other 5-HT receptors, 5-HT receptor
mRNAs are expressed almost exclusively within the CNS and relatively early in
brain development (see e.g., King et al., 2008; Wilson and Terry, 2009), but are not
expressed in 5-HT neurons (Woolley e al., 2004). The distribution of 5-HTjg
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receptor protein is in good agreement with the mRINA results in human brain and
rats but in not mice (Liu and Robichaud, 2009). 5-HT receptors are localized in
brain areas involved in learning and memory processes (Zola-Morgan and Squire,
1993), including hippocampus, amygdala, striatum, and neocortex (King et al.,
2008, 2009; Meneses, 1999; Roberts ¢t al., 2002; Ward et al., 1995; Woolley et al.,
2003). Specifically, the higher density of 5-HTg receptor is located in striatum,
olfactory tubercles, and nucleus accumbens, with moderate levels in the cerebral
cortex, hippocampus (CA1-CA3, dentate gyrus), hypothalamus, and amygdala
(Gerard et al., 1996, 1997; Woolley et al., 2003). 5-HTs receptor modulates cho-
linergic, dopaminergic, glutamatergic, and serotonergic function (Bourson et al.,
1995; Dawson et al., 2001; Hirst et al., 2006; King et al., 2008; Riemer et al., 2003;
Woolley ¢t al., 2004). Importantly, 5-HT¢ receptor is coupled to stimulatory G-
proteins (Gs) and therefore stimulates cAMP signaling pathway (Ruat et al., 1993)
and other associated molecular mechanisms underlying learning and memory (see
e.g., Kandel, 2001; Linden ¢t al., 2008; Sossin, 2008).

IV. 5-HT, Receptors Signaling

The human and mouse 5-HT§ receptors are glycoproteins of 440 amino acids.
In rats, the protein has 438 amino acids and all known homologs have seven
transmembrane domains that form three cytoplasmic and extracellular loops. The
mechanism of interaction between serotonin receptors and their G-proteins shows
that in the case of the 5-HTg receptor, the third intracellular loop (1L3) and the C-
terminal cytosolic (C'T) region have fairly long stretches of amino acids, 55 and 104
residues, respectively. In addition, a sequence comparison indicated that iL.2 and 1.3
of the 5-HT} receptors have strong sequence homology to other serotonin receptors.
These observations suggest that the 1.2, iL.3, or CT regions of the 5-HTg receptor
may interact directly with G-proteins. 5-HTg receptors are positively coupled to the
Gs protein, inducing cAMP production. In addition, recent i vitro evidence indicates
a functional coupling of the carboxyl terminus of the human 5-HTg receptor to Fyn
tyrosine kinase (see below) and 5-HTj receptor mediation of K™ channel depolar-
ization in rat striatal cholinergic interneurons has also been suggested. The depolar-
1zing response to 5-HT seems to be reduced by the selective 5-HT§g receptor
antagonist SB-258585 (see also Tassone e al., 2010) and activation of 5-HTjg
receptors induced an inward current likely involving phospholipase C and adenylyl
cyclase (AC) (Bonsi et al., 2007). It has been noted (Bockaert ez al., 2006) that 5-HT
receptor gene presents a splicing site that lies in the middle of the intracellular loop 3;
two separate exons encode TM6 and TM7 of the 5-HT§ receptors and a nonfunc-
tional splice variant has been described for this receptor. Moreover, studies per-
formed mainly in heterologous cells transfected with both native and mutant forms
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of serotonergic receptors (see Bockaert et al., 2006), 5-HT, 5-HTo, 5-HT,, 5-HT,
and 5-H'T';, have demonstrated that they can exist in a conformation that mimics an
active state of the receptor in the absence of agonist, thus revealing that these
receptors display constitutive activity. Certainly, spontaneous signaling remains
unreported for human 5-HTjg receptors, although mutations in intracellular loop
3 (which interacts with Gs) render them constitutively active. For instance, in native
mouse, but not rats (Fone, 2008), 5-HT¢ receptors display constitutive activity for
coupling to cAMP (see Millan et al., 2008). As already mentioned 5-HT¢ receptors
recruit Gs and AC, but their cellular pharmacology was recently enlivened by the
finding that their activation triggers phosphorylation of Fyn, a member of the Src
family of nonreceptor tyrosine kinases. Fyn, in turn, activates the key intracellular
modulator, extracellular regulated kinase (ERK)1/2, via a classical Ras—Rafl-MEK
(mitogen-activated protein kinase) cascade (Yun e al., 2007; see also Millan et al.,
2008). Reciprocally, in a form of positive feedback, binding of Fyn to the C terminus
of 5-HT receptors increases their cell-surface expression. Notably, Tau is a micro-
tubule-associated protein and a main component of neurofibrillary tangles, one of
the pathologic hallmarks of AD. Historically, most of the tau phosphorylation sites
that have been characterized are serine and threonine residues; nevertheless, recent
reports state that tau can be phosphorylated at tyrosine residues by kinases including
Fyn (see Tremblay et al., 2010). This is important since, in general terms (Millan et al.,
2008), a specific 5-HT-receptor subtype influences several G-proteins and down-
stream messengers (divergence). Likewise, multiple 5-HT receptors collectively
impact (convergence) individual signals such as AC and ERK, in addition to tran-
scription factors such as cAMP response-element-binding protein (CREB). Thus,
underscoring prospects that drugs can directly affect intracellular signals, agents
blocking the interaction between 5-HTg receptors and Gs have been recently
unveiled (see Millan ez al., 2008). Finally, the manipulation of Jabl expression using
Jab1 small interference RNA decreased 5-HT§ receptor-mediated activity and their
cell membrane expression (Yun et al., 2010). The activation of 5-HT¢ receptors
induced the translocation of Jabl into the nucleus and increased c-Jun phosphory-
lation and the interaction between Jabl and c-Jun (Yun et al., 2010), suggesting even
another signal transduction pathway for these receptors.

V. Pharmacology of the 5-HT, Receptor and Memory

Investigation of 5-HT systems involvement on memory, particularly 5-HTg
receptors, has been significantly enhanced by the identification of selective antago-
nists, and more recently, agonists (see e.g., King et al., 2008; Wilson and Terry,
2009) as well as the investigation at the postreceptor level (see e.g., Hirano et al.,
2009; Huerta-Rivas et al., 2007, 2010; Marcos et al., 2008, 2010; Mitchell et al.,
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2007, 2009; Pérez-Garcia and Meneses, 2008a, 2008b). Certainly, mice lacking
the 5-HT§g receptor presented neither gross anatomical or behavioral abnormal-
ities nor obvious changes in microscopic brain morphology, and their performance
in rotarod, open field, and novel object testing paradigms revealed no differences
compared with wild-type animals (for references, see Meneses, 2001b). These
results are in line with the evidence that mice express very low levels of 5-HTg
receptors (Hirst et al., 2003). Notably, the interest about the role of 5-HTs receptors
in memory has been growing. For instance, several important reviews have been
published (Fone, 2008; Geldenhuys and Van der Schyf, 2009; Holenz ¢t al., 2006;
Johnson et al., 2008; Liu and Robichaud, 2009; Mitchell and Neumaier, 2005;
Rossé and Schafthauser, 2010; Russell and Dias, 2002; Terry et al., 2008; Upton
et al., 2008; Wilson and Terry, 2009; Woolley et al., 2004).

The first indirect evidence of 5-HT¢ receptor involvement in memory was
provided by using antisense oligonucleotides. Within a few years, 5-H'T's receptor
antagonists showed that these drugs produced promnesic and/or antiamnesic
effects in a number of memory tasks, including water maze, passive avoidance,
autoshaping, fear conditioning, novel object recognition (NOD), and social mem-
ory (earlier reviews, see Branchek and Blackburn, 2000; Meneses, 2001b; Sleight
et al., 1998). Certainly, discrepant results appeared; for instance, Russell and Dias
(2002), using the Morris water maze and both 5-HTg receptor antagonists Ro 04-
6790 and SB-271046, failed to replicate the finding of an improved memory. In
addition, no changes in autoshaping, Morris water maze, or fear conditioning were
reported by Lindner et al. (2003). Although the discrepant results have not been
completely clarified, some evidence suggests methodological differences (Pérez-
Garcfa and Meneses, 2005, see below). Probably, the more important issue of the
discrepant results has been the development of potent and selective 5-H'T's recep-
tor antagonists with improved pharmacokinetic parameters (e.g., brain penetra-
tion, oral bioavailability, plasma half-life), which has been a decisive step in this
regard (see Johnson et al., 2008; Wilson and Terry, 2009).

VI. 5-HT, Receptor Antagonists and Agonists on Memory Tasks

During several years 5-HT¢ receptor antagonists were the principal tools in the
study of the role of these receptors on memory. Nevertheless, it has become clear
recently that the 5-HTj receptor agonists produce promnesic effects on some
memory tasks, for example, NOD (see below). Except for the discrepancies men-
tioned above (Lindner et al., 2003; Russell and Dias, 2002), there is a general
agreement that 5-HTg receptor antagonists enhance memory and/or have anti-
amnesic effects (for review, see Fone, 2008; Meneses, 2001a; Woolley ¢t al., 2004)
in diverse available memory tasks (Lynch, 2004; Meneses and Perez-Garcia, 2007;
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Myhrer, 2003; Peele and Vincent, 1989), including water maze (e.g., Hirst ¢t al.,
2006), inhibitory avoidance (e.g., Foley et al., 2004; Riemer et al., 2003), autoshap-
ing (e.g., Meneses, 2001a, 2001b; Pérez-Garcia and Meneses, 2005; Schreiber
etal.,2007), and novel object discrimination (e.g., Fone, 2006; see also Mitchell and
Neumaier, 2005; Schreiber et al., 2007; Woolley et al., 2004), thus confirming the
promnesic and/or antiamnesic effects of diverse 5-HTg receptor antagonists.
When comparing them and/or protocols of training, it would be logical to observe
different outcomes than, for example, associative Pavlovian/instrumental auto-
shaping versus spatial memory (e.g., water maze) or aversive paradigms such as
inhibitory avoidance. Doubtless as mentioned above, the development of potent
and selective 5-HTg receptor antagonists has been crucial in the clarification of the
role of 5-HT receptors in memory. Thus, reinforcing the notion that antagonists
for these receptors facilitate memory formation, reverse age-related impairments,
and/or antiamnesic effects on pharmacological and genetic models, available
evidence includes normal memory, aged animals, amnesia induced by scopol-
amine (cholinergic muscarinic antagonist), dizocilpine or phencyclidine (both
glutamatergic antagonists), apomorphine (dopaminergic agonist), tryptophan
depletion (precursor of serotonin), and striatal overexpression of 5-HT receptors
(King et al., 2008; Mitchell e al., 2007; Wilson and Terry, 2009). Notably, the
cognitive enhancing effects of Ro 04-6790 (which poorly penetrates the brain,
King et al., 2008) in the NOD task appear to be mediated via brain regions whose
serotonergic innervation is lost following the administration of the serotonergic
neurotoxin 5,7-DHT into the lateral ventricles (LV) or medial, but not dorsal,
raphe nuclei depletion (King e al., 2009). According to these authors, the ability of
5-HT depletion to prevent the effect of Ro 04-6790, without altering basal NOD
performance under vehicle conditions, confirms that the procognitive effects of Ro
04-6790 are due to blockade of tonic serotonergic neuronal activity. Thus, basal
activation of the 5-HT¢ receptors by endogenous 5-HT normally inhibits cognitive
processes (King et al., 2008). While Ro 04-6790 had no effect on basal cAMP i vitro
production, King et al. (2009) suggest that it is neither an agonist nor an inverse
agonist. Moreover, while 5-HT depletion with p-chloroamphetamine did not alter
performance on autoshaping task (a memory task that probably represents situa-
tions of self-taught), the three 5-HTg receptor antagonists Ro 04-6790, SB-399885
(which 1s over 200-fold more selective for the 5-HTg receptor and a potent
competitive antagonist; Hirst et al, 2006), and SB-357134 had no effects on
STM but facilitated LTM, suggesting that a “5-HT tone via 5-HTj receptors”
might be responsible that LTM works in parallel manner (Meneses, 2007b).
Notably, as memory was progressive in the Pavlovian/instrumental autoshaping
task, ex vivo mRINA expression of 5-HT receptors was reduced in the prefrontal
cortex (PFC), hippocampus raphe nuclei (Huerta-Rivas et al., 2010). In addition,
SB-399885 improved LTM at 48 h, but the muscarinic receptor antagonist sco-
polamine or the noncompetitive NMDA receptor antagonist dizocilpine impaired
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it at 24 h. Autoshaping training plus SB-399885 treatment increased 5-HTjg
receptor mRNA expression in (maximum increase) PFC and striatum, at 24 or
48 h. The scopolamine- or dizocilpine-induced amnesia suppressed or did not
modify 5-HT receptors mRNA expression. The SB-399885 plus scopolamine or
dizocilpine reestablished memory and 5-HT receptor mRNA expression.
Notwithstanding the basal level in the control trained animals showed a very
modest level of autoshaped responses, which had been previously reported (see
e.g., Meneses, 2003; Pérez-Garcla e al., 2006; also Fone, 2008), they tended to
show 5-HT¢ receptor mRNA downregulation in PFC, striatum (STR), and hip-
pocampus (HIP) at 1.5, 24, and 48 h; mainly in the later time in PFC and striatum.
In contrast, memory and SB-399885 slightly tend to upregulate 5-HT§ receptor
mRNA expression in PFC with respect to untrained SB-399885-treated rats,
showing the maximum increase in PFC (at 24 h) and striatum (at 48 h). Also
improvement memory at 24 and 48 h upregulated 5-HTs mRINA expression in
STR, with respect to trained control group. Scopolamine or dizocilpine in
untrained animals did not modify 5-HTg mRNA basal expression. Nevertheless,
the scopolamine amnesic effect was accompanied by a significant 5-HTg mRNA
downregulation in the three areas explored. Dizocilpine amnesic effect was asso-
ciated with slight decreases in 5-HTg mRNA. SB-399885 was able to reestablish
memory and, in part, upregulate 5-HTg receptor mRINA expression in animals
treated with scopolamine and slightly in those treated with dizocilpine. These data
are related to several recent demonstrations (see Cammarota ef al., 2008; Kandel,
2001; McGaugh, 2006; Radley et al., 2007; Sweatt, 2009; Ye and Carew, 2010),
particularly in the context of memory and neuronal markers, with focus on (1)
What is the effect of training on expression of the receptor mRNA? (2) What is the
effect of memory-modulating drugs on the receptor? (3) Can the effect of a
memory-impairing drug at the receptor level be reversed by blocking it? The
answers to these questions seem to be encouraged. For instance, in an autoradio-
graphic study of 5-HT receptors at protein level (Meneses et al., 2008), SB-399885
improved memory consolidation and decreased 5-HT¢ receptor expression in 15
out 17 brain areas. The scopolamine- or dizocilpine-induced amnesia decreased
5-HTg¢ receptor expression in nine different brain areas and increased it in CA3
hippocampus or other eight areas, respectively, including brain areas thought to be
in charge of procedural memory such as basal ganglia (i.e., nucleus accumbens,
caudate putamen). Certainly, relative to control animals amnesic groups showed
diminished (scopolamine) or augmented (dizocilpine) 5-HTg receptor expression.
The SB-399885 improved memory displayed an intermediate expression in these
same brain regions. A similar intermediate expression occurs with regard to
amygdala, septum, and some cortical areas in charge of explicit memory storage.
However, relative to the control animals amnesic and SB-399885 groups in the
hippocampus, region where explicit memory is formed, showed a complex 5-HTjg
receptor expression. It should be noted that, in untrained animals, neither
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scopolamine nor dizocilpine modified the basal expression of 5-HTg receptor
mRNA. A similar finding was reported with dizocilpine (0.3 mg/kg for 7 days),
which did not modify basal expression in STR (Healy and Meador-Woodruff,
1999). Nonetheless, trained rats showed amnesia at 24 h and downregulated
5-HTs receptor mRNA expression in the three structures analyzed, almost
undetectable (scopolamine); in contrast, upregulated 5-HTg receptor mRNA
expression in striatum seemed to be associated with the dizocilpine amnesia.
Certainly these differences in 5-HT receptor mRNA expression between scopol-
amine and dizocilpine might be related to the neural circuit recruited by each
amnesic drug. On the other hand, trained control rats presented a slightly
decreased expression in PFC, STR, and HIP relative to untrained control animals,
suggesting that in basal conditions (i.e., no learning and no treatment), 5-HTjg
receptor mRNA was more abundant and that learning and memory slightly
downregulated it. This was particularly observable in PFC at 2448 h and in
STR at 1.5 and 48 h; even it was almost immediately observable after the training
session (Huerta-Rivas et al, 2010). Relative to untrained control animals,
SB-399885 treatment in untrained group downregulated 5-HTg receptor
mRNA expression in PFC without changes in HIP or STR. Once again, notwith-
standing the modest memory improvement (or amnesic changes) observed on
autoshaping task, 5-HT¢ receptor mRNA upregulation in (slightly) PFC and
(significantly) in STR induced by SB-399885 and the facilitation of memory might
be interpreted as a demand for further receptor synthesis. Interestingly, although
hippocampal 5-H'T's receptor mRNA expression was not modified during memory
consolidation (Huerta-Rivas et al., 2010), it was importantly decreased in the
scopolamine- or (slightly) in the dizocilpine-induced amnesia. SB-399885 reestab-
lished both memory and 5-HT¢ receptor mRNA expression (Huerta-Rivas et al.,
2007, 2010). Notably, these data parallel evidence reported at 5-HT¢ receptor
protein (see above, Meneses et al., 2007) and preventing intrahippocampal protein
or mRNA synthesis impaired memory (Meneses, 2007a). Hence, 5-HT receptors
might represent a mechanism for selection of the moment and information type,
which will pass from a labile state to a long-term memory or to be forgotten
(Meneses, 2007a, 2007b). This is an important finding, suggesting that for an
improve memory is necessary to reduced 5-HTj receptors expression, which
facilitated processing of information. Nevertheless, if 5-H'Tg receptor expression
suffers an extreme reduction (or overexpression), memory likely will be adversely
affected. As occurred with the increased 5-HT¢ receptor expression in caudate
putamen of the dizocilpine-treated amnesic (see above, Huerta-Rivas et al., 2007,
2010) rats and evidence reported by Mitchell et al. (2007) of 5-HTg receptor
overexpression in the dorsal striatum showing poor memory of 12 sessions, only
during three to seven sessions, in instrumental learning, but not in the water maze,
and the memory impairment was antagonized by a 5-H'T antagonist, or pre-
vented if the overexpression was induced once the animals had learned the task
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(Mitchell ¢t al., 2007). Certainly, although reducing 5-HT receptor expression in
some brain areas seems to be necessary for memory formation, a subtle modulation
1s important (Huerta-Rivas et al., 2007, 2010); even overexpression suggests a specific
time window (Mitchell ¢ al., 2007). Thus, the prevention of the pharmacologically
induced amnesia in adult animals might be related to restoration (scopolamine) or
maintenance (dizocilpine) of 5-HT4 receptor mRINA expression at basal levels. Since
the possible link between 5-HT receptor and Ras family proteins, it should be noted
that the fact that these proteins are highly dynamic may allow them to integrate
signals across multiple learning experiences, and determine the optimal spacing
between learning trials during incremental learning (Ye and Carew, 2010).
Indeed, the dynamic profiles of ERK activity, a canonical downstream element of
Ras family proteins, significantly constrain the temporal window between learning
trials that are permissive for memory formation (see Ye and Carew, 2010).

An important consideration is in order, namely, the interaction among brain
areas, neurotransmitters systems, drugs administration, and cognitive and behav-
ioral demand of learning tasks and extent of training. For instance, memory
formation requires hippocampus in behavioral tasks such as water maze (e.g.,
Kandel, 2001), passive avoidance (Izquierdo et al., 1999), and Pavlovian/instru-
mental autoshaping (Meneses, 2003; Meneses et al., 2009; Tellez et al., 2010). In
contrast, overtrained animals engage more striatum and less hippocampus in
autoshaping (Meneses, 2003; Tellez e al, 2010) and passive avoidance
(Izquierdo et al., 2006). While explicit or declarative memory has been related
to hippocampus, implicit or nondeclarative memory has been related to striatum
(e.g., Adamantidis and de Lecea, 2009; Kandel, 2001). Nevertheless, multiple
memory mechanisms can work in tandem to support performance on an implicit
memory task and even additional contribution of explicit memory can be observed
in neurologically healthy individuals (Koenig ¢t al., 2008) or during acquisition of
an otherwise implicit learning task (see also Meneses ¢f al., 2011). This implicates
that during the early stage (i.c., learning) of implicit memory it does not depend on
striatum; nevertheless, as training and time go through implicit memory eventually
depends on striatum (Izquierdo et al., 2006). Thus, it seems to be appropriate to
reconsider the notion that, regardless of time of training and testing explicit and
implicit memory are mediated by hippocampus and striatum, respectively. These
considerations are quiet important in the context of neural markers. The case of
5-HTg receptors provides an excellent and timely instance of these issues. As already
mentioned, rats overexpressing dorsomedial striatum, but not dorsocentral stria-
tum, 5-HT§ receptors showed impaired performance in a simple operant learning
task (a striatum-dependent learning model), but not in the hippocampus-dependent
water maze task (Mitchell et al., 2007). Notably, this impairment effect was appreci-
able at third instrumental testing session or the second extinction session on
performance of previously acquired instrumental conditioning (Mitchell et al,
2007). In contrast, Pavlovian/instrumental autoshaping learning task might be
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conceptualized as an instance of systems processing stimulus—stimulus, stimulus—
response, and stimulus—reinforcer learning (Meneses, 2003), which requires brain
areas such as dentate gyrus, hippocampal CAl, basolateral amygdaloid nucleus,
and PFC (Pérez-Garcia and Meneses, 2008a). Thus, on autoshaping task, memory
formation requires a serotonergic tone (at least) via 5-HT§ receptors, suppressing
their expression. Nevertheless, under amnesic conditions they are completely sup-
pressed or slightly reduced; in contrast, when SB-399885 improves memory or
amnesia 1s reversed the expression of SHT§ receptors is increased or reestablished,
respectively. Moreover, memory formation on the water maze (MWM) downregu-
lated 5-HT¢ receptor protein and mRINA receptor expression and the administra-
tion of the selective 5-HT§ receptor antagonist SB-271046 induced an increase in
pCREBI levels while CREB2 levels were significantly reduced (Marcos et al., 2010).
However, although SB-271046 was able to improve retention in the MWM, no
further changes in pCREBI or CREB2 levels were observed. The MWM alone
significantly increased pERK1/2 levels and further increases were seen when
treating with SB-271046 during the MWM. According to Marcos et al. (2010) these
results suggest that, in the hippocampus, biochemical pathways associated with
pERK1/2 expression, and not with the CREB family of transcription factors, seem
to be related to the cognitive-enhancing properties of 5-HT receptor antagonists. In
addition, repeated treatment with the 5-HTg antagonist RO4368554 (5.0 mg/kg)
improved NOD and social discrimination without changing plasticity-associated
proteins Ki-67 and PCNA (Mitchell e al., 2009). These data suggest that diverse
molecular mechanisms may be associated with promnesic or antiamnesic effects of
5-HT§g receptor antagonists. Hence, the 5-HTg antagonists procognitive effects may
be due to an indirect regulation of cholinergic (Bourson et al., 1995), glutamatergic
(King et al., 2004), or even serotonergic (Hirst et al., 2006; Lieben e al., 2005)
transmission through GABA release in PFC, hippocampus, and striatum, important
brain areas for memory and associative learning (Meneses, 2003; see also Packard
and Knowlton, 2002). In addition, serotonin clearly exerts a tonic effect upon 5-HT
receptor as shown by 5-HTj receptor antagonists’ procognitive or antiamnesic
effect. In mechanistic terms, an interesting possibility is that 5-HTg receptor acti-
vates the extracellular signal regulated kinasel/2 (ERK?2) via a Fyn-dependent
pathway, a member of the Src family of nonreceptor protein tyrosine kinases (for
references, see Yun ¢f al., 2007). Fyn is involved in AD through the modulation of
microtubule-associated tau and amyloid; Fyn deficiency results in defective neuronal
and spatial memory.

Regarding 5-HT§ receptor agonists, it was recently reported that 5-HTg
receptor agonists such as EMD-386088 (at 5.0, but not 1.0 and 10.0 mg/kg)
immpaired STM and LTM (24 h) in autoshaping (Meneses ¢t al., 2008) task or
WAY-466 (Schechter et al., 2004) impaired memory in a social recognition task
(Loiseau et al., 2008). Nonetheless, if animals treated with either scopolamine
or dizocilpine were given EMD-386088 (1.0 mg/kg), the induced amnesic
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Fic. 1. Antiamnesic effects of the 5-HTg receptor agonist (EMD) and antagonist (SB-399885).
Trained animals received saline (control vehicle), scopolamine (0.17 mg/kg i.p.), dizocilpine (0.2 mg/
kgip.), EMD (1.0 mg/kgs.c.), and SB-399885 (10.0 mg/kg p.o.), and were tested in the autoshaping task
at 1.5 (STM) and 24 and 48 h (LTM). In addition, in the same times trained animals were administered
with vehicle or the combination of SB-399885 + scopolamine, SB-399885 + dizocilpine, EMD + sco-
polamine or EMD + dizocilpine, SB-399885 + EMD + scopolamine or SB-399885 + EMD + dizocil-
pine and tested in the autoshaping task for STM and LTM. Data (CR %) shown correspond to the STM
and LTM (24 h). While EMD and SB-399885 had no effects on STM, either scopolamine or dizocilpine
impaired it. The combination SB-399885 + EMD + scopolamine or SB-399885 + EMD + dizocilpine
showed STM-impairment, showing that 5-H'T receptors were involved in antiamnesic effects of EMD.
LTM (24 h) was unaltered or improved by SB-399885. Agonists or antagonists versus control ¥y < 0.05
+ Tukey or +combinations versus agonists or antagonists. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this chapter.)

effects on autoshaping task were reversed, and SB-399885 antagonized such as
effects (Fig. 1), thus confirming the role of 5-HTjg receptors. Notably, in the
NOD paradigm the 5-HT receptor agonist R-13c¢ or E-6801 improved mem-
ory in a 4-h intertrial interval (for review, see Fone 2008). More recently
Kendall et al. (2010) reported that the 5-HT¢ receptor agonists, E-6801 (1.25—
10.0 mg/kg) and EMD-386088 (5.0-10.0 mg/kg), and antagonists, SB-271046
and Ro 04-6790 (5.0 and 10.0 mg/kg), along with donepezil (0.1-3.0 mg/kg) or
memantine (5.0-20.0 mg/kg) all produced significant and mostly dose-dependent
improved memory. Furthermore, subeffective doses of E-6801 (1.0 mg/kg) when
coadministered with SB-271046 (3.0 mg/kg), donepezil (0.1 mg/kg), or meman-
tine (5.0 mg/kg), and EMD-386088 (2.0 mg/kg) coadministered with SB-271046
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(3.0 mg/kg) also significantly enhanced NOD memory. Additionally, using a
I-min intertrial delay, E-6801 (2.5 and 5.0 mg/kg) was as effective as donepezil
(0.3 and 1.0 mg/kg) in reversing a scopolamine-induced (0.5 mg/kg) impairment
in NOD. According to Kendall ez al. (2010), this was the first study to demonstrate
that E-6801, a potent 5-HTg receptor agonist, improves recognition memory by
combined modulation of cholinergic and glutamatergic neurotransmission.
Similarly, the 5-HTg receptor agonist WAY-181187 enhanced the extradimen-
sional set shift in the rat attentional set-shifting paradigm (Burnham et a/., 2007,
2010); importantly, 5-HT receptor antagonists improve performance in this same
task (Hatcher ez al., 2005). However, in the social recognition paradigm, WAY-
181187 given systemically or by discrete bilateral injections into the frontal cortex
impaired performance, an effect abolished by the antagonists SB-271046 or SB-
258585 (Loiseau et al., 2008). Notably, in the long-term potentiation (LTP, a
physiological model of memory) WAY-181187 activation of hippocampal CAl
area had no effect on baseline synaptic transmission, but attenuated it over a
narrow dose range and this effect was dose-dependently blocked by SB-399885
(West et al., 2009; see also Wilson and Terry, 2009). WAY-181187 also increased
the frequency of spontancous GABA release in area CAl and was prevented by
the selective 5-HT¢ antagonist SB-399885. In addition, systemic administration of
5-HTg antagonists increases the release of acetylcholine and glutamate in the frontal
cortex and dorsal hippocampus. In contrast, the selective 5-HT¢ agonist, WAY-
181187, can elicit robust increases in extracellular levels of GABA. Recent evidence
indicates that EMD and SB-388995 improved (at 48 h) LTM in autoshaping task
and modulated in PFC, hippocampus, striatum, and raphe nuclei cAMP production
relative to the trained control group (Table I); thus, stimulation of 5-H'T receptors
was associated with cAMP increases in all four areas while their blockade was
accompanied by modest increases or even decreases (hippocampus). Notably, den-
sity and 5-HT levels were significantly decreased in a cohort of AD patients pro-
spectively assessed for cognitive/behavioral symptoms (Marcos et al., 2008). Also,
cAMP formation after stimulation with the selective 5-HT¢ receptor agonist E-6801
was significantly decreased compared with controls. In addition, the ratio cAMP
formation after stimulation with E-6801/5-HT§ receptor density was significantly
lower in AD compared with control individuals; 5-HT¢ receptor activation was
significantly lower in AD females. These authors related the psychosis factor as the
best predictor of reduced 5-HT levels or adenylate cyclase activity after E-6801
stimulation, the former result being due to females. Finally, administration of the
acute 5-HTg receptor agonist LY-586713 caused BDNF and Arc expression in
cortical and hippocampal regions, suggesting that LY-586713 has potential effects
on neuronal plasticity, such as effects were reversed by SB-271046, which alone
increased Arc expression in these regions (de Foubert et al., 2007).

Certainly why and how 5-HT receptor agonists and antagonists may facilitate
memory or reverse amnesia in some memory tasks (see Fone, 2008; Huerta-Rivas
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Table T
COMPARISON AMONG BRAIN AREAS AND CAMP ProDUCTION® DURING LTM + EMD
OR SB-399885 VERSUS SALINE TRAINED GROUP.

Vehicle 5-HTs
Prefrontal cortex

Agonist Antagonist
m 100 | 503.19° 19922

Hippocampus

100 210 +15% 71 16°

@ @ 100 200+19°  171x1°
Striatum
* 100 173 = 5° 102 +2

Raphe nuclei

“CONCENTRATION OF CAMP pmol PER mg/tissue.

et al., 2010; Upton et al., 2008) left open very interesting possibilities. Doubtless,
further experiments are necessary to clarify the role of 5-HTg receptors during
memory formation, by testing diverse compounds, neural markers, and behavioral
tasks. The development of effective treatments for memory alterations is, none-
theless, limited by the absence of reliable markers to indicate and/predict efficacy.
This is important in the context that human studies suggest a potential use of
5-HTg¢ receptor agonists and or antagonists, (e.g., Geldenhuys and Van der Schyf,
2009; Reid et al., 2010; Upton et al., 2008). This premise has been translated
into the clinical efficacy of some 5-HT¢ receptor antagonists, including SB-
742457, GSK-773812, SYB-114, SAM-531, and SUVN-502 in mild-to-mod-
erate AD patients (Liu and Robichaud, 2009; Rossé and Schafthauser, 2010).
Even individuals with MCI offer a great opportunity to test 5-HTg receptor
antagonists. Ivachtchenko e/ al. (2010) have recently published a review of
patents involving 5-HT§ receptor, suggesting that its functions might be medi-
ated by inverse agonists.

VII. Conclusion and Final Comments

The role of 5-HT¢ receptors on memory has becomes a major area of
scientific interest. Clearly, available data show the interaction among 5-HTjg
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receptor protein and mRNA expression, memory, amnesia, and prevention of
the amnesia. Further interest is provided by the evidence that both 5-HTjg
receptor agonists and antagonists may have promnesic and/or antiamnesic
effects, in conditions covering memory formation, age-related cognitive impair-
ments, and memory deficits in diseases such as schizophrenia, Parkinson,
and AD. Certainly, this situation is not new regarding serotonergic receptors
(e.g., 5-HT |5 receptor agonists and antagonists). One way to address such
questions is by testing 5-H'Ts receptor agonists and antagonists in memory tasks
and to analyze changes in neurobiological markers (e.g., 5-HTg receptor protein
or mRINA expression, signaling cascades, etc.), in animals under memory for-
mation or amnesia and drug administration. Importantly, the identification of
reliable neural markers is fundamental for the understanding of memory
mechanisms, its alterations, and potential treatment. The memory and molec-
ular changes might represent promising steps, mainly in the light of pharmaco-
logical magnetic resonance imaging (phMRI; Martin and Sibson, 2008), which
offers potential novel insights into the functioning of neurotransmitter systems
and drug action in the CNS. Such studies might be useful to provide markers of
the neuropharmacological modulation of neuronal activity across the whole
brain with spatial and temporal specificity. Further investigation using different
memory tasks, times, and amnesia models might provide important clues.
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I. Introduction

The heterogeneous nature of depression (and, to lesser extent, of anxiety)
makes successful treatment of the condition even more challenging, and many
available medications have shown their limitations in terms of efficacy — as evi-
denced by a delayed onset of action, unsatisfactory response and remission rates,
and residual symptoms (Gaynes e/ al., 2008; Huynh and McIntyre, 2008; Rush
et al., 2006). In addition, there are also safety issues associated with many currently
available antidepressant/anxiolytic drugs. Clinical and preclinical considerations
have stimulated the investigation and development of numerous combination
therapies and novel targets that have been identified, which may demonstrate
improvements in the medical treatment of mood disorders, such as depression and
anxiety. One of these approaches is directly targeting monoamine receptors, such
as the recently discovered serotonin receptor 5-HT. Preclinical efforts to evaluate
a possible link between the 5-HTg receptor and mood disorders have generally
been inconclusive yet. The observation that equivalent antidepressant and anxi-
olytic potency and efficacy can be delivered in animal models by both 5-HTjg
receptor agonists and antagonists does not help in explaining why agonists and/or
antagonists of this receptor may serve as potential antidepressant/anxiolytic drugs
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and which one of them would serve better for treatment of affective disorders. The
present commentary focuses on the current state of knowledge regarding antide-
pressant- and anxiolytic-like activity of 5-H'Tg receptor ligands in animal models
and their possible mechanism of action. These data, together with supporting and
sometimes contradicting evidence, are discussed below.

Il. Depression

A. ANTIDEPRESSANT-LIKE PROPERTIES OF 5-HTg RECEPTOR AGONISTS

The preclinical literature regarding the effects of 5-HT¢ receptor agonists in
animal models of depression is scarce, mainly due to the paucity of selective
compounds. Three of them, that is, WAY-181187 (2-{1-[(6-chloroimidazo([2,1-
b][1,3]thiazol-5-yl)sulfonyl]-1H-indol-3-yl} -V, N-dimethylethanamine), =~ WAY-
208466  (N-[2-[3-(3-fluorophenylsulfonyl)-1 H-pyrrolo[2,3-5]pyridin-1-yl]ethyl]-
NN-dimethylamine) (Schechter et al., 2008), and LY-586713 (de Foubert et al.,
2007), have recently been described as novel, selective, and full 5-HT receptor
agonists. However, the binding studies indicate that WAY-181187 and WAY-
208466 show affinity for the 5-HTy¢ agonist binding site, although WAY-181187
retains approximately 60-fold selectivity for the 5-HT§ receptor (Schechter e al.,
2008). As for compound LY-586713, there are no data published demonstrating its
affinity for both 5-HTg receptor and other binding sites as well as confirming its
selectivity. Another compound, 11q (N -(6-chloroimidazo[2,1-5][1,3]thiazole-5-
sulfonyl)tryptamine), was shown to belong to a group of high-affinity, potent, and
full 5-HT¢ receptor agonists (Cole e al., 2007). EMDT (2-ethyl-5-methoxy-N,N-
dimethyltryptamine) (Glennon et al., 2000), ST1936 (N, N-dimethyl-2-(5-chloro-2-
ethyl-1H-indol-3-yl)ethylamine) (Borsini ez al., 2008), and EMD 386088 (5-chloro-
2-methyl-3-(1,2,3,6-tetrahydro-4-pyridinyl)- 1 4-indole) (Mattsson et al., 2005) are
successive 5-HTg receptor agonists used in animal studies to examine the role of
5-HTg receptor in depression (Borsini ez al., 2008; Jastrzgbska-Wigsek et al., 2010;
Svenningsson et al., 2007), but there is some uncertainty about their selectivity.

The selective 5-HTg receptor agonists WAY-181187 and WAY-208466 were
tested for potential antidepressant activity in the modified version of forced swim
test in rats (Table I) (Carr et al., 2010). Both agonists, administered three times,
produced antidepressant-like effects with the pattern of response similar to the
effects of serotonergic compounds (Detke ez al., 1995); that is, they significantly
lowered immobility and increased swimming behavior without effect on climbing.
The antidepressant-like activity of these two compounds were not due to a general
increase in locomotor activity, as neither drug produced hyperactivity measured as
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Compound Animal Model Effect Active Doses Tested Doses References
Agonists
WAY-181187  Modified Antidepressant like 3 x 3-17 Carr et al. (2010)
forced swim (3 x 17 mg/kg) mg/kg
test in rats
WAY-208466  Modified Antidepressant like 3 x 7.5-30 Carr et al. (2010)
forced swim (3 x 30 mg/kg) mg/kg
test in rats
EMDT Tail suspension  Antidepressant like 1-15 mg/kg Svenningsson
test in mice (2.5-15 mg/kg) et al. (2007)
ST1936 Forced swim Antidepressant like 10, 30, and Borsini
test in rats (100 mg/kg) 100 mg/kg et al. (2008)
Acute escape Antidepressant like De Montis
deficit induced  (repeated dose) et al. (2009)
by unavoidable
stress exposure
Chronic No effect of De Montis
escape deficit repeated dose et al. (2009)
induced by
unavoidable
stress exposure
Model of Antianhedonic De Montis
anhedonia (repeated dose) et al. (2009)
EMD 386088  Forced swim Antidepressant 10 mg/kg Jastrzebska-Wiesek
test in rats like (10 mg/kg) et al. (2010)
Antagonists
SB-399885 Tail Antidepressant like 3-30 mg/kg Wesolowska and
suspension (10-30 mg/kg) Nikiforuk (2007)
test in mice
Forced swim Antidepressant like 10-30 mg/kg ~ Wesolowska and
test in mice (20 and 30 mg/kg) Nikiforuk (2007)
Forced swim Antidepressant like 3-20 mg/kg Wesolowska (2007),
test in rats (I x 10 mg/kg) Wesolowska and
Nikiforuk (2007)
Antidepressant like 3 x0.3-10 Hirano et al. (2009)
(3 x 3 or 10 mg/kg)  mg/kg
SB-399885 +  Forced swim Antidepressant like 3 mg/kg + Wesolowska and
antidepressants”  test in rats antidepressant  Nikiforuk (2008)

(continued )
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Table I (continued )

Compound Animal Model Effect Active Doses Tested Doses References
SB-399885 +  Forced swim No effect 3 mg/kg Wesolowska and
citalopram” test in rats + 20 mg/kg Nikiforuk (2008)
SB-271046 Tail suspension  No effect 1-10 mg/kg Svenningsson

test in mice et al. (2007)
Forced swim Antidepressant like 3 x 3-30 Hirano et al. (2009)
test in rats (3 x 10 or mg/kg
30 mg/kg)
SB-258585° Forced swim Antidepressant 1-10 pg Wesolowska
test in rats like (3 pg) et al. (2007)

Synergistic enhancement when using a combination of inactive doses of SB-399885 together with
imipramine, desipramine, bupropion, or moclobemide.

Combination of nonactive doses of SB-399885 and citalopram.

~ SB-258585 administered into CAl region of hippocampus.

distance traveled in the open field (Carr e/ al., 2010). However, the latter authors
did not try to modulate the antidepressant-like effects of both compounds by using
a selective 5-H'T receptor antagonist in order to confirm that their activity
observed in the forced swim test really is mediated by the 5-HTg receptor.
Svenningsson et al. (2007) showed the ability of a 5-HTg receptor agonist
EMDT, administered acutely, to mimic some of antidepressant-like biochemical
and behavioral effects of fluoxetine. EMDT, like acute fluoxetine, increased the
phosphorylation state of Thr**-DARPP-32 both in brain slices and in the intact
brain, phospho-Ser®**-GluR 1, as well as the expression of c-fos mRNA throughout
the striatum and cerebral cortex. Moreover, in a similar range of doses, EMDT
significantly reduced the immobility time of mice in the tail suspension test
(Table I). A selective 5-HT' receptor antagonist SB-271046 (5-chloro-N-[4-meth-
oxy-3-(1-piperazinyl)phenyl]-3-methylbenzothiophene-2-sulfonamide), adminis-
tered at a dose that by itself produced no effect in those assays, completely blocked
the biochemical and behavioral antidepressant-like effects produced by EMDT
and partially blocked all these effects produced by fluoxetine (Svenningsson et al.,
2007). Because fluoxetine has only low-to-moderate affinity for 5-HTg receptors
(Monsma et al., 1993), the authors concluded that the inhibitory action of SB-
271046 on fluoxetine-mediated effects involves blocking 5-HT receptor activa-
tion that had been elicited by the fluoxetine-induced elevations of extracellular
levels of serotonin and does not involve the direct competition of either compound
at 5-HT sites (Svenningsson ef al., 2007). In the case of compound EMDT that has
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nanomolar affinity for the 5-HT§ receptor (A; = 16 nM, Glennon e/ al., 2000), its
antidepressant-like activity seems to be connected with stimulation of this receptor.

The recent congress abstract has introduced another 5-HT receptor agonist,
compound ST1936 that possesses nanomolar affinity for 5-HT¢ receptors
(K; = 48 nM) and produced an antidepressant-like effect in the forced swim test
in rats (Borsini et al., 2008) (Table I); however, its activity in that model has not been
attenuated by a selective 5-HT receptor antagonist SB-271046 (Borsini, personal
information), which can indicate that, in the case of this compound, the potential
antidepressant activity observed in the forced swim test results from different
mechanism than stimulation of the 5-HTg receptor. Nevertheless, repeated
administration of ST1936 prevented the development of escape deficit induced
by acute unavoidable stress exposure, but unlike classical antidepressants, did not
revert the escape deficit induced by a chronic stress exposure. Additionally,
ST1936, when administered chronically, effectively counteracted chronic stress-
induced anhedonia and restored the capacity of stressed rats to acquire vanilla
sugar (De Montis et al., 2009) (Table I). There are no data showing whether this
antianhedonic activity of ST1936 is modulated by the 5-HTg receptor yet,
although experiments with this compound are ongoing.

Mattsson et al. (2005) have presented EMD 386088 that displayed high affinity
for 5-H'T's receptors (IC5, = 7.4) and a moderate one for 5-HT'; ones (IC;5, = 34).
Functionally, when tested by cAMP accumulation assay, EMD 386088 showed
features of a 5-H'T receptor agonist. In our laboratory, this compound exhibited
antidepressant-like activity in the forced swim test in rats when given acutely
(Table I) (Jastrzgbska-Wigscek et al., 2010). On this stage of experimentation, one
cannot say about mechanism of its action because experiments are in progress.

As has been mentioned above, the selective agonists produce potential anti-
depressant activity and a selective 5-HT receptor antagonist SB-271046 blocked
an antidepressant-like effect of EMDT only (Svenningsson et al., 2007). It is well
established that the shortening of immobility time, induced by antidepressant
drugs and observed in behavioral tests of despair, depends on the enhancement
of the central serotonin and catecholamine neurotransmission (Borsini, 1995;
Cryan et al., 2005; Porsolt et al., 1979). Unfortunately, no information is available
on the effect of EMDT on the levels of serotonin and catecholamines. A micro-
dialysis study has only shown that a selective 5-HT§ receptor agonist, WAY-
181187, decreased the basal release of serotonin, dopamine, and norepinephrine
in the frontal cortex, striatum, and amygdala of freely moving rats (Schechter et al.,
2008). The latter effects were found to be blocked by local infusion of a GABA
receptor antagonist, bicuculline, which confirms a relationship between the 5-HT}
receptor and GABAergic system and is entirely consistent with a study showing
dense colocalization of the 5-HT¢ receptor and the GABA synthesizing enzyme,
glutamic acid decarboxylase, in the rat cortex, hippocampus, and striatum (Ward
and Dorsa, 1996; Woolley et al., 2004). Additionally, acute administration of
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WAY-181187 increased the extracellular levels of GABA in the rat frontal cortex,
dorsal hippocampus, striatum, and amygdala, without altering basal levels of
glutamate. However, in hippocampal slices, pretreatment with WAY-181187
significantly and dose-dependently attenuated sodium azide-stimulated increases
in glutamate concentrations (Schechter e al., 2008). Impairment of GABAergic
neurotransmission has been described in patients with a variety of depressive
illness (Leung and Xue, 2003; Pierce et al., 1996; Sanacora et al., 2000).
Moreover, Sanacora et al. (2004) observed higher glutamate levels in depressed
patients compared with healthy age-matched controls. The preclinical studies and
preliminary clinical trials with ketamine, an NMDA receptor antagonist (Paul and
Skolnick, 2003; Yilmaz et al., 2002; Zarate et al., 2006), demonstrated its potential
antidepressant activity, which supports the notion that attenuating glutamatergic
neurotransmission can be beneficial. Thus, improvement of GABAergic neuro-
transmission in connection with dampening-stimulated glutamatergic transmis-
sion could be proposed as a mechanism of the antidepressant-like activity of
selective 5-HT¢ receptor agonists, at least WAY-181187.

In view of lack of selectivity of compounds ST1936 and EMD 386088 for
5-HT§ receptors and lack of more behavioral results, on the current stage of
knowledge one cannot consider their mechanism of action detected in the forced
swim test. Although the microdialysis results presented by D1 Chiara ez al. (2009)
indicate that ST1936 dose-dependently increased the extracellular level of dopa-
mine and norepinephrine in the rat prefrontal cortex and the nucleus accumbens
shell and core, without affecting the serotonin level. Moreover, its above-mentioned
effects were prevented by pretreatment with SB-271046, a selective 5-H'Ts receptor
antagonist (Di Chiara e al., 2009).

Several independent studies have demonstrated that repeated, but not acute,
administration of antidepressants increases the expression of genes whose corre-
sponding proteins regulate synaptic plasticity in the brain (Coppell ¢t al., 2003; de
Foubert et al., 2004; Nestler e al., 2002; Russo-Neustadt and Chen, 2005). As a
result, a brain-derived neurotrophic factor (BDNF) and the effector immediate
early gene activity-regulated cytoskeletal associated protein (4rc) have been iden-
tified as possible targets for antidepressant action (Pei e al., 2003; Shimizu et al.,
2003; Shirayama e/ al., 2002). Experiments conducted by de Foubert e al. (2007)
provided the first evidence for the involvement of the 5-HTg receptors in regulat-
ing BDNF and 4rc mRNA expression. They showed that a selective 5-HTg
receptor agonist, compound LY-586713, when administered acutely, caused
marked increases of BDNF and Arc mRNA levels in hippocampal and cortical
regions. These increases were attenuated by SB-271046 in all regions of the
hippocampus and the parietal cortex. In conclusion, the above-mentioned results
may suggest that direct 5-HT¢ receptor activation results in a more rapid rise in
BDNT and Arc mRNA expression, which does not require repeated administra-
tion, as is the case for some antidepressants (Coppell ez al., 2003; de Foubert ez al.,
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2004; Nestler ez al., 2002; Russo-Neustadt and Chen, 2005). Because LY-586713 is
described as a selective 5-HT§ receptor agonist, it is plausible that the 5-HTjg
receptor-mediated onset of BDNF gene expression following a single dose of
LY-586713 is directly linked to the activation of 5-HT¢ receptors. Subsequently,
increases in cAMP levels lead to activation of CREB, a known transcription factor
for the BDNF gene (de Foubert et al., 2007). On the other hand, the same authors
showed that a selective 5-HT¢ receptor antagonist, SB-271046 per se, produced
increases in Are mRNA levels of magnitude similar to those of LY-586713 in both
cingulate and orbital cortex (de Foubert ez al., 2007). The above-mentioned results
confirm that both 5-HTjg receptor agonist and antagonist may produce similar
effects.

B. ANTIDEPRESSANT-LIKE PROPERTIES OF 5-H'Tg RECEPTOR ANTAGONISTS

The first hints about potential antidepressant activity of 5-HT§ receptor
antagonists might date back papers written by Kohen et al. (2001), Monsma et al.
(1993), and Sebben ez al. (1994), which showed that several tricyclic antidepressants
such as amitryptiline, and atypical antidepressants such as mianserin, display high
affinity and antagonistic activity at 5-HTs receptors. These data together with the
localization of 5-H'T receptors in limbic and cortical brain areas (Boess ¢t al., 1997,
1998) have led to the implication of a role for 5-HT receptor antagonists in the
treatment of affective disorders. Moreover, preliminary genetic studies revealed
that bipolar affective disorder might be associated with variation in a 5-HT gene
(Vogt et al., 2000).

These results have encouraged scientists to conduct experiments with selective
5-HTg receptor antagonists when they have become available. Among them, SB-
271046, SB-399885 (N-(3,5-dichloro-2-methoxyphenyl)-4-methoxy-3-(1-piperazi-
nyl)benzenesulfonamide), and SB-258585 (4-iodo-N-[4-methoxy-3-(4-methyl-1-
piperazinyljphenyl]benzenesulfonamide) are the most widely used, selective, and
potent compounds (Bromidge et al., 1999; Hirst ez al., 1999, 2000, 2006). It has been
shown that SB-399885 exerted an antidepressant-like effect in the forced swim and
tail suspension tests in mice. These effects seem to be specific because SB-399885,
when administered at antidepressant doses, did not stimulate locomotor activity in
mice (Wesolowska and Nikiforuk, 2007) (Table I). In the forced swim test in mice,
an anti-immobility effect of SB-399885 was dose dependent and comparable to that
of imipramine, which was used as a reference antidepressant drug in that study,
whereas in the tail suspension test the potential antidepressant activity of the 5-H'T
receptor antagonist used was weaker than the effect observed after treatment with
imipramine and was not dose dependent (Wesolowska and Nikiforuk, 2007).

It is well established that acute administration of antidepressant drugs reduces
immobility in behavioral tests of despair; that is, the forced swim and the tail
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suspension tests, and increases expression of the immediate early gene c-fos mRNA
in the brain (Beck, 1995; Cryan et al., 2005; Horowitz et al., 2003). Compound SB-
271046, another 5-H'T receptor antagonist, did not change immobility behavior
of mice in the tail suspension test as fluoxetine did. In agreement with behavioral
data, treatment with SB-271046 alone had no effect on c-fos mRINA expression in
certain limbic regions of the frontal cerebral cortex, including the cingulated
cortex and the endopiriform cortex (Svenningsson et al., 2007) (Table I). The
reason for the discrepancies in the action of two selective 5-HT¢ receptor antago-
nists and chemical analogs in the mouse tail suspension test is unclear. It should be
noted that both experiments were performed on C57BL/6] mice. Although the
breeding institutions providing male mice were different (Svenningsson et al., 2007,
Wesolowska and Nikiforuk, 2007), the behavioral outcome should have been
similar, even though mice are not an ideal species in which to conduct behavioral
or physiological experiments pertaining to 5-H'T's receptor functions. As described
by Hirst e/ al. (2003a), the mouse is unique compared with the rat, pig, and man, all
of which express relatively high levels of 5-HTg receptors. Hence, Svenningsson
et al. (2007) confirmed in their study that SB-271046 has a high affinity for 5-HTj
receptors in the mouse forebrain by showing that it displaced specific ['*°I]-SB-
258585 binding at nanomolar concentrations (EC5y = 4 nM). Nevertheless, it is
noteworthy that doses used for both compounds and experimental protocols were
inconsistent. SB-399885 produced a pretty weak, but similar, anti-immobility
effect at all doses used, that is, 10, 20, and 30 mg/kg (Wesolowska and
Nikiforuk, 2007), whereas SB-271046 was given up to a dose of 10 mg/kg only;
higher doses were not tested (Svenningsson et al., 2007). Hirano e al. (2009) and
Hirst et al. (2003b) demonstrated in ex vivo binding assays that administration of SB-
399885 significantly inhibited specific ['*°T]-SB-258585 binding in the rat striatum
with doses lower than those required for SB-271046 to significantly occupy
brain 5-HT¢ receptors. The above results prove the higher efficacy of SB-
399885 in comparison to that of SB-271046, at least in rats. The improved
potency of SB-399885 seems to be due to an increase in brain penetration when
compared to SB-271046, where it shows a threefold improvement in the brain:
plasma ratio of 5-15% (Hirst ez al., 2006; Routledge ¢t al., 2000). Moreover, the
duration of the tail suspension tests also varied: 6 min for SB-399885 and 5 min
for SB-271046.

In the forced swim test in rats, the findings for both 5-HT receptor antagonists
are consistent. Treatment with an acute dose of 10 mg/kg of SB-399885 produced
specific antidepressant-like activity by shortening the immobility time without a
stimulatory effect on exploratory activity observed in the open field (Wesolowska,
2007; Wesolowska and Nikiforuk, 2007). The absence of a potential antidepressant
action after administration of a higher dose of SB-399885, that is, 20 mg/kg, may
be due to a sedative effect, as was evident in the open field test in rats (Wesolowska
and Nikiforuk, 2007). In line with that study, Hirano e al. (2009) demonstrated
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antidepressant-like activity for both SB-399885 and SB-271046 administered
three times in rats (Table I). In agreement with brain 5-HT receptor occupancy
(62 and 96% for 3 and 10 mg/kg of SB-399885, respectively; 56 and 84% for 10
and 30 mg/kg of SB-271046, respectively) (Hirano e/ al., 2009) and better brain
penetration (15% for SB-399885 vs. 5% for SB-271046) (Hirst e al., 2006), SB-
399885 was approximately three times more potent than SB-271046 in the forced
swim test in rats. Both SB-399885 and SB-271046 significantly suppressed immo-
bility behavior of rats with doses of 3 and 10 mg/kg, respectively; their effects were
slightly weaker than that of imipramine (Hirano e al., 2009).

The antidepressant-like activity of SB-399885 in mice and rats and such activity
of SB-271046 in rats are most probably connected with their 5-HTj receptor
antagonistic properties, since both compounds are selective ligands and blockers
of 5-HTj sites (Bromidge et al., 1999; Hirst et al., 2006; Routledge ¢t al., 2000).
Hence, direct involvement of other receptors in their effect ought to be excluded.

The shortening of immobility time, induced by antidepressants in behav-
ioral tests of despair, depends on the enhancement of the central serotonin and
catecholamine neurotransmission (Borsini, 1995; Borsini and Meli, 1990; Cryan
et al., 2005; Porsolt et al., 1979). Unfortunately, no information is available on
the effect of SB-399885 on the basal levels of serotonin. Yet, a microdialysis
study has shown that SB-271046 had no influence on the basal release of
serotonin in the rat prefrontal cortex, frontal cortex, striatum, and hippocampus
(Dawson et al., 2000, 2001; Lacroix et al., 2004; Loiseau e al., 2008). Moreover,
5-HTs receptor antagonists, SB-399885 and/or SB-271046, significantly
increase cortical and hippocampal extracellular concentrations of dopamine,
norepinephrine, and acetylcholine in freely moving rats (Hirst ez al, 2003b,
2006; Lacroix et al., 2004; Li et al., 2007; Loiseau et al., 2008). They can also
potentiate the behavioral effects of amphetamine (Dawson ¢t al., 2003; Frantz
et al., 2002; Pullagurla ef al., 2004). Furthermore, high levels of 5-HT¢ receptor
immunoreactivity have been found in dopaminergic areas (Gerard et al., 1997).
The microdialysis findings have been extended by a study of Wesolowska et al.
(2007), which demonstrated that administration of p-chloramphetamine under
their laboratory conditions reduced cortical and hippocampal concentrations of
serotonin and its metabolite, and did not modify the antidepressant-like effect of
SB-399885 in the forced swim test in rats. However, its anti-immobility action in
that test was abolished by the preferential D,- and Dy-like receptor antagonists
SCH-23390 and sulpiride, respectively, and by the ag-adrenoceptor antagonist
idazoxan, but not by prazosin, a blocker of aj-adrenoceptors (Wesolowska,
2007). On the basis of microdialysis and behavioral studies, it could be proposed
that the anti-immobility effect of 5-HTs receptor antagonists does not actually
require any integrity of serotonin neurons and seems to be connected with
activation of dopamine and norepinephrine systems — via D;- and Dy-like
receptors and ay-adrenoceptors.
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It 1s well documented that 5-HT receptor antagonists, including SB-399885,
increase extracellular levels of acetylcholine in the hippocampus and prefrontal
cortex in freely moving rats (Hirst ez al., 2006; Riemer et al., 2003). Acetylcholine is
of great importance in cognitive function and diseases, including Alzheimer’s
disease (Sarter and Parikh, 2005); however, its influence on emotional regulation
1s less known. Janowsky et al. (1972) and Shytle ¢t al. (2002) postulated that there is
relative or actual cholinergic hyperactivity in depression. Moreover, in animal
models cholinolytic drugs enhance the potential antidepressant activity of imipra-
mine (Popik e/ al., 2003) and suppress immobility behavior of mice in the forced
swim and the tail suspension tests (Borsini and Meli, 1988; Cryan et al., 2005).
Thus, these findings indirectly suggest that it is unlikely that the antidepressant-like
effect of 5-HT§ receptor antagonists observed in animal models develops as a
consequence of enhanced acetylcholine release.

The behavioral evidence indicates that the selective blockade of 5-H'T's recep-
tors evoked by SB-399885 may facilitate the anti-immobility effects of antidepres-
sant drugs whose mechanism of action is connected with the inhibition of norepi-
nephrine/dopamine uptake as well as with the inhibition of monoamine oxidase-A
(Wesolowska and Nikiforuk, 2008) (Table I). Combining a subefficacious dose of
SB-399885 with ineffective doses of imipramine, desipramine, bupropion, or
moclobemide results in a pronounced decrease in immobility time in the forced
swim test in rats. Only citalopram injected in a nonactive dose jointly with SB-
399885 did not induce any effects characteristic of antidepressants in that test.
However, no data are available so far on the effect of SB-399885 on antidepres-
sants’ blood—brain barrier penetration and pharmacokinetics parameters; thus,
pharmacokinetic interaction between a selective 5-HT( antagonist and antide-
pressants studied cannot be ruled out. All in all, the above-cited behavioral and
neurochemical results seem to point to an involvement of enhanced monoamin-
ergic, namely dopaminergic and/or noradrenergic, neurotransmission in the anti-
depressant-like activity of a 5-H'T's antagonist (Wesotowska and Nikiforuk, 2008).

In recent years, clinical and laboratory experiments have strengthened the role
of the hippocampus in the pathophysiology of depression (Hensler, 2006). Multiple
imaging studies have revealed hippocampal volume reductions in depressed
patients, which are changes that correlate well with disease duration and executive
dysfunction (Lange and Irle, 2004; Neumeister ez al., 2005; O’Brien et al., 2004;
Saylam et al., 2006; Videbech and Ravnkilde, 2004; Winter and Irle, 2004).
Furthermore, it seems that the hippocampus may play an important role in the
action of antidepressants as well. It has been demonstrated that treatment of
patients with major depressive disorder using these drugs significantly improved
memory and depressive symptoms without altering hippocampal volume, which
could suggest that antidepressants improve hippocampal function in the absence of
detectable structural changes (Vythilingam ez al,, 2004). An involvement of the
hippocampus in the action of antidepressant drugs has also been demonstrated in
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animal studies. For example, imipramine (Przegalinski e al., 1997) or desipramine
(Kostowski, 1985) injected into the rat hippocampus was able to reduce immobility
in the forced swim test. Moreover, electrolytic lesion of that structure completely
abolished the effect of peripherally administered desipramine (Kostowski, 1985).
In addition, Sherman and Allers (1980) found a strong correlation between imip-
ramine concentration in the rat hippocampus and the positive effect of the drug in
the behavioral learned helplessness test, an animal model predictive of antidepres-
sant potential. Finally, the finding that antidepressants increase hippocampal
BDNF expression seems to support the idea that hippocampal neurogenesis is
involved in antidepressant action (Malberg and Schechter, 2005).

The 5-HTj receptors are present in the hippocampus, including its CAl
region (Gerard et al., 1996, 1997; Monsma e/ al.,, 1993; Ward et al., 1995;
Yoshioka et al., 1998). Furthermore, 5-HT¢ receptor expression appears to be
regulated by glucocorticoids. Both adrenalectomy and blockade of glucocorticoid
synthesis by metyrapone or aminoglutethimidine treatment selectively upregulated
the 5-HT¢ receptor mRNA in the CAl and CA3 pyramidal cells of the rat
hippocampus (Yau et al, 1997). As metyrapone and aminoglutethimidine treat-
ments have been used in the clinic to treat resistant depression (Kramlinger et al.,
1985; Murphy et al., 1991), the authors speculated that this effect might involve
5-HTg receptors. Additionally, the hippocampus has been proposed as one of
the neuroanatomical structures involved in antidepressant-like activity of a selec-
tive 5-HT§ receptor antagonist, SB-258585 (Wesolowska et al., 2007). In fact,
recent behavioral results demonstrated that SB-258585, when injected into the
CAL region of the rat hippocampus, produced an antidepressant-like effect in the
forced swim test (T'able I). Its potential antidepressant activity cannot be attributed
to changes in general activity as this drug, given at a dose producing an anti-
immobility effect, did not change exploratory locomotor activity measured in the
open field test in rats. A noteworthy fact is that the antidepressant-like effect of SB-
258585 was comparable with that of imipramine (Wesolowska et al., 2007).

lll. Anxiety

A. ANxiorLyTiC-LIKE PROPERTIES OF 5-H'T'g RECEPTOR AGONISTS

It has been suggested by Schechter ¢/ al. (2008) that selective 5-HT¢ receptor
agonists may play a potential therapeutic role in the treatment of some types of
anxiety-related disorders. Thus, WAY-181187 and WAY-208466 (Schechter e al.,
2008), as well as compound 11q (Cole et al., 2007), when administered acutely,
effectively decreased water intake by rats that had not been water deprived in the
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Table IT
Errects oF 5-HTg RECEPTOR LIGANDS IN ANIMAL BEHAVIORAL MODELS OF ANXIETY IN MICE AND RATS.

Compound Animal Model Effect Tested Doses  References
Active Doses

Agonists
WAY-181187 Schedule-induced Anxiolytic like 56-178 mg/kg Schechter
polydipsia test (178 mg/kg) et al. (2008)
in rats
Defensive burying Anxiolytic like 10 and Carr et al. (2010)
test in rats (10 and 17 mg/kg) 17 mg/kg
Novelty-induced No effect 10 and Jarr et al. (2010)
hypophagia in rats 17 mg/kg
WAY-208466 Defensive burying Anxiolytic like 15 and Carr et al. (2010)
test in rats (15 mg/kg) 30 mg/kg
Novelty-induced Anxiolytic like 15 and Carr et al. (2010)
hypophagia inrats (15 mg/kg) 30 mg/kg
llq Schedule-induced Anxiolytic like 56-178 mg/kg Cole et al. (2007)
polydipsia test (178 mg/kg)
in rats
Antagonists
SB-399885 Four-plate test Anxiolytic like 1-20 mg/kg Wesolowska and
in mice (3-20 mg/kg) Nikiforuk (2007)
Elevated plus Anxiolytic like 0.1-3mg/kg  Wesolowska and
maze in rats (0.3-3 mg/kg) Nikiforuk (2007)
Conflict drinking Anxiolytic like 0.3-3 mg/kg  Wesolowska (2008),
test in rats (1 and 3 mg/kg) Wesolowska and
Nikiforuk (2007)
SB-399885 Conflict drinking Anxiolytic like 0.3 mg/kg Wesolowska (2008)
+ diazepam” test in rats + 2.5 mg/kg
SB-258585"  Conflict drinking Anxiolytic like 0.3-3 ug Wesolowska

test in rats (1 ug) et al. (2007)

Synergistic enhancement when using a combination of inactive doses of SB-399885 together with
diazepam.

b

SB-258585 administered into CAl region of hippocampus.

schedule-induced polydipsia test (Table 11), a model considered to be predictive for
efficacy in obsessive compulsive disorder (Hogg and Dalvi, 2004). What is more,
pharmacological studies have demonstrated that selective serotonin reuptake
mhibitors can also decrease adjunctive drinking in this test (Woods et al., 1993);
however, they have to be administered chronically to correspond with their clinical
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efficacy. Furthermore, WAY-208466 and WAY-181187 reduced burying behav-
ior of rats in the defensive burying test and WAY-208466 decreased approach
latency in the novelty-induced hypophagia test (Carr ez al., 2010) (Table II). Their
anxiolytic-like effects observed in the defensive burying test were similar to the
effects produced by established anxiolytic drugs (Bodnoff et al., 1989; Treit et al.,
1981) as well as by chronic treatment with antidepressants (Bechtholt et al., 2008;
Bodnoff et al., 1988; Bondi et al., 2007; Dulawa et al., 2004). Despite slight differ-
ences in the behavioral responses produced by both 5-HTs receptor agonists in the
novelty-induced hypophagia test (Carr e/ al., 2010) that may result, as authors
suggested, from their different affinity for the 5-HTy; receptors, anxiolytic-like
effects, especially observed in the defensive burying test, seem to be specific since
WAY-208466 and WAY-181187 did not evoke any significant alterations in
general locomotor activity, reactivity to shock, or latency to contact probe (Carr
et al., 2010).

In addition to behavioral data, neurochemical results revealed that selective
5-HT receptor agonists increased extracellular levels of GABA in several areas of
the rat brain associated with affective disorders (Schechter ez al., 2008). Thus, an
acute administration of WAY-181187 increased extracellular GABA concentra-
tions in the rat frontal cortex, dorsal hippocampus, striatum, and amygdala; all
effects were blocked by a selective 5-HT§ receptor antagonist SB-271046. In
addition to the acute effects, a 14-day treatment with WAY-208466 resulted in
robust elevations in the extracellular levels of GABA in the rat dorsolateral frontal
cortex, an effect similar in terms of magnitude and duration to that produced by
WAY-181187 in the same brain region. These findings highlight the fact that
chronic activation of 5-H'T receptors does not evoke desensitization. Moreover,
employing  vivo microdialysis techniques, Schechter et al. (2008) have also shown
that WAY-181187 did not alter basal glutamate levels, but this 5-HTg receptor
agonist attenuated sodium azide-stimulated glutamate release in hippocampal
slices.

B. Axxiorytic-LIKE PROPERTIES OF 5-HT g RECEPTOR ANTAGONISTS

Few studies using 5-H'Ts receptor antisense oligonucleotides have explored the
mvolvement of 5-HT¢ receptors in rodent models of anxiety, and the reported
results have been inconsistent. In the Yoshioka et al. (1998) study, 7 days of 5-HT}
receptor-directed antisense oligonucleotides treatment caused a 30% reduction in
["H]-LSD binding sites, accompanied by a reduction in conditioned fear stress-
induced serotonin release in the rat prefrontal cortex, which is suggestive of an
anxiolytic-like response. Conversely, Hamon ¢/ al. (1999) and Otano et al. (1999)
demonstrated anxiogenic-like activity following chronic administration of the
same oligonucleotide sequence in two alternative rat models of anxiety; that is,
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the elevated plus maze and the social interaction tests, respectively. 5-HTg recep-
tor-knockout mice, however, displayed few phenotypic abnormalities, except for
differences in open field anxiety-related behaviors and in an elevated zero maze;
that 1s, there were no differences in total open quadrant dwell time, number of
transitions between open and sheltered maze quadrants, or head dips (Bonasera
et al., 2006). A major concern with data arising from this approach is that different
developmental compensations may mask the true function of the receptor deleted,
as 1s observed with other serotonin receptor knockouts (Ase et al., 2000).
Additionally, the very low expression of 5-HTj receptors in the mouse brain
(Hirst et al., 2003a) should call into question the value of using this species for
basic examination of 5-HTg receptor function.

The development of selective 5-H'T; receptor antagonists has provided useful
tools for pharmacological studies that have shed light on the importance of 5-HTg
receptor blockade in anxiety assays. Recently, Wesolowska and Nikiforuk (2007)
have observed that a potent and selective 5-H'T's receptor antagonist SB-399885
produced specific anxiolytic-like activity in animal models of anxiety (Table II). It
dose-dependently and significantly increased the number of shocks accepted in the
conflict drinking (Vogel) test in rats, a model that is widely used and considered to
be one of the most specific methods for the detection of potential anxiolytic activity
(Millan, 2003), without an effect on either the shock threshold or unpunished water
consumption. This finding is supported by results obtained in an elevated plus
maze test in rats, a procedure based on rodents’ natural aversion to heights and
open space. In this model, SB-399885 dose-dependently increased the percentage
of time spent in and the number of entries into the open arms of the maze, without
stimulating the general exploratory activity of rats detected in the open field test.
Both effects observed indicate that there has been a decrease in anxiety after
administration of SB-399885. Moreover, SB-399885 also had antianxiety-like
activity in the four-plate test in mice (Wesolowska and Nikiforuk, 2007). It is
noteworthy that, quantitatively, the potential anxiolytic effect of a 5-HT¢ receptor
antagonist tested in all three models employed was approximately equivalent to
diazepam, particularly in rats.

The potential anxiolytic-like effect of SB-399885 was not modified in rats
whose serotonin neurons were destroyed by prior administration of p-chloramphe-
tamine (Wesolowska, 2008), pointing at the possibility that the above-mentioned
activity 1s not conditioned by the integrity of serotonin neurons. Such a concept 1s
in line with neuroanatomical results that show that 5-HT§ receptors are located
outside serotonin neurons (Gerard el al., 1997; Ward et al, 1995). Thus, the
anticonflict activity of SB-399885 observed in the Vogel test in rats does not
depend on serotoninergic neurotransmission. The study described by
Wesolowska (2008) has also demonstrated that a selective 5-HT¢ receptor antag-
onist tested helped to reveal the anticonflict action of diazepam, either being used
in a nonactive dose (T'able II). The additive effect of SB-399885 and diazepam may
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be regarded as a result of pharmacodynamic and/or pharmacokinetic interaction.
Because the levels of SB-399885 and diazepam administered alone or jointly have
not been analyzed, one cannot rule out a pharmacokinetic interaction at this stage
of experimentation. Furthermore, the anticonflict activity of SB-399885 was
reduced by the benzodiazepine receptor antagonist flumazenil, which was
used at a dose reported to antagonize diverse effects of diazepam, including its
anxiolytic-like effect (Boast et al, 1983; File et al, 1985; Liljequist and Engel,
1984; Wesolowska, 2008). Since SB-399885 exhibits no affinity for GABA and
benzodiazepine receptors (Hirst e/ al, 2006), its antianxiety-like effect stems
from a functional interaction between 5-HT§ receptors and the GABA/benzodi-
azepine system. Such a conclusion is supported by neuroanatomical findings
concerning the expression of 5-HTg receptor mRNA on GABAergic neurons
(Gerard et al., 1996; Ward and Dorsa, 1996). Moreover, Benes ¢ al. (2004) dem-
onstrated an increase in 5-HTg receptor mRNA i rat hippocampus after
GABAergic transmission had been interrupted by a local infusion of picrotoxin.
It has also been shown that another 5-HTg receptor antagonist, SB-357134,
induced a concentration-dependent increase in the K'-evoked GABA efflux in
rat striatal slices (Marcos et al., 2006).

Unfortunately, there is no information about the action of SB-399885 on
the release of GABA in animal brain arcas. However, it has been established
that 5-HT§¢ receptor antagonists, including SB-399885, increase the activity of
the acetylcholine system (Foley et al., 2004; Hirst et al., 2006; Jayarajan et al.,
2005; Lieben et al., 2005; Riemer et al., 2003; Shirazi-Southall ¢t al., 2002). As
has been presented in an excellent review written by Millan (2003), cholinergic
pathways do not play a pivotal role in the control of anxiety; however, some
experimental evidence indicates that stimulation of cholinergic transmission is
accompanied by anxiolytic-like activity in animals (Balerio et al.,, 2006; Brioni
et al., 1993; Degroot and Treit, 2002). Thus, involvement of the cholinergic
system 1n the anxiolytic-like activity of SB-399885 and in the synergistic effect of
the 5-HTg receptor antagonist tested and diazepam cannot be excluded. On the
other hand, Marcos et al. (2006) demonstrated that the GABA receptor antag-
onist bicuculline did not alter the acetylcholine release produced by SB-357134,
another 5-HT receptor antagonist. Further studies are necessary to explain this
interaction.

The hippocampus seems to be an important site of action of anxiolytic com-
pounds with diverse mechanisms. For example, 5-HT'| 5 receptor partial agonists,
benzodiazepine receptor agonists, and ligands of ionotropic or metabotropic
glutamatergic receptors exhibit anxiolytic-like effects in various models of anxiety
after administration in the hippocampus (Chojnacka-Wojcik ez al., 2001; Millan,
2003). Similarly, a 5-HT's receptor blocker SB-258585, injected into CA1 region of
rat hippocampus, produced anxiolytic-like activity in the conflict drinking test
(Wesolowska et al., 2007) (Table II). Its effect seems to be specific, as this agent,
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given at an anxiolytic dose, affected neither the shock threshold nor unpunished
water consumption. However, its effect observed in the Vogel test in rats was
weaker than that of diazepam.

IV. Prospects for 5-HT,, Receptor Ligands

The above-cited results support the contention that both kinds of 5-HTg
receptor ligands can produce potential antidepressant and anxiolytic activity. It
is possible that 5-HTg receptor agonists and antagonists happen to evoke similar
behavioral effects but through different mechanism, although each of them seems
to be primarily connected with stimulation or blockade, respectively, of 5-HTjg
receptors, given that studied compounds are selective 5-HT§ receptor ligands
(Bromidge et al., 1999; Hirst et al, 2003b, 2006; Routledge et al., 2000;
Schechter et al., 2008). Second, different neurochemical mechanisms or actions
mediated in different brain regions can provide explanations for similar antide-
pressant/anxiolytic effects of agonists and antagonists.

Indeed, the stimulation of 5-HT¢ receptors may evoke antidepressant-like
activity, and 5-H'T's receptors seem to play a partial role in the potential antide-
pressant effect of fluoxetine. The ability of a 5-HT§ receptor agonist to enhance
extracellular GABA levels and decrease stimulated glutamatergic neurotransmis-
sion supports the hypothesis that 5-HT¢ receptor agonists may be effective agents
for the treatment of depression, particularly when glutamate levels are enhanced
under pathologic circumstances. In contrast, an acute and selective blockade of
5-HTg¢ receptors may evoke an antidepressant-like effect that does not seem to be
dependent on serotonergic neurotransmission but could predominantly involve
brain noradrenergic and/or dopaminergic neurotransmission. Moreover, this
explanation 1s supported by results showing that the selective blockade of 5-HTj
receptors induced by SB-399885 may facilitate the anti-immobility activity of
antidepressant drugs whose mechanism of action is connected with norepineph-
rine/dopamine uptake inhibition or with the inhibition of monoamine oxidase-A.
However, mn this case, one cannot exclude pharmacokinetic interaction yet.
Additionally, hippocampus seems to be one of neuroanatomical sites involved in
an antidepressant-like effect of a 5-H'T4 receptor antagonist.

The ability of 5-HTg receptor agonists to produce potential anxiolytic
activity and to enhance extracellular GABA levels and decrease stimulated
glutamatergic neurotransmission seems to support the hypothesis that 5-HT}
receptor agonists may be effective agents for the treatment of anxiety, since it
has been demonstrated that activation of GABA receptors is associated with
antianxiety effects (Shiah and Yatham, 1998). On the other hand, a selective
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5-HT¢ receptor antagonist, when administered peripherally or into the hip-
pocampus, may also evoke an anxiolytic-like effect that can be explained by
functional interaction between 5-HT¢ receptors and the benzodiazepine sys-
tem. The selective blockade of 5-HT¢ receptors, produced by SB-399885, may
also facilitate anticonflict effect of diazepam.

Over the past several years, a 5-HT§ receptor has emerged as a highly inter-
esting molecular target that thoroughly interacts with antidepressant/anxiolytic
drugs. The results of preclinical studies support the notion that the development of
selective 5-H'Ts receptor ligands could substantially improve the treatment
of affective disorders if their clinical efficacy could be achieved. Additionally,
5-HT§ receptors are almost exclusively expressed in the central nervous system
(Monsma et al., 1993; Ruat et al., 1993), thereby reducing the potential for their
peripheral side effects. But in the first place, one should keep in mind that most of
the present results concern the effects of 5-HT's receptor ligands after their acute
administration. Elucidation of the full behavioral and neurochemical profile of
these compounds following repeated treatment is necessary in order to determine
suitable recommendations for their potential use in clinic.
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l. Introduction

It is almost impossible for a single week to pass without hearing another horror
story about the increasing prevalence of obesity and the global epidemic of disease
and death that will follow in its wake. The epidemiological data supporting this
view are compelling (Brown et al, 2010; Centers for Disease Control and
Prevention, 2010; Flegal et al., 2010; International Obesity Task Force, 2010)
and there can be no question that the high prevalence of obesity is a modern
phenomenon that has grown to epidemic proportions in little over three decades.
Even aslate as the 1980s, obesity in European countries was at a relatively low level
(Fig. 1). However in the intervening years, the prevalence of obesity across the
whole of Europe has increased steadily to the extent that in many countries,
including the UK, ~25% of adult males and females meet the criteria for a clinical
diagnosis of obesity (body mass index [BMI; height in m?/weight in kg] of 30 or
greater).

There is a good consensus that the major factors leading to increased obesity
are easy access to a “fast food” diet that is too rich in fat, sugar, and salt combined
with a much more sedentary lifestyle (Deedwania, 2004; Ello-Martin ¢ al., 2005;
Prentice and Jebb, 1995). However, recent epidemiological data in children
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Increasing Obesity Rates in Europe
1985-2008
Males Females

1985-1989

1990-1994

1995-1995

2000-2008

% Obesity With the limited data available, prevalences are not age standardized and data are not
<5 % always directly comparable. The illustrations above are to give an impression of the
5-9.9% changes that have taken place over the last 20 years. Self-reported surveys (illustrated
10-14.9% with dots) may understimate true prevalence. Sources and references are available
15_19'9% from obesity @iaso.org.©International Assocation of Obesity, London - May 2009.

20-24.9%

FiG. 1. Prevalence rates and trends in obesity in Europe 1985-2008. Reproduced with permission
from IASO. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this chapter.).
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indicate that the amount of exercise taken has relatively little influence on the
occurrence and degree of obesity (Metcalf et al., 2010), whereas there is a very
strong association between daily calorie intake, consumption of “fast food,” and
obesity (Block et al., 2004; Bowman et al., 2004). Although rates of adult obesity
may now be reaching a plateau, obesity rates in adolescents are still increasing
(CDC, 2010). This generation of children is far less healthy than its predecessors
and some experts have even speculated that todays children may be the first
generation to have a shorter life-expectancy than their parents (Daniels, 2006).
Obesity is not exclusively a problem for wealthy, industrialized countries, although
it is undoubtedly where the epidemic started. The export of a fast food diet and
Western culture to developing nations has turned it into a global problem. There is
now the conundrum that obesity and food poverty are simultancous health pro-
blems in many third world countries (IOTF, 2010).

The problem of obesity is not merely a cosmetic issue, even though it is strongly
associated with low self-esteem and a higher incidence of affective disorders
(Ackard et al., 2003; Goodman and Whitaker, 2002; Simon e/ al., 2006; Wardle
etal., 2002). The metabolic dysregulation present in obesity predisposes the person
to developing dyslipidemia (elevated plasma concentration of triglycerides and
low-density cholesterol [LDL-C] and decreased plasma concentrations of high-
density cholesterol [HDL-C]), hypertension, proinflammatory atherogenesis, pre-
diabetes (i.e., insulin resistance and impaired glucose tolerance), and Type 2
diabetes (Mokdad et al., 2001; National Cholesterol Education Program Adult
Treatment Panel 3 [NCEP-ATP 3], 2002; Pi-Sunyer, 2002). All of these diseases
are established risk factors for increased cardiovascular morbidity and mortality
(Beckman et al., 2002; Flack et al., 2003; Law et al., 2003; Montani et al., 2002;
NCEP-ATP 3, 2002; Rashid et al., 2003; UK Prospective Diabetes Study Group
UKPDS 38, 1998; UKPDS 66, 2004). In addition to being a predisposing factor
for cardiovascular disease, obesity has also been cited as causal in <30% of cases of
cancer of the colon, breast, kidney and digestive tract IOTT, 2010) and in long-
term debilitating diseases such as sleep apnea, aggravated arthritis, gout and
gallstones (Bhole et al., 2010; Felson, 1996; Heshka and Heymsfield, 2001; Wolk
et al., 2003). The increased mortality risk of obesity follows a J-shaped curve and
while an approximate doubling of risk does not occur until BMI exceeds 40
(designated severe or morbid obesity), when the prevalence of obesity is added
mto the equation, the medical consequences of the epidemic could potentially
overwhelm the healthcare systems in many countries. Although for Caucasians the
risk of developing comorbid diseases such as Type 2 diabetes increases substan-
tially at a BMI of >30, for many non-Caucasian races, including Asians and
Hispanics who tend to develop the more dangerous abdominal form of obesity,
their chances of developing these life-threatening metabolic diseases occur at
much lower BMI values (CDC, 2009; Deutenberg et al., 2002; James et al.,
2002; Moon et al., 2002).
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The inexorable and rapid growth in the number of people with obesity is a
testament to the conclusion that adherence to a balanced diet and healthy lifestyle
has failed to address this problem for a significant minority of subjects. It is the
reason why for many obese subjects, diet and behavioral modification will need to
be supplemented by pharmacotherapy, or increasingly, bariatric surgery. A list of
marketed antiobesity drugs and drug candidates in clinical development is shown
i Table I.

Currently, there are two prescription drugs that have been approved for the
long-term treatment of obesity, that is, orlistat and sibutramine. Orlistat is a
gastric lipase inhibitor that prevents the absorption from the gut of ~30% of the
calories consumed as fat (McNeely and Benfield, 1998). Sibutramine is a cen-
trally acting drug that inhibits the reuptake of 5-hydroxytryptamine (5-HT or
serotonin) and noradrenaline (norepinephrine). Sibutramine reduces body
weight by decreasing the amount of calories consumed by enhancing satiety
(the feeling of fullness that terminates a meal) and increasing energy expenditure
via thermogenesis (Connoley et al., 1999; Halford et al., 2010; Heal et al., 1998;
Sarag el al., 2006). Although the weight-loss benefits of both drugs have been
demonstrated through improvements in a range of cardiometabolic risk factors,
for example, reductions in visceral adiposity and plasma triglycerides, together
with increases in insulin sensitivity and plasma HDL-C (de Castro et al., 2009;
Dujovne et al., 2001; Florentin et al., 2009; Fujioka et al., 2000; Gokcel et al.,
2001; Heymsfield et al., 2000; Hollander et al., 1998; Kelley et al., 2002; McNulty
et al., 2003; Richelsen et al., 2007; Torgerson et al., 2004), for most subjects,
neither drug delivers the double-digit reduction in body weight that is desired by
physicians and their patients (Dutton et al., 2010; Haddock ez al., 2002; Li et al.,
2005; Linné et al., 2002). In addition to limited efficacy, orlistat and sibutramine
have side effects that derive from their respective pharmacological actions. By
impairing absorption of fat from the gut, orlistat produces gastrointestinal dis-
turbances that are unpleasant and embarrassing, but are not dangerous.
Sibutramine’s action to inhibit noradrenaline and adrenaline reuptake pro-
duces mean increases of 3-5 mmHg in blood pressure and 5-7 bpm in heart
rate. It was these cardiovascular side effects that prompted the Sibutramine
Cardiovascular OUTcome (SCOUT) trial to determine the long-term effects of
weight loss produced by sibutramine on mortality in a patient population at high
cardiovascular risk. This “enriched” patient population was selected because it
increased the probability of achieving a definitive outcome at the end of the
trial. The flaw in the design is that, according to its Product Label, sibutramine
1s not recommended for use in most of these patients. It was the subsequent
finding that mortality was increased by ~10% in the sibutramine treatment
group (Food and Drugs Administration [FDA], 2009, 2010) which resulted in its
suspension in Europe by European Medicines Agency (EMA) (2010), and in the
USA, a review of its safety by the FDA (2009, 2010). Although the future status



Table I

ANTIOBESITY DRUGS AND DRUG CANDIDATES.

Drug Trade Name Mode of Action Company USA Territory ~ European
Not Union
Specified
Orlistat Xenical Lipase inhibitor Roche Marketed Marketed
Orlistat Alli (OTC) Lipase inhibitor Roche Marketed Marketed
Sibutramine Reductil, Meridia Noradrenaline (NA) + Abbott Under review Suspended
5-HT reuptake inhibitor
Phentermine Tonamin, Duromine ~ NA + dopamine (DA) Generic Marketed Withdrawn
releasing agent
Diethylpropion Tenuate, Apisate Sympathomimetic Generic Marketed Withdrawn
Topiramate/phentermine  Qnexa Unknown/NA + DA Vivus Preregistration Phase 3
releasing agent
Lorcaserin (APD356) Lorqess 5-HTy( agonist Arena/Eisai Preregistration Phase 3
Bupropion/naltrexone Contrave DA reuptake inhibitor/ Orexigen/Takeda Preregistration Phase 3
opioid antagonist
Liraglutide Victoza GLP-1 agonist Novo-Nordisk Phase 3
ATL962 Cetilistat Lipase inhibitor Takeda Phase 3 Phase 2
TM30338 Obinepitide NPY Y,/Y, agonist 7-TM Phase 2
TM30339 - Y, agonist 7-TM Phase 2
52367 Velneperit Y5 antagonist Shinogi Phase 2
NS2330 Tesofensine Triple monoamine Neurosearch Phase 2
reuptake inhibitor
PRX00933 - 5-HTy¢ agonist Proximagen Phase 2
Zonisamide + bupropion Empatic Unknown/DA reuptake Orexigen Phase 2
inhibitor
(continued )
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Table I (continued)

Drug Trade Name Mode of Action Company USA Territory  European
Not Union
Specified
MKD493 - MC, agonist Merck Phase 2
Symlin + metreleptin - Amylin agonist + leptin Amylin/Takeda Phase 2
agonist
ALB127158 - MCH, antagonist Albany Phase 1
Peptide YY (PYY) - Y, agonist Amylin Phase 1
5234462 - Y5 antagonist Shinogi Phase 1
Betahistine Histalaen H, agonist/Hj3 antagonist Obecure Phase 1
GSK1521498 - p-Opioid inverse agonist GSK Phase 1
ZYOl - CB, antagonist Zydus Phase 1
TM38837 - Peripheral; CB receptor 7-TM Phase 1
antagonist
ZYOGI1 - GLPI agonist Zydus Phase 1
ZGN433 - Not revealed Zafgen Phase 1
NN9161 - Not revealed Novo-Nordisk Phase 1
OAP189 - Not revealed Pfizer Phase 1
PF2575799 - Not revealed Pfizer Phase 1
TKS1225 - Not revealed Pfizer Phase 1
HPP404 - Not revealed TransTech Phase 1
P120107 - Not revealed Piramal Phase 1

OTC: Over-the-counter (non-prescription) medicine. Source: Med Track®.
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of sibutramine in the USA is uncertain, data released by the FDA revealed that
the use of sibutramine in the SCOUT trial was not associated with increased
mortality in subjects who did not have preexisting cardiovascular disease, that is,
the appropriate patient group for sibutramine treatment. It therefore raises the
difficult ethical dilemma of whether manufacturers should be asked to demon-
strate the clinical benefits of their drugs by performing “off-label” outcome trials
in inappropriate patient populations simply to generate definitive endpoints.

The results from the SCOUT trial are the latest in a long line of safety alerts
that have dogged pharmacotherapy in this therapeutic indication. In the 1960s, it
was the diversion and abuse of d-amphetamine when it was widely prescribed as a
short-term appetite suppressant. In the 1990s, it was the occurrence of primary
pulmonary hypertension and cardiac valvulopathy that led to the global with-
drawal of fenfluramine and dexfenfluramine. Most recently, the cannabinoid CB,
receptor antagonist, rimonabant, was approved as an antiobesity drug in Europe
only to be withdrawn within 2 years on suspicion that it could cause anxiety,
depression and suicidal ideation.

In addition to the antiobesity drugs, orlistat and sibutramine, there are a
number of older, sympathomimetics that have been approved as short-term
(<12 weeks) weight-loss treatments. In the USA, phentermine is the most widely
prescribed antiobesity drug by a long measure. In Europe, however, EMA with-
drew the licenses for all of these sympathomimetic drugs on the basis that their
long-term benefit was unproven and there were potential safety risks associated
with their use (EMA, 1999).

Although the development pipeline for antiobesity drugs is relatively sparse
(Table I), there are three drug candidates currently undergoing regulatory
evaluation by the FDA, that is, Qnexa (a topirimate/phentermine combination
product), lorcaserin (a 5-HTy¢ receptor agonist), and Contrave (a naltrexone/
bupropion combination product). The FDA’s Advisory Committee recently
reviewed Qnexa and, despite a neutral opinion by the FDA’s medical assessor,
voted 10-6 against approval based on a range of potential safety concerns. We
will have to wait to learn whether the FDA resolves these issues with Vivus
Pharmaceuticals and the drug will ultimately receive US marketing authoriza-
tion. The other two drug candidates are also due to be reviewed by the FDA’s
Advisory Committee within the next 6 months, and by mid-2011, it should be
clear whether or not the current formulary will be supplemented by one or more
new antiobesity drugs. None of these drugs is under review by EMA, and
consequently, they are not likely to be entrants to the European antiobesity
market in the near future. Since the guidance for the approval of antiobesity
drugs differs between the USA and the European Union, it is not certain
whether these drugs would satisfy European regulatory requirements (EMA,
2007). For example, the primary efficacy endpoint demanded by EMA is a
mean weight loss from baseline of >10%. On the basis of current clinical



80 DAVID HEAL, JANE GOSDEN AND SHARON SMITH

findings, Qnexa appears to be the only one of the three that is sufficiently
efficacious to satisfy this criterion (Bays, 2010; Vivus, 2009), while Contrave
and lorcaserin appear to fall considerably short of the European primary effi-
cacy endpoint (Greenway et al., 2007; Kim, 2010; Smith ez al., 2009, 2010).

Behind these compounds sit the GLP-1 receptor agonist, liraglutide, and the
gastric lipase inhibitor, cetilistat. The former has already received US and
European approval as an injectable treatment for Type 2 diabetes. The known
ability of GLP-1 receptor agonists to reduce body weight in diabetic subjects, a
patient group that is notoriously resistant to the actions of antiobesity drugs, has
undoubtedly prompted Novo-Nordisk to seek to expand the drug’s metabolic
applications into the treatment of obesity. Cetilistat was discovered and put into
early clinical development by Alizyme, but it has now been acquired by Takeda.
Although its mode of action is identical to that of orlistat, unlike the latter it is a
conventional small molecule compound. Alizyme claimed that cetilistat is advan-
taged over orlistat by virtue of having a much reduced potential to cause gastro-
intestinal adverse events. At earlier stages of clinical development are compounds
acting at a wide range of central and peripheral drug targets, including the
monoamine, cannabinoid, and opioid neurotransmitter systems, hypothalamic
neuropeptides and gut hormones. The 5-HT¢ receptor ligands undergoing eval-
uation as potential novel drugs for the treatment of obesity are shown in Table II.
All of these compounds are at the early stages of development, that is, in preclinical
development or the research phase.

In this chapter, we will concentrate on the role of 5-HTg receptors in regulating
food intake and body weight and the potential of compounds directed against this
receptor as novel drugs to treat obesity and its related comorbidities. Readers

Table IT
5-HT RECEPTOR LIGANDS AS DRUG DEVELOPMENT CANDIDATES IN OBESITY.

Compound Company Functional Activity Status
PRX07034 Epix Antagonist Phase 1A
Clurrent status not known
E6837 Esteve Partial agonist Preclinical
MEMG68626 Roche Antagonist Preclinical
SUVN504 Suven Antagonist Preclinical
SUVN51005 Suven Antagonist Preclinical
Not revealed Merck Not revealed Preclinical
Not revealed Albany Molecular Research Not revealed Research
BVT.74316 Biovitrum Antagonist Discontinued
PRX07034 Epix Antagonist Not known

Source: Company websites and MedTrack®.
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wishing to gain a greater insight into the chemistry and structure—activity relation-
ships of various chemical classes of 5-H'T's receptor ligands or to the complexities of
antiobesity drug development are directed to the reviews of Heal et al. (2008, 2009),
respectively.

Il. 5-HT, Receptors in the Central Nervous System

The 5-HTg receptor is a G-protein-coupled receptor that was first cloned with
RT-PCR from rat striatal tissue early in the 1990s (Monsma et al., 1993; Ruat et al.,
1993). It is a seven-transmembrane-spanning protein of about 440 amino acids
(Kohen et al., 1996). When characterized in transfected cell lines, the 5-HTg
receptor was demonstrated to be positively coupled to adenylyl cyclase (Max
et al., 1995; Monsma et al., 1993; Ruat et al., 1993).

The 5-HTg receptor is a very unusual member of the serotonin receptor family
because it 1s located almost exclusively within the CNS (Monsma e al., 1993; Ruat
et al., 1993). In rat brain, the highest levels of receptor mRNA are present in the
striatum, olfactory tubercle, nucleus accumbens, hippocampus, cortex, cerebel-
lum, hypothalamus, and amygdala (Monsma et al., 1993; Ruat et al., 1993; Ward
et al., 1995). The highest density of mRNA within the hippocampus was found to
be in the dentate gyrus, CAl, CA2 and CA3 regions (Ruat et al., 1993; Ward et al.,
1995). Localization of 5-H'T receptor protein has also been determined using
immunohistochemical or radiolabeling techniques. Receptor presence in rat brain
was found in the olfactory tubercle, cortex, nucleus accumbens, striatum, hippo-
campus, cerebellum, thalamus, substantia nigra, superficial layer of the superior
colliculus, motor trigeminal nucleus, facial nucleus and hypothalamus (Fone et al.,
2002; Gerard et al., 1997; Hamon et al., 1999; Roberts et al., 2002). Notably, the
hypothalamus is the brain region responsible for regulation of food intake and
energy expenditure, and is an important site for the action of centrally-acting
antiobesity drugs. Hence, there is a very good correlation between the distributions
of 5-HTg receptor mRNA and protein in rat brain. The human 5-HTg receptor
was cloned by Kohen ¢t al. (1996) who found the highest expression of mRINA to be
in the caudate nucleus, followed by the hippocampus and amygdala. Low expres-
sion levels were found in the thalamus, subthalamic nuclei and substantia nigra.
East et al. (2002) found that the relative distribution of the radiolabeled 5-HTjg
antagonist, SB-258585, in the striatum, hippocampus, and cortex was similar to
that reported in the rat. In addition, the distribution was in agreement with 5-HT
receptor mRINA determined by i situ hybridization (East ¢t al., 2002). However, in
comparison with rats and humans, levels of both 5-HT¢ receptor mRNA and
protein have been reported to be relatively low in mouse brain (Hirst et al., 2003).
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Studies using light and electron microscopic techniques have shown rat 5-H'Tg
receptor immunoreactivity to be associated only with neurones (Hamon et al.,
1999) and are present in hippocampal cell dendrites (Gerard et al, 1997).
Hamon et al. (1999) found that receptor immunoreactivity was localized in the
strata oriens and radiatum of the CAl region and the molecular layer of the
dentate gyrus oriens. However, the pyramidal and granular cell layers did not
show any immunolabeling. Taken together with the presence of 5-HTg mRNA in
the latter areas (Ward ez al., 1995), this finding indicated that 5-H'T receptors may
be transported from the pyramidal and granule cell bodies to dendritic areas.

Ablation of serotonergic neurones in rat brain with 3,7-dihydroxytryptamine
did not affect levels of 5-HT receptor mRNA in the hippocampus, striatum and
nucleus accumbens (Gerard et al., 1996), suggesting that it is not present as an
autoreceptor on serotonergic nerve terminals. Lesioning of the nigro-striatal path-
way with 6-hydroxydopamine also did not alter the level of the 5-HT¢ receptor
antagonist, ['*’I]-SB-258585, binding in any of the brain regions examined,
indicating that 5-HTg receptors are not located on dopaminergic neurones
(Roberts et al., 2002). Similarly, lesioning of the cholinergic system with the
immunotoxin, 192-IgG-saporin, did not alter the density of 5-HTg receptor
mRNA or protein, arguing against 5-HT¢ receptor localization on cholinergic
neurones (Marcos et al., 2006). Neurones that express dendritic 5-HT' receptors
have been shown to innervate glutamic acid decarboxylase-positive cells. Using a
dual-labeling immunohistochemical technique, 5-HT receptors were colocalized
with GABAergic neurones in rat hippocampus in more than 20% of 5-HTg
immunoreactive neurones (Fone et al., 2002).

When compared with other members of the serotonin receptor family, the
5-HT's receptor shows the most sequence homology with 5-HT'; receptors (Setola
and Roth, 2003). Human and rat 5-HT§g receptors have an 89% amino acid
sequence homology (Kohen ¢t al., 1996). The mouse amino acid sequence shows
97% homology with that of the rat and 89% similarity to the human sequence
(Hirst et al., 2003). Despite this high degree of receptor homology between rats,
humans and mice, important differences exist between the mouse 5-H'T’s receptor
subtype and rat and human homologs of this receptor (Hirst et al., 2003). Thus,
the 5-HT¢ receptor is not expressed at high levels in the basal ganglia of the
mouse, unlike the human or rat, and in this species, it 1s also expressed at much
lower levels in a number of other brain regions (Hirst ¢¢ al., 2003). Furthermore,
site-directed mutagenesis experiments performed by Hirst et al. (2003) revealed
that the binding pocket where antagonists and agonists bind is quite different
in the mouse 5-HT¢ receptor compared with those present in the human or rat
5-HT¢ receptor subtypes. Together, these differences indicate that while the rat
1s a good model species to predict the pharmacology of 5-HTg receptor ligands
in humans, much more caution needs to be exercised when evaluating data
obtained from mice.
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lll. Preclinical Characterization of 5-HT, Receptor Ligands in Obesity
and Related Metabolic Disorders

A. Acutk ErrEcTs ON FEEDING BEHAVIOR

The first indication that 5-HTg receptors may have a role in regulating food
intake came from studies performed by Fone and colleagues (Woolley ¢t al., 2001).
These researchers reported that intracerebroventricular administration of 5-HTg
antisense oligonucleotides to rats decreased their feeding behavior (Bentley et al.,
1997; Woolley et al., 2001). These researchers also performed behavioral experi-
ments with some of the first bioavailable and brain-penetrant 5-HT§ receptor
ligands, that is, Ro 04-06790 and SB-271046 (Table III). In addition to reporting
their cognitive enhancing properties, they also noted that both 5-HTg receptor
antagonists produced dose-dependent reductions of food intake when given
acutely to rats (Bentley et al., 1999; Woolley et al., 2004). Further evidence that

Table 111
ProriLes or 5-HTg RECEPTOR LIGANDS THAT HAVE BEEN EVALUATED
IN VARIOUS RODENT MODELS OF OBESITY.

Compound Company 5-HTg Affinity (Rat) Functional Activity
Ro 04-6790 Roche 28.8 nM*" Antagonist
MEMG68626 Roche NPI Antagonist
MEMG68753 Roche 1.0 nM*® Antagonist
SB-271046 GSK 0.76 nM™" Antagonist
SB-742457 GSK 0.25 nM" Antagonist
SUVN503/SUVN 504 Suven 3.2 nM¢ Antagonist
SUVN51005 Suven 19.2 nM* Antagonist
BVT.5182 Biovitrum 0.25 nM" Antagonist
BVT.71346 (BVT.A) Biovitrum 1.0 nM® Antagonist
PRX07034 Predix 4.0 nM" Antagonist
E6837 Esteve 4.3 nM Partial agonist

NPI: No public information.

* Hirst et al. (2003).

" Upton et al. (2008).

¢ Callahan et al. (2009).

4 Bhyrapuneni e/ al. (2007).

¢ Shanmuganathan et al. (2008).
['Svartengren ef al. (2004).

€ Svartengren et al. (2007).

" Gannon et al. (20062, 2006b).
" Fisas et al. (2006).
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the 5-HT receptor is a viable target for antiobesity drug research was provided by
the 5-H'T's receptor knockout mouse. Tecott and Brennan (2000), published a US
patent describing this genetic phenotype, and in collaboration with scientists from
Biovitrum, showed that the 5-HT§ receptor knockout mouse was resistant to
dietary-induced obesity when maintained on a high-fat diet (Caldirola, 2003).
More recently, Frassetto e al. (2008) developed a mutant strain of mouse with a
nonfunctional 5-HT¢ receptor. They showed that this phenotype maintained a
normal weight and was healthy when fed standard laboratory chow, but when it
was given access to a high-fat diet, the 5-H'T4 receptor mutant mouse consumed
8% less food and weighed 35% less than the wild-type controls. In the intervening
period since Fone and colleagues investigated Ro 04-06790 and SB-271046, many
5-HT§ receptor ligands have been studied for their effects on feeding behavior in
normal and obese rats, but much of this information is not in the public domain.
The list of 5-HT¢ receptor ligands that have been tested in animal models of
feeding behavior and obesity for which published information is available is
provided in Table III.

We have characterized the metabolic effects of a wide range of 5-HT receptor
ligands in our laboratory with functional activities ranging from antagonism
through to high-efficacy partial agonism (>50% intrinsic efficacy). From the
evidence that is presented, it will be clear that both antagonists and agonists of
the 5-HT§ receptor show considerable promise as novel antiobesity drug candi-
dates, but the reason for this pharmacological enigma has not yet to been satis-
factorily explained; a detailed discussion of this point is provided in the review by
Heal et al. (2008).

For weight loss to occur in humans or animals, they must exist in a state of
“negative energy balance,” that is, the number of calories expended must exceed
the number of calories consumed. This state can be achieved by a reduction in
food intake (calories consumed), an increase in energy output (calories expended),
or an additive combination of both effects. When studying the actions of drugs and
test compounds on food intake in rodents, it is important to employ naturalistic
experimental conditions. Rodents are nocturnal feeders and consume ~60% of
their daily intake during the dark phase. Therefore, it is of little relevance to
evaluate the effects of drugs on food intake in the light phase when rodents sleep
with only occasional bouts of feeding. To determine the physiologically relevant
effects of drugs on this behavior, the animals need to be kept on a reverse-phase
lighting regime with free access to food. The compounds need to be administered
just into the dark phase when the animals are active and consume most of their
daily food intake. In this paradigm, the 5-HT¢ receptor antagonist, PRX07034,
produced a dose-dependent reduction in rats’ food intake when administered
acutely, and at the highest dose tested (30 mg/kg 1.p.), the compound reduced
the cumulative food of the rats over a full 24 h period (Fig. 2). Providing that energy
expenditure is unaltered, this result would indicate that the compound is able to
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Fic. 2. Effect of acute administration of the 5-HTg receptor antagonist, PRX07034, and the
reference antiobesity drug, sibutramine, on the cumulative food intake of normal rats. Results are
expressed as mean + SEM. PRX07034 experiment — rats were intraperitoneally injected twice with
PRX07034 or vehicle at 0 and 6 h. Sibutramine experiment — rats were orally administered sibutramine
or vehicle at 0 h. Significant differences from the vehicle-treated control are denoted by *p < 0.05,
*#p < 0.01, and ¥**¥p < 0.001 (one-way ANOVA by Dunnetts’ multiple comparison test). Data taken
from Gannon ez al. (2006a, 2006b) (PRX07034) and Jackson et al. (1997).
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induce a state of negative energy balance, which, if maintained when the drug is
given repeatedly, would result in a decrease of body weight. For comparative
purposes, the hypophagic action of PRX 07034 is shown next to that of the clinically
proven antiobesity drug, sibutramine. It is evident that the overall efficacy and
potency of the 5-HTg receptor antagonist are considerably less than those of this
serotonin and noradrenaline reuptake inhibitor (SNRI), particularly at the 24 h
time-point (Fig. 2). Two tentative conclusions can be drawn from this observation.
First, to achieve optimal efficacy in repeat-dose studies, it may be better to admin-
ister PRX07034 twice daily, and second, the pattern of effects of 5-H'Ts receptor
ligands on feeding behavior may be very different from those of the SNRIs. These
findings are consistent with those of other groups who have shown that a wide range
of 5-H'T receptor antagonists reduce food intake in normal rats when administered
acutely, including BVT.5182 (Bokare et al., 2008; Svartengren et al., 2004),
PRX07034, SB-271046, SB-399885, SB-742457 (Bokare et al., 2008), SUVN504
(Bokare et al., 2008; Sastry et al., 2007), SUVN51005 (Shanmuganathan et al., 2008),
and BVT.71346 (Svartengren et al., 2007).

As shown in Fig. 3, drugs can suppress feeding behavior through a wide variety
of mechanisms, but the only ones that are clinically acceptable for an antiobesity
drug candidate are to reduce hunger and/or enhance satiety. Further experiments
revealed that nonspecific suppression of feeding by 5-HT¢ receptor ligands as a
result of motor side effects can be discounted. Thus, Svartengren et al. (2004)
reported that the 5-HTg receptor antagonist, BVT.5182, dose dependently

Hunger/satiety Exercise Thermogenesis

Drug targets

tions

F1G. 3. Factors controlling food intake and body weight. Hunger/satiety and thermogenesis are the
only physiological mechanisms suitable for the development of new antiobesity drugs.
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decreased the food intake of normal rats and obese, ob/ob mice without inducing
sedation, behavioral activation, or stereotypy. Similarly, Fisas ef al. (2006) reported
that the 5-HT¢ receptor partial agonist, E6837 (30 mg/kg p.o.), produced a
marked reduction of feeding in both normal and obese rats with no effect on
locomotor activity.

Rodents lack an emetic reflex and consume inert materials, for example,
bedding, to expel noxious substances from the gastrointestinal tract. This defen-
sive strategy can be studied by allowing the animals access to kaolin. If a
compound induces nausea or malaise, the animals will consume kaolin in an
attempt to eliminate the compound (pica behavior). Svartengren ef al. (2004)
reported the effects of BVT.5182 on food intake and kaolin ingestion in normal
rats. As shown in Fig. 4, BVT.5182 produced a dose-dependent reduction in
food intake at doses between 3 and 30 mg/kg s.c. The concomitant measure-
ment of kaolin ingestion revealed that the two lower doses of BVT.5182 did not
induce kaolin consumption, demonstrating that their actions to reduce food
intake were not mediated through gastrointestinal disturbance. The observation
that BVT.5182 initiated kaolin consumption at the highest dose clearly deline-
ates between the clinically acceptable and unacceptable actions of the com-
pound on feeding. Fisas e al. (2006) reported that E6837 did not induce kaolin
consumption in normal rats at doses <60 mg/kg p.o. Complementary to these
findings, Gannon et al. (2006a) reported that PRX07034 (10 mg/kg) did not
reduce the consumption by normal rats of either saccharine or sodium ingestion
after moderate sodium depletion, demonstrating that its hypophagic effect was
also not due to conditioned taste aversion.

Studies with 5-HT receptor ligands indicate that they reduce food intake
by enhancing satiety (meal termination) rather than reducing appetite (meal
initiation). In an analysis of meal patterns, BVT.5182 (5 and 15 mg/kg s.c.)
had no effect on the latency to eat (a measure of appetite), but it reduced the
number of meals consumed and increased the time interval between them
indicating both enhanced satiety and prolonged maintenance of satiation. The
“satiety sequence” is the name given to the characteristic pattern of behaviors
that rodents display when feeding, that is, feeding followed by grooming and
ultimately postprandial resting (Antin et al.,, 1975). In a time-sampled variant
of this model, PRX07034 (10 and 30 mg/kg 1.p.) produced a pattern of
changes that was consistent with the profile of a drug that reduces food
consumption by enhancing satiety; that is, it reduced the time spent eating,
there was a more rapid termination of feeding, and it increased postprandial
resting Gannon et al. (2006a).

Opverall from this evaluation, it can be concluded that 5-H'Ts receptor ligands
reduce food intake, but more importantly, the compound-induced hypophagia is a
specific effect that is mediated by enhancing the natural physiological process of
behavioral satiety.



38 DAVID HEAL, JANE GOSDEN AND SHARON SMITH

Food intake

25 T
O Vehicle |
OBVT.5182 3 mg/kg s.c. —
20 | | mevT518210 mg/kg s.c. * "
_— *
=) W BVT.5182 30 mg/kg s.c. *
2 15 -
< *
y= - *
- *
el i *
o 10 *
(o]
[
*
5 - *
] *
*
0 T T T
3h 6h 12h 21h
Kaolin intake
1.5 7 [ Ovenicle
OBVT.5182 3 mg/kg s.c.
@ BVT.5182 10 mg/kg s.c. *
5 HBVT.5182 30 mg/kg s.c. =
2 1.0 { | =LCI127 mgkgip. -
£ *
] *
£
i
8 0.5 -
X i
N
§§§§§§
- L
- L L
. E N

3h 24h

F1G. 4. Effect of acute administration of various doses of the 5-HT receptor antagonist, BVT.5182,
on food consumption and kaolin ingestion in normal rats. Food intake data recorded by computerized
rodent feeding meter. Test compounds administered at dark onset. Rats were adapted to kaolin for
10 days before administration of drug. *p < 0.05, **p < 0.01, **p < 0.001 versus vehicle. Data adapted
from poster by Svartengren et al. (2004).
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B. ErrecTs IN RODENT MODELS OF HUMAN OBESITY

Rodents are particularly well suited for the study of human obesity. They are
omnivorous and will maintain a reasonably healthy weight and body composition
during adolescence and early adulthood when maintained on a nutritionally well-
balanced diet. Like humans, rodents find unhealthy, calorie-dense, sweet and/or
high fat foods irresistible. Given free access to these food sources, rodents will
overconsume and become obese; given restricted, intermittent access to them, they
will binge-eat (Berner e al., 2008; Boggiano et al., 2007; Corwin, 2004, 2006;
Wojnicki et al., 2008). Female rats are particularly appropriate for studying obesity
in maturity because unlike the males that continue to grow throughout their life
cycle, females reach and maintain a reasonably stable adult body weight. We have
developed a rat model of human obesity by switching mature, weight-stable,
female rats from laboratory chow to a “junk food” diet consisting of high-fat chow,
ground milk chocolate, and ground roasted, salted peanuts (Dickinson et al., 2001;
Heal and Jagger, 2005). These food sources are made available to the rats ad libitum
and provided in individual food pots to allow a cafeteria-style selection and
consumption by the animals. As shown in Table IV, the syndrome of obesity
and associated comorbidities in the diet-induced obese (DIO), female rat is
identical to human obesity with insulin resistance (face validity), and the factors

Table IV
FACE AND CONSTRUCT VALIDITY OF THE DIET-INDUCED OBESE (DIO) FEMALE RAT MODEL
OF HUMAN OBESITY WITH INSULIN RESISTANCE.

Characteristics DIO rat Human obesity

Sex Female Obesity occurs equally in both
sexes, but females predominate
in seeking drug treatment

Mature-onset, gradually v v
increasing obesity

Polygenic basis 4 v

Calorie-dense, high fat, v v
“junk food” diet

Ad libitum access to different, v v
highly palatable food sources.

Marked visceral adiposity 4 v

Leptin resistant v v

Insulin resistant v v

Hyperglycaemic x x/v

Hypertensive 4 v

v = Present; ¥ = Absent; ¥/v" = Type 2 diabetes may or may not be comorbid with obesity.
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contributing to their initiation and maintenance of obesity are similar in both
species (construct validity). “Predictive validity” is the extent to which outcomes
observed in animal models translate accurately to the human situation. In anti-
obesity drug research, the most important aspect of predictive validity is whether
the pharmacological effects of compounds on body weight and cardiometabolic
risk factors in the animal model reliably translate into therapeutic benefits in
clinical trials. The DIO female rat model is exceptionally advantaged in this
respect because it possesses not only qualitative but also quantitative, predictive
validity. Thus, a wide range of antiobesity drugs and drug candidates, which have
been evaluated in the clinic, have been studied in the DIO female rat. Every
compound that has been reported to decrease body weight in human subjects
has also been shown to induce weight loss in this obese rat model (Fig. 5).
Furthermore, as shown in Fig. 5, there is a high degree of correlation (* = 0.95)

Placebo-subtracted weight loss in man (kg) Weight loss in DIO rats (% @ Day 28)
10 5 o] -5 -10 -5 0 5 10 15

Qnexa
Sibutramine
Rimonabant
Topiramate
Phentermine

Orlistat

Sitagliptin

Pioglitazone

F1G. 5. Relative weight-loss efficacy in humans of various antiobesity drugs — predictive validity of

MUUUUUH

the DIO female rat model of human obesity. The panel on the left shows the reported weight changes
observed in clinical trials and meta-analyses of various metabolic drugs, that is, the antiobesity drugs,
Qnexa, sibutramine, rimonabant, topiramate, phentermine, and orlistat, and the antidiabetic drugs,
sitagliptin and pioglitazone (see text for source references). The panel on the right shows the changes in
body weight induced by the same drugs in the diet-induced obesity (DIO) female rat model of human
obesity and insulin resistance (data reported in Fig. 9 or on file at RenaSci Consultancy). The very high
degree of correlation between these two variables is shown above. Correlation 7* = 0.95.
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between the magnitude of weight loss that these antiobesity drugs produced in
clinical trials and their rank order for inducing weight loss in the DIO female rat.
The predictive validity of the model also extends into drug-induced side effects.
Sitagliptin (a dipeptidyl peptidase-4 [DPP-4] inhibitor) and pioglitazone (a thia-
zolidinedione) are examples of two of the major classes of antidiabetic drugs.
Although DPP-4 inhibitors and thiazolidinediones improve insulin sensitivity in
Type 2 diabetes, the former are weight-neutral, while the latter induce a degree of
weight gain (Foley and Jordan, 2010; Shah and Mudaliar, 2010). Consistent with
the clinical findings (Aronoff et al., 2000; Aschner et al., 2006; Goldstein et al., 2007;
Nissen et al., 2008), although sitagliptin and pioglitazone both reduced insulin
resistance in the DIO female rat (data on file, RenaSci), sitagliptin produced an
improvement in glycemic control without altering body weight. Pioglitazone only
achieved this outcome with significant weight gain. In addition to predicting
weight-loss efficacy, many of the other therapeutic benefits of metabolic drugs in
obesity are also observed in the DIO female rat, for example, reductions in plasma
lipids, decreased insulin resistance, an increased ability to handle glucose loads,
reductions in plasma leptin and other biomarkers (see later sections).

It is clear from this brief summary that the DIO female rat is a valuable
model for evaluating novel antiobesity drug candidates, and a high degree of
confidence can be placed on predictions that therapeutic benefits observed in this
rat model will translate both qualitatively and possibly quantitatively into the
clinical setting.

In terms of the evaluation of 5-HT receptor ligands, the effects of prolonged
administration of both antagonists and partial agonists have been investigated in
the DIO female rat. The effects on body weight of treatment with PRX07034
(5-HT¢ receptor antagonist), 16837 (5-HT receptor partial agonist), and sibu-
tramine (SNRI) are compared in Fig. 6. Both 5-HT¢ receptor drug candidates
produced gradual decreases in body weight with trajectories that indicated greater
weight reductions were potentially possible if treatment had been continued. The
weight reductions produced by PRX07034 and E6837 were greater than that
evoked by the comparator antiobesity drug, sibutramine. Furthermore, the pat-
tern of weight change obtained with sibutramine was very different from those
observed with the 5-HT§ receptor ligands. The latter produced a delayed, but
almost linear, fall in body weight, whereas sibutramine caused a rapid fall in weight
followed by a sustained period of weight-loss maintenance relative to placebo.
These different patterns of body weight effects are entirely explained by the food
intake results (Fig. 7). Sibutramine markedly suppressed the food intake of DIO
female rats at the start of dosing, but gradually this effect diminished and feeding
returned to control levels after 10-12 days; this explains the rapid fall in body
weight followed by a sustained period of weight-loss maintenance. In contrast,
food intake was reduced to a lesser extent by the 5-H'T'; receptor ligands, and in the
case of E6837, the delay in reaching its nadir is clearly evident. However, the
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FiG. 6. Effects of the 5-HT¢ receptor antagonist, PRX07034, and partial agonist, E6837, on body
weight in obese, female rats maintained on a simplified cafeteria diet. Data are adjusted means. SEMs
are calculated from residuals of the statistical model. Drug treatment commenced on Day 1. PRX07034
was dosed at 10 and 30 mg/kg p.o. b.i.d. on Days 1-7 (data not shown) followed by 3 and 10 mg/kgi.p.
b.i.d. on Days 8-42. Data analyzed by ANCOVA with Day 1 as covariate. Significant difference from
vehicle assessed using Dunnett’s test (PRX07034 and E6837), or the multiple #test (sibutramine).
Significant differences from the control group are denoted by *p < 0.05. Data taken from Gannon et
al. (2006a,b) (PRX07034) and Fisas et al. (2006) (E6837 and sibutramine).
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Data taken from Gannon et al. (2006a) (PRX07034) and Fisas et al. (2006) (E-6837 and sibutramine).
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decreases induced by either PRX07034 or E6837 were maintained for a much
longer period with significant reductions induced by PRX07034 present almost to
the end of the dosing phase (42 days). These profiles of reduced food intake explain
why weight loss evoked by 5-HTg receptor ligands is not only gradual in onset, but
also follows a linear, downward trajectory.

The DIO female rat model of human obesity has the disadvantage that middle-
aged female rats need to be maintained on the simplified cafeteria diet for at least
12 weeks before their obesity stabilizes. In addition to this technical limitation, it
has to be acknowledged that obesity is not a clinical condition that is restricted
either to females or to middle-age. To address these issues, we have developed a
model of obesity in young adult, male rats maintained on a high-fat diet. This
obesity model does not require prolonged exposure to the calorie-dense diet before
compound testing, and it mimics human obesity occurring in adolescence or early
adulthood when excess adiposity is occurring at the same time as growth. The
5-HTg¢ receptor antagonists, PRX07034 and MEM68626, have both been eval-
uated in the high-fat-fed, obese, male rat as shown in Fig. 8. Dose-dependent
reductions in body weight were produced by PRX07034 (30 and 100 mg/kg p.o.
b.id.) and MEM68626 (10-100 mg/kg p.o. b.i.d.) with decreases of 11.8 and
11.6%, respectively, observed after 28 days of treatment at the highest doses of
these compounds (Fig. 8). In this model, the reference comparator antiobesity drugs,
sibutramine, and the CB; receptor antagonist, rimonabant, decreased body weight
~10.4 and 6.5%, respectively, demonstrating that the clinical efficacy of these
5-HT§g receptor antagonists 1s predicted to be as good as, if not better than, existing
antiobesity drugs. The profiles of reduced food intake produced by these drugs in
high-fat-fed male rats followed patterns similar to those observed in the DIO female
rat (Iig. 7; Gannon et al., 2006a; Murray et al., 2008; Shacham et al., 2006).

Various other 5-HTg receptor ligands have been evaluated in rat models of
human obesity. We have also observed that SB-742457 (10 mg/kg 1i.p. b.i.d.)
produced a very large 9.8% reduction in body weight in the high-fat-fed obese
male rat after only 7 days of treatment (Sargent and Moore, 2009). Biovitrum’s
5-HT's receptor antagonists, BVT.5182 and BVT.71346, have also been shown to
produce dose-dependent and substantial weight loss in the high-fat-fed obese rat
(Svartengren et al., 2004, 2007). Although the specific model employed was not
stated, Shanmuganathan et al. (2008) reported that the 5-HT¢ receptor antagonist,
SUVN51005, reduced body weight gain in DIO rats.

Since the mouse 5-HTg receptor homolog differs significantly from the human
and rat 5-HT¢ receptor subtypes, and because the 5-HTg receptor has a different
distribution in the mouse brain from that in the rat and human (Hirst ¢t al., 2003;
Setola and Roth, 2003), the predictive validity of data obtained in mouse models of
obesity has been treated with a degree of caution. However, in spite of the potential
criticisms, several 5-HT¢ receptor antagonists have been tested in both rats and
mice with similar outcomes observed in both species. Thus, the 5-HT¢ receptor
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FiG. 8. Effects of the 5-HTjg receptor antagonists, PRX07034 and MEMG68626, on body weight in
obese, male rats maintained on a high-fat diet. Data are adjusted means. SEMs are calculated from
residuals of the statistical model. Drug treatment commenced on Day 1. Data analyzed by ANCOVA
with Day 1 as covariate. Significant difference from vehicle on Day 29 assessed using Dunnett’s test
(PRX07034), Williams’ test (MEM68626) or the multiple #test (sibutramine and rimonabant). Significant
differences from the relevant control group are denoted by * < 0.05 and ***p < 0.001. Data taken from
Gannon ¢ al. (2006b), Shacham et al. (2006) (PRX07034) and Murray et al. (2008) (MEM68626).

antagonist, BVT.5182, has been shown to decrease the food consumption of 0b/0b
and DIO mice (Svartengren et al., 2004), and in the latter model, to produce
substantial decreases in body weight when given repeatedly (Svartengren et al.,
2004). The pharmacological effects of BVT.5182 in the mouse are identical to
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comparison to clinically proven antiobesity drugs. Data taken from (a) Fisas et al. (2006) and Murray et al.
(2008); (b) Gannon et al. (2006a,b); (c) Murray et al. (2008); (d) Svartengren et al. (2007); (e) Jackson et al.
(2007); (f) Jackson et al. (2004); (g) Jackson et al. (2005) and Murray et al. (2008). *Weight loss at Day 42.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this chapter.).

those observed when the compound was administered to normal and DIO rats
(Svartengren et al., 2004). Similarly, SUVN504 has been reported to decrease food
intake in both rats (Bokare et al., 2008) and mice (Sastry et al., 2007) and to reduce
the body weight of diet-induced mice when administered chronically (Sastry ez al.,
2007).

To summarize, 5-HT receptor antagonists and partial agonists reduce food
intake in rodent models of obesity and produce reductions in body weight in these
models that are at least as great as those evoked by a number of clinically proven
antiobesity drugs. Figure 9 provides an illustrative comparison of the weight losses
produced by various 5-HT receptor ligands tested in the DIO female rat and the
high-fat-fed male rat models of human obesity in comparison to the effects that
have been observed with a range of reference comparator, antiobesity drugs and
drug candidates.

C. ErrecTts oN CARDIOMETABOLIC Risk FACTORS

One of the first steps when observing drug-induced weight loss in animals is to
define which components of body composition account for this reduction. A
decrease in adiposity 1s a clinically beneficial outcome, whereas a reduction medi-
ated through aloss of protein (muscle wasting or cachexia) or water (dehydration) is
not only nonbeneficial but also harmful. Body composition analysis performed
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using a range of techniques has shown that weight loss in obese rodents produced
by 5-HT¢ receptor antagonists and the partial agonist, E6837, is mediated by a
selective reduction of body fat with no loss of protein (Fisas ¢t al., 2006; Gannon
et al., 2006b; Shacham et al., 2006; Svartengren et al., 2007).

It is well known that fat depots in the abdomen (visceral fat) carry a much greater
burden of cardiovascular risk than subcutaneous fat (Nielsen and Jensen, 1997; Peiris
et al., 1989). In addition to demonstrating that 5-HTg receptor ligands produce
weight loss in obesity through a selective reduction of fat mass, as shown in Fig.
10, part of the effect of the 5-HT§ receptor antagonist, PRX 07034, was attributable
to a loss of visceral fat. Reductions in visceral fat mass in obese rats and mice have
also been reported after treatment with BVT.5182 (Svartengren et al., 2004) and
MEMG68626 (Murray et al., 2008).

A drug-induced reduction of body weight is merely a cosmetic effect if the
weight loss is not accompanied by commensurate improvements in a range of
cardiometabolic risk factors. It is for this reason that the guidelines for developing
novel antiobesity drugs issued by EMA (2007) and the FDA (2007) stipulate that
reductions in visceral adiposity, blood pressure, increased glycemic control and
improvements in plasma lipid profiles are critical clinical outcomes when evalu-
ating the medical benefits of new drugs for weight management. Many, but not all,
of these cardiometabolic disturbances are also present in rodent models of human
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Fi6. 10. Effect of chronic administration of the 5-HTg receptor antagonist, PRX07034, or the
reference antiobesity drugs, sibutramine and rimonabant, on fat pad weight in obese, male rats
maintained on a high-fat diet. Data are simple means + SEMs, n = 9-10 rats/group. Drug doses are
expressed as the free base. Significant difference from the vehicle-treated control are denoted by
*p < 0.05, ¥*p < 0.01, and ***p < 0.001 (one-way ANOVA followed by Dunnetts” multiple compar-
ison test). Data taken from Gannon et al. (2006b) and Shacham et al. (2006).
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obesity (Table IV) and will improve significantly when the excess adiposity of the
rats 1s reduced, for example, reductions in visceral adiposity and blood pressure,
increased glycemic control and improvements in plasma lipid profiles. Exceptions
are alterations in the plasma concentrations of LDL-C (“bad cholesterol”) and
HDL-C (“good cholesterol”) because this aspect of lipid metabolism is very dif-
ferent between humans and rodents (Bergen and Mersmann, 2005). The cardio-
metabolic benefits of weight loss induced by treatment with a range of 5-HTjg
receptor ligands have been studied in various rodent models of obesity and the
published findings are reported in Table V. There is good agreement across the
studies that 5-HT¢ receptor drug candidates decrease overall adiposity and reduce
the visceral fat depots that carry a high degree of cardiovascular risk. The reduc-
tion in white adipocyte mass is reflected by consistent decreases in plasma levels of
the secreted hormone, leptin, although it is uncertain whether this effect translates
into decreased leptin resistance. In the rodent models of obesity coupled with
insulin resistance, plasma insulin concentrations are generally moderately ele-
vated, but the animals are rarely hyperglycemic or diabetic. Improvements in
glycemic control produced in obese rodents by 5-HT§ receptor ligands are gen-
erally demonstrated by reductions in the concentration of fasting plasma insulin
with no change in fasting plasma glucose (Table V). In the case of E6837, its ability
to decrease insulin resistance has been confirmed by results from an oral glucose
tolerance test (Fisas e al., 2006). We have not observed any benefit of the weight
loss evoked by 5-HT¢ receptor ligands on plasma lipids that are relevant in both
humans and rodents, that is, free fatty acids, triglycerides, and cholesterol.
However, the rescarchers from Suven have reported that SUVN504 and
SUVNS51005 decreased plasma triglyceride concentrations (Sastry et al., 2007,
Shanmuganathan et al., 2008), although it is unclear in which rodent models of
human obesity the compounds were tested.

Together, these results demonstrate that weight loss evoked by 5-HT¢ receptor
ligands is accompanied by improvements in cardiovascular risk factors. There is no
evidence from the data to indicate that these compounds are having any direct
beneficial effect on cardiometabolic function that is independent of weight loss. It
can, therefore, be concluded that the clinical benefits of the 5-HT receptor ligands
will be directly correlated with the degree of weight loss that they can produce in
the clinical setting.

IV. Closing Remarks and Future Directions

Evidence from a diverse range of sources strongly supports the hypothesis
that 5-HTg receptors have an important role to play in the regulation of food
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Table V

5-HTg Receptor Drug Candidate

Risk Factor BVT.5182 PRX07034 MEM68753 BV'T.71346 E6837
Adiposity 1P 1* 1? 1? 1?
Visceral adiposity 1P 1 1 ND
Leptin 0 1 1 1
Plasma lipids FFAs £° ND FFAs +* FFAs +*
TGs " TGs £ Cholesterol %
Cholesterol £* Glycerol £*
Glycerol "
Insulin resistance Insulin | /" Insulin |* Insulin |* Insulin | /%*
Glucose +" Glucose |* Glucose |* Glucose +*

BVT.5182
PRX07034
MEMG68753
BVT.71346
SUVN504
SUVN51005
E6387

Data take from Svartengren et al. (2003, 2004)
Data taken from Gannon ¢t al. (2006a, 2006b) and Shacham et al. (2006)

Data taken from Callahan et al. (2009)

Data taken from Svartengren et al. (2007)

Data taken from Sastry et al. (2007)

Data taken from Shanmuganathan et al. (2008)

Data taken from Fisas et al. (2006)

OGTT 1°

|: Decrease; | /=: strong trend for a decrease; =: no change; 1: increased sensitivity; ND: not determined; FFAs: free fatty acids; TGs: triglycerides; OGTT: oral

glucose tolerance test.”

Experiments performed in obese rats.

I . . .
” Experiments performed in obese mice.
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intake. Studies using a range of 5-HTs receptor ligands, mostly antagonists, but
including the partial agonist, E6837, have revealed that these compounds
reduce food consumption in rodents when given acutely and chronically. In
rodent models of human obesity, these 5-HT¢ receptor compounds reduced
body weight and yielded reductions in visceral adiposity and insulin resistance
that were consistent with the observed falls in body weight. No adverse effects of
drug treatment have been reported. The weight reductions induced by the
5-HTg receptor ligands in obese rodents are at least as great as those produced
by clinically proven antiobesity agents, indicating that the former have the
potential to be therapeutically beneficial in the treatment of obesity. According
to current information, there are no 5-HTj receptor ligands in clinical develop-
ment in the therapeutic indication of obesity at this time, although several of these
compounds are being evaluated for the treatment of cognitive dysfunction in
Alzheimer’s disease and schizophrenia.

Early clinical proof of principle has been obtained for the weight-loss effect
of 5-HTg¢ receptor antagonists in obesity. Epix, which now no longer exists,
evaluated the safety and efficacy of PRX07034 in a randomized, double-blind,
placebo-controlled, Phase 1b, multiple ascending dose, clinical trial in healthy
obese adults (average weight 100 kg or 220 Ib). Although the company press
release of the findings is no longer available, PRX07034 given at a dose of
600 mg/day for 28 days was reported to produce a placebo-subtracted reduc-
tion in body weight of 4-6 1b in these subjects. Although a 4-6 b body weight
reduction might appear to be small or even trivial in subjects weighing over
200 1b, the preclinical experiments clearly indicate that decreases in food
intake and body weight evoked by 5-HTg receptor ligands such as
PRX07034 are delayed and gradual, but are maintained during much of the
dosing phase. In the DIO female rat, each day of drug administration is
approximately equivalent to 1 week in human terms. Thus, sibutramine
actively reduces body weight for 12-15 days before the effect plateaus (Fisas
et al., 2006; Jackson et al., 2005; Jones et al., 2005; Fig. 6). In clinical trials,
active weight reduction on sibutramine treatment takes place over the first 16—
20 weeks of treatment (Apfelbaum et al., 1999; Bray et al., 1999; James et al.,
2000; Wadden et al., 2005). If the results for the 5-HT¢ receptor ligands in the
rat models of human obesity translate into man, they indicate that these
compounds will reduce food consumption for periods of between 7 months
and 1 year with active weight loss over the same period. Thus, although the
weight-loss efficacy of the 5-HT§ receptor compounds is likely to be modest at
the nitiation of treatment, the preclinical data predict that active (i.e. that
active weight loss) weight loss will be maintained longer than with existing
agents, and ultimately, is likely to be greater. Thus, the 5-HTg receptor
compounds “tick all of the boxes” in terms of proof of concept, weight-loss
efficacy, duration of action, and benefits on obesity-related comorbidities.
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What is the future for 5-HTg receptor ligands as novel treatments for the
management of obesity? Currently, the only antiobesity drug candidates in late-
stage development have been taken this far by small, independent, biotech com-
panies. Most of the major pharmaceutical companies are not actively engaged in
R&D on antiobesity drugs. There are several probable reasons for this state of
affairs. The “big pharma” players appear to have been discouraged by the con-
servative attitudes of the regulatory agencies and their advisors toward the
approval of new antiobesity drugs. In addition, there has been a general reluctance
on the part of healthcare providers to fund antiobesity drug therapy, coupled with
an unwillingness by patients to pay for medicines that they feel do not deliver the
degree of weight reduction that they are seeking. Together, these factors have
resulted in very modest sales figures for marketed antiobesity drugs. These are the
likely reasons why big pharma has looked on while the biotech companies have
carried the development risks for new drugs in this therapeutic indication, prefer-
ring like Takeda, to secure a licensing deal with a biotech partner (Arena) when the
drug candidate (lorcaserin) is in the preregistration phase. Some large pharma-
ceutical companies, for example, Roche, have 5-HTg receptor compounds with
excellent preclinical data to support clinical development as novel antiobesity
drugs, but it is unclear whether they are willing to progress the compounds in this
clinical indication. Other 5-HTg programs reside with much smaller companies,
for example, AMRI, Suven, and Esteve, who will require collaborations with
major pharmaceutical companies to take their compounds through clinical devel-
opment and onto the market. To date, no deals have been announced, so it is
unclear at present whether any of these compounds will progress into full-scale
clinical development in obesity.

In summary, there is compelling evidence to show that 5-HTg receptors have
an important function in regulating food intake and body weight not only in
animals but also in man. The results from rodent models of human obesity predict
that 5-HT¢ receptor compounds will be beneficial in reducing human obesity and
ameliorating a range of associated cardiometabolic risk factors. There is an urgent
need to increase the number and types of medicines available to physicians to help
tackle the rising problem of human obesity. For this reason, it is critical that
promising 5-HTg drug candidates should be clinically evaluated to assess their
potential contribution and new drugs to treat the obesity epidemic.
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l. Introduction

Much of the initial interest on 5-HT¢ receptors has arisen from their specific
distribution to the brain, their high density in the striatum, including the resem-
blance with the distribution of dopamine (DA) receptors, and the high affinity
displayed by atypical antipsychotics. The distribution of 5-HT¢ receptors in the
brain predicted a role in reward, motivation and extrapyramidal motor functions,
and an interaction with DA. Indeed, this prediction has not been met until
recently. Still, the evidence for a role of 5-HTg receptors in motivation, reward,
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and extrapyramidal functions is scanty and contradictory. However, it is possible
that some information on the neurochemical and behavioral effects of 5-HTg
receptor agonists and antagonists might be relevant for an involvement of these
receptors in those functions. Because of this, we will provide a broad review of
the neurochemical and behavioral pharmacology of 5-HTg receptors rather
than one strictly confined to their role in motivation, reward, and extrapyra-
midal functions.

Il. Distribution of 5-HT, Receptors

A. STRIATAL AREAS

The density of 5-HTg receptors is particularly high in the striatal areas (cau-
date-putamen (CPu), nucleus accumbens (NAc), and olfactory tubercle) of rats and
man. In the rat, the olfactory tubercle is the area with the highest signal for 5-HTg
receptor mRNA as estimated by i situ hybridization (Ballaz et al., 2007; Ward et al.,
1995). Next 1s, in the rat, the NAc and the CPu with a dorsoventral gradient of
increasing density (Ward et al,, 1995). Using RT-PCR and ligand binding in
homogenates, allowing better quantitation but lower topographic resolution, the
density of 5-HT¢ receptors and the expression of mRNA in the CPu of rat and man
are about 10 times higher than those in nonstriatal areas (Hirst et al., 2003). Simple
visual inspection of autoradiographic images of the specific binding of the 5-HT¢
receptor antagonist ' ’I-SB-258585 in coronal brain slices, taken at the level of the
rat basal ganglia, shows a striking similarity with the distribution of specific DA
receptor binding (Roberts et al., 2002).

Electron microscopic studies of immunolabeled striatal 5-HTs receptors show
a postsynaptic localization on dendrites and labeling of postsynaptic specializa-
tions (Gerard et al., 1997; Hamon et al., 1999). Light microscopic examination of
immunolabeled slices at high magnification shows 5-HTg-like immunoreactivity
on microtubular structures called “cilia” (Brailov ¢t al., 2000; Hamon et al., 1999).

5-HT§ receptor mRNA is expressed by putative medium-size spiny neurons
with no selectivity among neurons expressing substance P/dynorphin and project-
ing to the substantia nigra/internal pallidum and neurons expressing enkephalin
and projecting to the external pallidum (Ward and Dorsa, 1996). 6-OHDA lesions
of DA neurons do not affect the binding of 5-HT ligand estimated by autoradi-
ography (Roberts ¢ al., 2002), indicating that 5-H'Ts receptors are not located on
DA neurons.

In spite of the evidence of the role of acetylcholine (ACh) in some behavioral
effects of 5-HTg receptor antagonists (see below), no double-labeling studies
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investigating the relationship between 5-HT¢ receptors and striatal ACh neurons
are available.

B. EXTRASTRIATAL AREAS

A high level of expression of mRINA for the 5-HT receptor, similar to that
observed in the striatum, is found in the granular layer of the dentate girus and CA
fields of the hippocampus of the rat (Ballaz et al., 2007; Ward et al., 1995).
Moreover, detailed analysis of 5-HTg receptor distribution by autoradiographic
binding studies in the rat shows moderately high levels in the hippocampus and
neocortex; central, paraventricular, and reticular thalamic nuclei; selected hypo-
thalamic nuclei; and habenula (Ballaz ez al., 2007; Roberts ¢t al., 2002). Binding of
the 5-HT¢ ligand was high also in the choroid plexus (Roberts et al., 2002). In
contrast to studies utilizing antibodies against the receptor protein (Gerard et al.,
1997; Hamon et al., 1999), binding (Hirst et al., 2003; Roberts et al., 2002) as well as
mRNA expression studies (Gerard et al., 1997; Hirst et al., 2003; Ruat et al., 1993;
Ward and Dorsa, 1996; Ward et al., 1995) show very low levels of 5-HT¢ receptors
in the cerebellum. Therefore, detailed analysis of 5-HTg receptor distribution
indicates a widespread function of these receptors beyond that of the striatum
and of DA.

The 5-HTj receptor mRINA signal has not been detected in nonnervous
peripheral tissues; therefore, this receptor is the only 5-HT receptor to be
expressed selectively in the nervous system (Hirst et al., 2003; Hoyer et al., 1994;
Monsma et al., 1993; Ruat et al., 1993).

C.. SPECIES SPECIFICITY

An important aspect of the 5-HT receptor neurobiology is its species specific-
ity. Thus, in contrast to rats and men, the expression of 5-HTg receptors in the
mouse brain is very low (Hirst e al., 2000, 2003); moreover, the mouse receptor
itself has different pharmacological properties from the rat and the human recep-
tors. Thus, the selective antagonist Ro 04-6790 does not bind to the mouse receptor
and another antagonist SB-258585 has an affinity about two orders of magnitude
lower for the mouse than for the rat and human receptors, which, instead, have
similar pharmacological properties, density, and distribution (Hirst e al., 2003). On
the basis of site-directed mutagenesis studies, these differences have been attributed
to a difference in two amino acids placed in a critical position: Tyr-188 in place of
Phe 188 and Ser 290 in place of Asn 190 (Hirst ez al., 2003).

These differences cast some doubt on the relevance of experimental studies
performed in mice for the role of 5-HT§ receptors in humans.
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lll. Signal Transduction

5-HT§g receptor transduction was originally shown to take place by stimulation
of adenylate cyclase via a GaS protein in transfected cells expressing the cloned
receptor (Hirst et al., 2003; Monsma et al., 1993; Ruat et al., 1993). Other mam-
malian 5-HT receptors coupled to adenylate cyclase are the 5-HT; and 5-HT},
receptors. While 5-HT, receptors are fairly abundant in striatal areas, 5-HT
receptors are poorly expressed there.

The native 5-HT§ receptor can also bind to two other proteins that might be
part of alternative transduction pathways of the 5-HTj signal. These proteins are
Fyn and Jab1 (Yun et al., 2007, 2010). Fyn is a protein with tyrosine kinase activity,
regulated by phosphorylation of Tyr-420, which results in kinase activation, and
Tyr-531, resulting in inhibition. The 5-HTg receptor, via its carboxyl terminal,
binds to the SH3 region of Fyn, thus inducing Tyr-420 autophosphorylation and full
activation of kinase activity. This activity in turn, via a cascade of tyrosine kinases
(Ras and MEK-dependent pathways), finally activates ERK 1/2. Fyn and 5-HTj
receptor interactions reciprocally facilitate their functions. Thus, 5-HTg receptor
activation promotes translocation of Fyn from the nucleus to the cytoplasm, by
binding it to the internal side of the plasma membrane through its carboxyl termi-
nal. On the other hand, increased Fyn expression increases 5-H'Ts receptor expres-
sion (Yun et al., 2007). Jab1 is a Jun activation domain binding protein that also can
bind to the 5-HTg receptor and whose silencing results in a decrease of 5-HTj
receptor expression. Activation of 5-HTg receptors promotes translocation of Jab1
to the nucleus and increased c-Jun phosphorylation (Yun ez al., 2010).

These different pathways, particularly the adenylate cyclase, via PKA phosphor-
ylation of CREB and the Fyn pathway, can converge into ERK phosphorylation.

IV. Interaction of Antipsychotics with 5-HT, Receptors

The discovery of 5-HT§ receptors attracted much interest not only because
their high striatal density distribution but also because clozapine, an atypical
antipsychotic, showed nanomolar affinity for the recombinant rat 5-HT’s receptor
(Monsma et al., 1993). Roth et al. (1994) showed that a number of typical neuro-
leptics, including chlorprotixene, chlorpromazine, amoxapine, thioridazine
(a neuroleptic with an atypically high antimuscarinic activity), loxapine, clothia-
pine, fluphenazine, and perphenazine, and atypical neuroleptics, including zote-
pine, olanzapine, clozapine, fluperlapine, and tiospirone, had &; lower than 20 nM.
Glatt et al. (1995) showed that the high-affinity binding profile of *H-clozapine to
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rat brain membranes (Ag 4.5 nM) was that of a 5-HTg receptor ligand. Boess et al.
(1997) and Hirst ez al. (2003) confirmed the high-affinity binding of clozapine to rat
and human 5-HT; receptors using *H-LSD and *H-5-HT as ligands and
Boess et al. (1998) confirmed the binding to rat and pig 5-HTg receptors with
’H-Ro 63-0563. Recently, Dupuis ¢ al. (2008) have tested 24 antipsychotics on a
scintillation proximity assay of coupling to GaS protein and showed that not only
clozapine but also its major metabolite, N-desmethylclozapine, bound with nano-
molar affinity to 5-HTg receptors and behaved as antagonists. Haloperidol, que-
tiapine, and risperidone had micromolar affinity (Dupuis e/ al, 2008). These
observations indicate that the ability to block 5-HT receptors is not specifically
associated with the atypical properties of the antipsychotics and tends to exclude
that these receptors play a role in the extrapyramidal side effects of antipsychotics.

Consistent with an interaction of clozapine with 5-HT¢ receptors is the obser-
vation by Frederick and Meador-Woodruff (1999) that repeated administration of
clozapine (20 mg/kg) in the rat decreased the expression of mRNA for 5-HTjg
receptors specifically in all four CA subfields and in the dentate girus of the
hippocampus, while administration of haloperidol (2 mg/kg) was ineffective.

Although the ability to block 5-HT; receptors does not seem to be involved in
the extrapyramidal side effects of antipsychotics, the 5-HTg receptor blocking
property of some antipsychotics might add to their profile some peculiar cognitive
or emotional properties.

In relation to this, Li et al. (2007) have reported that the 5-HT antagonist SB-
399885 potentiated the ability of haloperidol and of the atypical antipsychotic
risperidone in the rat, both devoid of 5-HT¢ receptor blocking properties, to
increase DA 1in dialysates of the hippocampus; SB-399885 potentiated the DA-
releasing properties of risperidone also in the medial prefrontal cortex. These
observations suggest that the property of blocking 5-HT§ receptors contributes
to the DA-releasing properties of antipsychotics in allocortical and periallocortical
areas. This effect, in turn, has been suggested to exert a positive action on the
cognitive symptoms of schizophrenia (Tan et al., 2009).

V. Behavior- and Drug-Related Changes in 5-HT, Receptor Expression

Sensation seeking is a normal, genetically influenced personality trait that can
bring to a disorder of impulsivity characterized by risky behavior, including drug
seeking and dependence. This trait has been modeled in animals by locomotion in
response to a novel environment (novelty seeking) (Bardo et al., 1996; Cain et al.,
2005; Dellu et al., 1996). In an outbred rat population, the extremes in the
distribution curve for individual locomotor response to novelty (high responder
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[HR] and low responder [LR]) are characterized by differential responses to the
locomotor stimulant and reinforcing properties of drugs of abuse (Hooks et al.,
1991; Piazza et al., 1989, 2000).

Recently, an HR and a LR line has been obtained by selective breeding for
responding to novelty (Stead et al., 2006). In these lines, an analysis of mRNA
expression by i situ hybridization of 5-HT¢ and 5-H'T; expression shows a 71%
higher expression in the HR line compared with the LR in the posterior dentate
gyrus of the hippocampus and a 50% decrease in the anterior portion of the same
area. In the striatal complex, a significant change (27% decrease) was observed
only in the olfactory tubercle and was significantly correlated to the locomotor
response to novelty (negative correlation) (Ballaz et al., 2007). 5-HT; receptors
decreased in the HR compared to LR in the hippocampus and intralaminar
and paraventricular thalamus and this was negatively correlated with individual
reactivity to novelty (Ballaz et al., 2007). No significant difference were observed in
5-HT'5 receptor expression.

The lack of line-related differences in 5-HT receptor expression in striatal and
prefrontal cortical areas traditionally related to impulsivity suggests that the differ-
ences observed are related to other differential behavioral and cognitive properties
of the two lines.

Kindlundh-Hogberg et al. (2006) have studied by RT-PCR the expression of
mRNA for various 5-HT receptors including 5-HTg receptors in rats administered
with MDMA (3 x 1.0 and 3 x 5.0 mg/kg/day) every week for 4 weeks. 5-HTjg
mRINA was increased in the frontal cortex and the amygdala. No changes were
detected in the CPu, NAc, hippocampus, and hypothalamus (Kindlundh-
Hogberg et al., 2006). In the striatum, only mRNA for 5-HTp receptors was
increased, while mRINA for 5-HT,p and 5-HTy¢ and for 5-HT5 receptors was
increased in the hypothalamus. The relation between these changes and behavior
1s unknown as no behavioral end point was correlated with the changes in mRINA.

VI. Neurochemical Effects of 5-HT Agonists and Antagonists

The topic of the neurochemical effect of 5-H'T; receptor agonists and antago-
nists is controversial. We shall analyze separately the effect of 5-HT¢ antagonists
and agonists.

A. 5-HTg ANTAGONISTS

In the first microdialysis study on this topic, Dawson et al. (2000) studied the
effect of the 5-H'T'; receptor antagonist SB-271046 on extracellular concentrations
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of DA, 5-HT, noradrenaline (NE), glutamate, and aspartate in the rat CPu and
frontal cortex. SB-271046, given s.c. at doses of 10 mg/kg, increased glutamate and
aspartate in the cortex. This effect was delayed, steadily increasing up to maximal
levels between 250 and 300 min after drug administration. Perfusion with Ringer
containing tetrodotoxin (TTX) brought down the increase in glutamate and aspar-
tate, indicating its dependence upon fast Na channels. Changes in monoamines
and amino acids were observed neither in the striatum nor in the cortex.

These observations were confirmed and extended by the same group to the
hippocampus, where a TTX-dependent, atropine-independent increase in gluta-
mate, but not in DA and NE, was observed, and to the NAc, where, as in the
striatum, no change in monoamines nor glutamate was observed (Dawson et al.,
2001). Although no explicit distinction was made between core and shell of the
Nac, the reported stereotaxic coordinates suggest that probes were aimed at the
NAc core (Dawson et al., 2001).

The dialysate data reported in the above-mentioned studies are characterized
by a high degree of variability as indicated by high standard errors and highly
scattered changes in dialysate levels of transmitter over time. In view of this, the
observations of Dawson et al. require independent confirmation.

Lacroix et al. (2004) reported an increase in dialysate DA and NA in the medial
prefrontal cortex of the rat after 10 mg/kg p.o. of the antagonist SB-271046.
Perfusion was made with a Ringer containing neostigmine that, according to
the authors, 1s devoid of any influence on monoami release.

In principle, these observations are not in contrast with those of Dawson et al.
(2000, 2001), since the area dialyzed in these studies is the lateral frontal cortex, a
DA-poor neocortical area, rather than the infralimbic, medial prefrontal cortex, a
DA-rich periallocortical area.

However, Li et al. (2007), failed to observe any change in medial prefrontal cortex
DA dialysates in rats administered with the antagonist SB-399885 given up to doses
of 10 mg/kg s.c. At these doses, the antagonist is effective on a variety of behavioral
tests (Hirst et al., 2006). Recently, we studied the effect of two 5-HT¢ antagonists, SB-
271046 (10-20 mg/kg i.p. and 10 mg/kg iv.) and SB-399885 (5 mg/kg i.p.), on
dialysate DA, NA, and 5-HT in the medial prefrontal cortex, NAc shell, and core of
the rat and failed to observe any significant change for up to 2 h postdrug
(Valentini et al., 2010), in agreement with the observations of Li et al. (2007).

As far as ACh 1s concerned, Shirazi-Southall ¢/ al. (2002) reported that Ro 04-
6790 given 1.p. moderately (+50% of basal) increased ACh in dialysates from the rat
hippocampus. Moreover, in the studies on the rat, Riemer ¢t al. (2003) reported that
the 5-HTg antagonist 4-(2-bromo-6-pyrrolidin-1-ylpyridine-4-sulfonyl)phenylamine
(Ro 66-0074) increases ACh in dialysates from the rat frontal cortex and Hirst et al.
(2006) reported that SB-399885 (10 mg/kg p.o.) increased dialysate ACh in the
rat medial prefrontal cortex. In vitro studies by Marcos et al. (2006) also show that
the 5-HT antagonist SB-357134 potentiates K*-induced *H-ACh release from



118 GAETANO DI CHIARA, VALENTINA VALENTINI, AND SANDRO FENU

hippocampal (EDsp: 50 nM) and from striatal slices (ED5o: 10 nM). These observa-
tions suggest an interaction between 5-HTj receptors and ACh transmission,
although the high sensitivity of prefrontal and hippocampal ACh transmission to
arousal state suggests the possibility that these effects are indirect in nature. Thus, an
increase in prefrontal ACh transmission might be related to a stimulant effect of the
antagonist on arousal. This possibility is consistent with the absence of 5-HTjg
receptors on ACh neurons projecting to the cortex from basal forebrain nuclei, as
indicated by the failure of IG-saporin destruction of these neurons to reduce the
specific binding of 5-HT} ligand in the cortex (Marcos ¢t al., 2006).

However, no information is available on the effect of agonists and antagonists
of 5-HTg receptors on i vivo ACh transmission in the striatum, where an interac-
tion between 5-HTj antagonists and muscarinic antagonists has been reported
(Bourson et al., 1998).

B. 5-HTs AGonisTs

Only one published study deals with the effect of 5-HTs agonists on & vivo
neurotrasmission (Schechter ez al., 2008). The agonists utilized were WAY-181187
and WAY-208466, two M-aryl-sulphonyl-tryptamine derivatives, with high
affinity (low nanomolar range) and an over two orders of magnitude higher affinity
for 5-HT receptors as compared to other 5-HT receptors (Schechter ¢t al., 2008).
These compounds behaved as full agonists on adenylate cyclase (Schechter et al.,
2008) and as partial agonists in a scintillation proximity assay/antibody immuno-
capture procedure of coupling to GoS (Dupuis ¢ al., 2008). Subcutaneous admin-
istration of 30 mg/kg WAY-181187 increased GABA and decreased dialysate DA
and 5-HT in the rat frontal cortex, effects reversed by a 20 min s.c. pretreatment
with SB-271046. The GABA increase was rapid and long-lasting while the decrease
of DA and the 5-HT was slow. The same agonist increased GABA and decreased
DA in the striatum, this last effect being prevented by SB-271046. The agonist
increased dialysate GABA also in the dorsal hippocampus and in the amygdala but
neither in the thalamus, curiously enough, nor in the NAc (Schechter ez al., 2008).

To the study of Schechter ¢t al. (2008), apply the same considerations made
regarding the dialysis studies by Dawson and collaborators: high degree of vari-
ability as indicated by high standard errors and highly scattered changes in
dialysate levels of transmitter over time.

Studies from our laboratory have failed to show any significant change in DA,
NA, and 5-HT levels in dialysates taken from the medial prefrontal cortex, NAc
shell (same coordinates utilized in the study of ST1936) after 10 mg/kg1.p. ori.v. of
WAY-181187 (Valentini e al., unpublished).

Recently, we have studied the effects of ST1936 (2-(5-chloro-2-methyl-1
H-indol-3-yl)-N,N-dimethylethanamine, synthesized by Sigma-Tau), a full agonist
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Table I
BINDING AFFINITIES OF ST1936 ror 5-HT RECEPTORS AND FOR OTHER RECEPTORS THAT SHOWED K, OF
LEss THAN 1 pM OR DISPLACEMENT OF MORE THAN 50% AT 1 pM CONCENTRATION (AFTER BORSINI AND
BORDI, IN PREPARATION).

Receptor Displacement K (nM) Origin
at 1 pm (%)

r5-HT A 925 Rat hippocampus

5-HT 5 0 Rat cerebral cortex
5-HTp 26 Bovine caudate

r5-HT o0 2025 Rat cerebral cortex
h5-HTop 245 H recombinant (CHO cells)
h5-HT o 1577 H recombinant (CHO cells)
r5-HT4 17 NIE-115 cells

r5-HT, 0 Guinea pig striatum
h5-HTs, 0 H recombinant (HEK cells)
h5-HTg 13 H recombinant (CHO cells)
h5-HT; 168 H recombinant (CHO cells)
r5-HTT 20 Rat cerebral cortex

ra; 390 Rat cerebral cortex

has 300 H recombinant (CHO cells)
rag 300 Rat cerebral cortex

r: rat; &2 human.

of 5-HT receptors on adenylate cyclase, that binds to human and rat recombinant
5-HTg¢ receptors with nanomolar affinity (A; 13-48 nM). The compound binds
with lower affinity to 5-HT';, 5-HT g, a1, and a2 receptors (see Table I).
ST1936 (5-10-20 mg/kg i.p.) increased dialysate DA and NA in the
PFCX in a dose-dependent manner. As shown in Fig. 1, ST1936 increased
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dialysate DA by +58% after 10 mg/kg and by +138% after 20 mg/kg.
Similarly, ST1936 increased dialysate NA by 70% and by 198% after 10
and 20 mg/kg, respectively. Pretreatment with SB-271046 (10 and 20 mg/kg
1.p.), given 60 min before, dose-dependently prevented the effect of 20 mg of
ST1936 on dialysate DA and NA in the medial prefrontal cortex (Fig. 3, upper
panel).

ST1936 was also quite effective in raising dialysate DA and NA in the shell of
the NAc (Fig. 2). Doses of 20 mg/kg 1.p. increased dialysate DA and NA by 160
and 150% respectively, while 10 mg/kg raised only dialysate DA (75%). As in the
prefrontal cortex, also in the NAc shell, pretreatment with SB-271046 (10 and
20 mg/kg, 1 h before), dose-dependently prevented the increase of DA and NA
elicited by 20 mg/kg of ST1936 (Fig. 3, lower panel). ST1936 (5-10-20 mg/kg 1.
p.) was less effective in raising dialysate DA and NA in the NAc core as compared
to the shell. Thus, as shown in Fig. 4, 20 mg/kg increased DA and NA by 78 and
65%), respectively, 10 mg/kg increased only DA by 55%, and 5 mg/kg was
ineffective.

At all doses tested in all three investigated areas, no changes in dialysate 5-HT
were observed.

These effects are unlikely to be due to blockade of the DA transporter (DAT) or
of the NA transporter (NET), as ST1936 does not bind to these transporters;
instead, they might be related to activation of DA and NA neuronal firing activity
(Borsini et al., unpublished). Agonists of 5-H'T' 5 receptors are known to increase
extracellular DA in the medial prefrontal cortex (Arborelius e al., 1993; Tanda
etal., 1994). However, these agonists also decrease extracellular 5-H'T as a result of
activation of somatodendritic 5-HT, autoreceptors. ST1936 does not affect
extracellular 5-HT levels and this would exclude a role of 5-HT 5 receptors in
its DA stimulant actions.
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F16. 3. Antagonism by SB-271046 on ST1936-induced DA and NA release in the PFCX and NAc
shell. Filled symbol: p < 0.05 versus basal value; #p < 0.05 versus the correspondent time-point of
pretreated group (SB-271046 20 mg); % < 0.05 versus the correspondent time-point of pretreated
group (SB-271046 10 mg); arrows indicate pretreatment time with saline or SB-271046 (10-20 mg/
kg i.p.)and ST1936, respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this chapter.).

ST1936 has some affinity for a2 receptors (&; = 300 nM) and blockade of a2
receptors is known to increase DA and NA in the medial prefrontal cortex (Millan
et al., 2000; Tanda et al., 1996). Therefore, we cannot exclude that the peculiar
pattern of the effects of ST1936 on monoamine release in the prefrontal cortex and
in the NAc 1s the result of a combined stimulation of 5-HT receptors and blockade
of 2 receptors.
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VII. Neurophysiological Effects of Drugs Acting on 5-HT, Receptors

Assingle study by Minabe et al. (2004) deals with electrophysiological effects of a
5-HT receptor ligand. Electrophysiologically identified DA neurons of the rat
substantia nigra pars compacta and VIT'A were recorded extracellularly and the
antagonist SB-271046 was given per o.s. on single and repeated administration.
The number of spontaneously active units recorded on each electrode track and
their firing activity was recorded. SB-271046 (3—10 mg/kg) on single administra-
tion reduced the number of active units and the firing activity of bursting pars
compacta neurons. No effects were observed in the VITA. No changes were
observed on repeated administration of the antagonist. No information is available
on the effect of 5-HT; receptor agonists.

West et al. (2009) tested the effect of the 5-HTs agonist WAY-181187 on long-
term potentiation (L'TP) elicited in the hippocampal CA1 field of rat brain slices.
WAY-181187 reduced LTP at concentrations of 100-300 nM; at maximally
effective concentration (200 nM), the reduction in slope of field EPSPs was about
80%. At the same concentration, the agonist increased spontaneous inhibitory
PSPs due to the activity of GABA interneurons. All these effects were blocked by
the 5-HTs antagonist SB-399885.

VIIl. Role of 5-HT, Receptors in the Effect of Drugs on Neurotransmitter Function

Given the high density of 5-HTg receptors in the striatum and in particular in
the ventral striatum, it was anticipated that these receptors would play a role in the
effects of centrally acting drugs on striatal neurotransmitter function.
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Frantz et al. (2002) studied the effect of the 5-HTg antagonist prodrug SB-
258510A on the release in vivo of DA elicited by amphetamine in the medial
prefrontal cortex and in the NAc. SB-258510A (3 mg/kg 1.p.) potentiated the
increase in dialysate DA induced by systemic amphetamine in the frontal cortex
but not in the NAc, where only a tendency to a potentiation was observed. The
antagonist also dose-dependently potentiated the locomotor activity induced by
amphetamine starting from doses of 3 mg/kg but, at the same doses, it did not
affect cocaine-stimulated activity. Consistent with a potentiation of the reinfor-
cing properties of amphetamine, SB-258510A also reduced responding for
amphetamine intravenous self-administration in rats trained with a dose of
amphetamine on the descending limb of the dose—response curve and increased
the breaking point (maximal ratio supported) in a progressive ratio paradigm.
These observations indicate that blockade of 5-HT¢ receptors acutely potenti-
ates DA-releasing amphetamine actions. The mechanism of this potentiating
effect is obscure. Also puzzling is the differential effect on amphetamine as
compared to cocaine.

Dawson et al. (2003) confirmed that an antagonist of 5-HT¢ receptors, SB-
271046, at the dose of 1 and 10 mg/kg s.c. 2 h before amphetamine (0.3 mg/kg s.
c.) potentiated amphetamine-induced increase of dialysate DA in the striatum, the
lower dose being more effective than the higher one. This dose of amphetamine
failed, by itself, to increase 5-HT in dialysates, but pretreatment with the antag-
onist made amphetamine effective in this respect; the two doses of antagonist were
equieffective.

Local dialysis with amphetamine (100 nM) also increased DA in dialysates, but
this effect was not potentiated by systemic SB-271046. No change was observed in
dialysate glutamate.

Also in the study by Dawson and collaborators, the dialysis data are
characterized by a high degree of variability and scatter along the time—effect
curve.

IX. Transductional and IEG Effects of Systemic 5-HT, Receptor Activation

In contrast with the availability with a large number of specific 5-HT receptor
antagonists, few agonists of 5-H'Ts receptors are available and, for only three of
them, some information is available on their effects on transductional effectors and
immediate early genes (IEG).

Brain-derived neurotrophic factor (BDNF) has been implicated in the patho-
genesis of depression and in the mechanism of action of antidepressants (for
review, see Castren and Rantamaki, 2010; Kozisek et al., 2008).
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The 5-HTg agonist LY-586713 (1 mg/kg s.c.) has been reported by
de Foubert et al. (2007) to increase BDNF mRINA expression in the rat parietal
cortex 18 h after 0.1 mg/kg s.c., in the hippocampus (CA1 and dentate gyrus) after
1 mg/kg, and to be devoid of effects on the hippocampus, pyriform, and parietal
cortex after 10 mg/kg. Therefore, the dose—response curve for the effects of the
agonist on hippocampal BDNF was bell shaped. Pretreatment with the antagonist
SB-271046 effects of the agonist resulted in a decrease of BDNF expression in the
hippocampus compared to controls. Thus, combined blockade of 5-HT¢ receptors
and their stimulation by LY-586713 result in effects different from those elicited by
each manipulation alone, suggesting that the blockade of 5-HTg receptors allows
the expression of some non-5-HTg actions of LY-586713 that are repressed by the
activation of 5-HT receptors.

de Foubert e al. (2007) also studied the effect of a single dose of LY-586713
(1 mg/kg s.c.) on the mRNA expression, estimated by autoradiography, of the IEG
activity-regulated cytoskeletal-associated protein (Arc). The expression of this IEG
increases in a region-specific manner in the rat CNS after chronic rather than
acute antidepressant treatment and, similar to BDNF, has been implicated in the
antidepressant mechanism of action (Pei e/ al., 2003, 2004).

LY-586713 increased Arc in the hippocampus, parietal, orbital, cingulate,
and parietal cortex. The 5-HTs antagonist SB-271046 did not affect Arc expres-
sion in the hippocampus and pyriform cortex by itself and prevented the
increase induced by the agonist. However, in the cingulate and orbital cortex,
the antagonist increased Arc expression and its association with the agonist did
not affect the changes induced by each drug alone (de Foubert et al., 2007).
Therefore, also in the case of Arc, the effects of the agonist are complex and are
not necessarily due to an action on 5-H'T'4 receptors; thus, activation of Arc can
be induced by 5-HTy receptor agonism (Pei et al., 2003). However, since the
receptor specificity and intrinsic activity of LY-586713 are unknown, it is
difficult to make any precise hypothesis upon the mechanism of the effects of
this agonist on BDNF and Arc.

Svenningsson e/ al. (2007) reported that fluoxetine, an antidepressant that
blocks SERT, increased extracellular 5-HT, expression of c-fos mRNA and
phosphorilation in Ser845 and reduced the immobility on a tail suspension test,
a model of antidepressant activity. These effects were blocked by the 5-HTjg
antagonist SB-271046 and mimicked by the 5-HT¢ agonist EMDT, which in
turn also reduced the immobility in the tail suspension test. However, the 5-HTjg
dependence of the biochemical effects of EMDT, that is, their sensitivity to
5-HT¢ blockade, was not tested. These observations are consistent with a role
of 5-HT§g receptors in the antidepressant properties of fluoxetine. However, the
use of mice, whose 5-HT¢ receptors are, in contrast to those of the rat, so
different from the human ones, makes these results not readily applicable to
humans.
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X. Behavioral Pharmacology of 5-HT, Receptors

Generation of mouse lines bearing deletions or null mutations of genes en-
coding for specific neurotransmitter receptors have much contributed to the
knowledge of their function. This approach has been recently applied to 5-HTg
receptors by generating a mouse line bearing a null mutation of the 5-HTjg
receptor gene (Bonasera et al., 2006). The mutants did not show any overt
phenotypic abnormalities in brain weight, cytoarchitecture, monoamine levels,
5-HT, DA, and NA neuron distribution, and striatal D1 and D2 receptors. No
differences were observed in baseline behaviors as expressed in the open field,
elevated maze, home cage activity, prepulse inhibition, Morris water maze task,
motor coordination, physostigmine-induced stretching and yawning, and locomo-
tor response to amphetamine (Bonasera ef al., 2006).

Mutant mice, however, showed a reduced sensitivity to the ataxic effects of
2.0 g/kg of ethanol, as indicated by a longer latency to fall from an accelerating
rotarod test, and to the sedative effects of 3.5 g/kg of ethanol, as indicated by a
shorter duration of loss of the righting reflex. Consistently with a reduced sensi-
tivity to the depressant effects of ethanol, mutants showed a higher locomotor
activity in response to 2 g/kg of ethanol. These differences between mutants and
wild mice were pharmacodynamic rather than pharmacokinetic in nature, as
indicated by the fact that no differences were observed in blood alcohol levels
(Bonasera et al., 2006). No differences, however, were observed in alcohol prefer-
ence in a two-bottle test against water. This would suggest that the appetitive
properties of ethanol were not affected by the mutation.

Failure to observe major phenotypic differences in basal brain morphology,
neurochemistry, and function can be due to the action of developmental or chronic
changes in neural substrates that compensate or substitute for the absent 5-HT}g
receptor function. This possibility applies in general to genetic deletion or null
mutations of a given protein. However, in the case of 5-HT¢ receptors, an addi-
tional possibility is related to the fact that in the mice brain the density of these
receptors is much lower than in the human brain (Hirst e al., 2003), which makes
the mouse not the ideal species to investigate their function in men.

In contrast with the absence of basal behavioral changes observed in mice
bearing null mutations of the 5-HT receptor gene, acute or repeated manipulation
of 5-HT receptor function by receptor agonists and antagonists reveals a wide
variety of behavioral effects in the rat.

Among the various transmitter systems that might interact and play a role in
the actions of 5-HT¢ receptor-active drugs, ACh seems to be an important one.
Thus, many actions of 5-HT¢ receptor-active drugs can be explained as the result
of an interaction between 5-HT transmission and muscarinic ACh transmission.
In some behavioral paradigms, 5-HT receptor antagonists behave as if an
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endogenous 5-HTg receptor tone normally acts antagonistically with ACh trans-
mission. No interaction instead is observed with DA.

An example of the above arrangement is provided by stretching in the rat, a
behavioral reaction elicited both by repeated i.c.v. infusion of antisense oligonu-
cleotides of the 5-HTs receptor mRNA sequence (Bourson et al., 1995; Sleight et al.,
1996) and by 5-HTj receptor antagonists (Ro 04-6790 and Ro 63-0563,
Sleight et al., 1998; Ro 04-6790, Bentley et al., 1999; Ro 04-6790 and SB-27104,
Lindner et al., 2003), that is prevented by muscarinic antagonists (atropine and
scopolamine), but is not affected by DA receptor antagonists such as haloperidol
(Bentley et al., 1999; Bourson et al., 1995; Lindner ez al., 2003; Sleight ez al., 1996,
1998). The same applies to turning behavior in the unilaterally 6-OHDA-lesioned
rat. Thus, 5-HT§ receptor antagonists do not affect the ipsilateral turning induced
by an indirect DA receptor stimulant such as amphetamine, but reduce the
ipsilateral turning induced by the muscarinic antagonists atropine and scopol-
amine (Bourson et al., 1998). The putative anticholinergic influences of 5-HTjg
transmission on striatal functions, however, must be quite indirect, since the 5-HT}
antagonist Ro 04-6790 does not induce extrapyramidal effects and does not affect
the catalepsy induced by DA receptor antagonists acting on D2 (haloperidol) and
on D1 (SCH23390) receptors (Bourson et al., 1998). This in turn would exclude
that blockade of 5-HTs receptors contributes to the reduced extrapyramidal side
effects of those atypical antipsychotics that bind with high affinity to 5-HTjg
receptors (see Section IV).

XI. Cogpnitive Effects of 5-HT, Receptor Antagonists and Agonists

The hypothesis of a functional antagonism between 5-HT and muscarinic
ACh receptors applies in particular to the role of 5-HTg transmission in cognitive
functions, except that in the case of attentional and memory functions ACh plays a
positive role, while in extrapyramidal functions it plays a negative role. Thus,
impairment of ACh transmission in the striatum has antiparkinsonian effects while
in the cortex it has procognitive effects.

A large number of studies indicate that blockade of 5-HT¢ receptors improves
performance in various learning and memory paradigms. This field has been
reviewed by Fone (2008).

In rats, acute administration of the 5-HTg receptor antagonists Ro 04-6790
(5 mg/kg 1.p.), SB-357134 (1-30 mg/kg p.o.), and SB-399885 (1-30 mg/kg p.o.)
improved memory consolidation in an autoshaping Pavlovian/instrumental learn-
ing paradigm (Meneses, 2001; Perez-Garcia and Meneses, 2005) and reversed
scopolamine-induced impairment in a step-through passive avoidance task
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(Foley et al., 2004). BGC20-761, a tryptamine 5-HTg receptor antagonist, also
reversed scopolamine-induced deficits in a social recognition paradigm and
mmproved a time delay-induced impairment in a novel object recognition test in
rats (Mitchell et al., 2007). Acute administration of selective 5-HTg receptor
antagonists and antisense oligonucleotides directed against the initiation codon
of 5-HT§ receptor mRNA improved retention of spatial learning in the Morris
water maze (Foley et al., 2004; Rogers and Hagan, 2001; Woolley et al., 2001) and
recognition memory in novel object discrimination paradigms (King et al., 2004,
2009). Furthermore, the 5-HT¢ receptor antagonists, SB-399885 and SB-271046,
significantly improved attention as indicated by reversal and extradimensional set-
shifting performance (Hatcher ez al., 2005) and enhanced acquisition and retention
of spatial learning in the water maze (Stean et al., 2002).

Other studies, however, could not confirm some of these observations. Thus,
Lindner ez al. (2003) and Russell and Dias (2002) failed to replicate the procognitive
effects of 5-HT¢ receptor antagonists in the Morris water maze and Lindner et al.
(2003) did not confirm the reversal of scopolamine-induced deficits in a contextual
fear conditioning paradigm and in the autoshaping paradigm. Moreover,
Talpos et al. (2006) failed to observe any effect of acute parenteral administration
of the 5-HT receptor antagonist SB-271046 on any measure of behavior in the 5-
choice serial reaction time task (5-csrtt) and in a delayed reward task, indicating
that acute 5-H'T receptor blockade does not affect different aspects of attention
and of impulsivity, namely, behavioral inhibition, as tested by the 5-crstt, and
impulsive choice, as tested in the delayed reward task. It has been suggested
(Talpos et al., 2006) that these negative results are related to the acute versus
chronic schedule of administration of the 5-HTs antagonist.

More recently, the therapeutic significance of 5-HT¢ receptor blockade in the
management of the cognitive deficits of schizophrenia has been investigated in an
animal model of repeated exposure to phencyclidine (PCP). The ability of the
5-HT¢ antagonists SB-271046 and SB-742457 as well as typical and atypical
antipsychotics to reverse the cognitive impairments induced by PCP was assessed
on two different tasks: attentional set-shifting and reversal learning (Idris ef al.,
2010; Rodefer et al., 2008). SB-271046 and sertindole, an atypical antipsychotic,
but not the 5-HT95 antagonist M100.907 nor other atypical antipsychotics such as
clozapine, olanzapine, and risperidone, reversed the PCP-induced impairments in
attentional set-shifting performance, a task of executive function homologous to
the human Wisconsin Card Sorting task (Rodefer ez al., 2008) On the other hand,
another 5-HT¢ antagonist, SB-742457 as well as sertindole and the 5-HTo,
antagonist M100.907, improved the PCP-induced deficit in reversal learning;
sertindole also improved the PCP-induced deficits in episodic memory as assessed
by a novel object recognition task (Idris ez al., 2010). The effect of sertindole in these
tasks has been related to its 5-HT and 5-HT 5 receptor blocking properties. On
the basis of these observations it has been suggested that antipsychotics that block,
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in addition to D2 receptors, also 5-HTg and 5-HTy4 receptors and devoid of
antimuscarinic properties might exert beneficial effects on the cognitive deficits of
schizophrenia (Idris ¢t al., 2010).

In contrast with the large number of studies on the cognitive effects of 5-HT¢
receptor antagonists, those on 5-HT§ receptor agonists are limited as only three
studies are available and their results are rather puzzling.

The first study to be published has been that by Loiseau et al. (2008) who
showed that the 5-HTg receptor agonist, WAY-181187, impaired social recogni-
tion, an effect reversed by the 5-HT§y receptor antagonists SB-271046 and
SB-258585. The antagonists also reversed scopolamine-induced amnesia and a
delay-induced impairment of social recognition. Infusion of WAY-181187 into the
frontal cortex impaired social recognition. Conversely, SB-271046, infused in the
same area but not in the striatum nor in the nucleus basalis magnocellularis,
reversed the delay-induced impairment of recognition. These results are consistent
with an amnesic role of frontal cortical 5-H'T's receptors and a promnesic effect of
their blockade. Results opposite to those of Loiseau e al. (2008) have been reported
by Kendall e al. (2010) after administration of two different 5-HTg receptor
agonists, E-6801 and EMD-386088, which produced dose-related increases in
novel object recognition, an effect also induced by the antagonists SB-271046
and Ro 04-6790. Subeffective doses of the two agonists E-6801 and EMD-386088,
when coadministered with SB-271046, also significantly enhanced object-recog-
nition memory. E-6801 also reversed scopolamine-induced impairment of object
recognition. The discrepancies between the studies by Loiseau et al. (2008) and
Kendall ¢t al. (2010) could be explained by a different intrinsic activity of the WAY-
181187 agonist as compared to E-6801 and EMD-386088. However, a procog-
nitive effect of WAY-181187 has been reported also by Burnham ez al. (2010) who
investigated the effect of the agonist in an extradimensional attentional set-shifting
task. The effect of the drug on the expression of Fos, an IEG, in the medial
prefrontal cortex was also examined. WAY-181187 facilitated extradimensional
set-shifting but did not change intradimensional set-shifting and reversal. This
effect was blocked by the selective 5-HT¢ antagonist SB-399885, which alone had
no effect. WAY-181187 enhanced extradimensional set-shifting even when
administered after the attentional set had been acquired, thus excluding impair-
ments in attentional set formation. In separate experiments, at a dose that
increased extradimensional set-shifting, WAY-181187 increased Fos-like immu-
noreactivity in the medial prefrontal cortex in a SB-399885-sensitive manner.

Therefore, the two studies by Burnham ez a/. (2010) and by Kendall ¢f al. (2010)
seem to agree on the ability of 5-HT§¢ receptor agonists to produce cognitive effects
superimposable to those of the antagonists. From this point of view, the observations
of Kendall ¢t al. (2010) are particularly striking, since the antagonists made effective
a subeffective dose of the agonist. This observation 1s difficult to interpret. One
might suggest that 5-H'T receptors in different brain areas have different inputs of
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endogenous 5-HT and differential influence on cognitive functions. Thus, 5-HT}g
receptor antagonists are likely to act on high 5-HT tone receptors while 5-HTjg
receptor agonists act on low 5-HT tone receptors. In turn, 5-HT§ receptors might
exert opposite influences on cognitive function depending on their intrinsic 5-HT
tone. These differential functions, in turn, might be related to different transduction
mechanisms (see Section III).

XIl. Role of 5-HT, Receptors in Reward and Reinforcement

The literature available on the role of 5-HT¢ receptors in reward and rein-
forcement and on the behavioral properties of drugs of abuse is very limited,
amounting, to date, to not more than seven reports. One study deals with learning
of instrumental learning for food reinforcement (Mitchell ¢t al., 2007). Three
studies deal with the role of 5-HT receptors in the locomotor stimulant, rewarding
and reinforcing properties of amphetamine and cocaine (Ferguson et al., 2008;
Frantz et al., 2002; van Gaalen et al., 2010), two with the stimulus properties of
nicotine (Young et al., 2006) and amphetamine (Pullagurla ez al., 2004), and one
with the sedative and ataxic effects of ethanol (Bonasera et al., 2006). All these
studies deal with the effect of antagonists and none included testing of an agonist of
5-HT receptors. Therefore studies on agonists are needed. Recently, our group
has studied the rewarding and reinforcing properties of a 5-H'T's receptor agonist.

The first study on this topic has been the one by Frantz e al. (2002), who
reported that the 5-HTg antagonist SB-258510 (1.0, 3.0, and 10 mg/kg) dose-
dependently potentiated amphetamine locomotion, reduced fixed-ratio amphet-
amine 1.v. self-administration, and, at 3.0 mg/kg, increased the breaking point for
amphetamine self-administration on a progressive ratio paradigm. The antago-
nist, up to 10 mg/kg, failed to affect fixed-ratio responding for i.v. cocaine self-
administration and, up to 3.0 mg/kg, failed to affect cocaine-induced locomotion.
These effects are indicative of a potentiation of the reinforcing and locomotor
activating properties of amphetamine, most likely related to a potentiation of the
DA-releasing properties of the drug (see Section VIII). These effects were unre-
lated to the generic psychostimulant properties of amphetamine, since cocaine
effects on the same measures were not affected (Frantz ez al., 2002).

This in turn would exclude that the interaction with amphetamine takes place on
the postsynaptic site of action of DA. The authors implicate ACh neurotransmission
in these effects, but this does not explain the selectivity toward amphetamine. The
antagonists, however, dose-dependently reduced cue-induced reinstatement of
cocaine seeking under extinction conditions as expressed by nose-poking on the
active hole of previous self-administration sessions. On the basis of these



130 GAETANO DI CHIARA, VALENTINA VALENTINI, AND SANDRO FENU

observations, it has been suggested that 5-HTs antagonists might be tested for their
effects on drug craving induced by cues or contexts previously associated to drugs.

van Gaalen et al. (2010) have recently confirmed the failure of 5-HTg receptor
antagonists (SB-271046 and Ro 04-6790) to affect direct cocaine reinforcing
properties.

It should be noted, however, that Ferguson et al. (2008) have reported that the
5-HT antagonist Ro-4368554 facilitates the acquisition of place preference con-
ditioned by cocaine while viral-mediated transfer of 5-HT¢ receptors in the NAc
shell, the area where most drugs of abuse, including cocaine, preferentially
increase extracellular DA (Di Chiara and Bassareo, 2007), impairs acquisition of
cocaine conditioned place preference (CPP). The same viral-mediated transfer
does not affect cocaine-induced locomotion and the induction of locomotor sen-
sitization after repeated exposure to cocaine (Ferguson et al., 2008). In view of the
lack of effect of the 5-HT's antagonists on cocaine self-administration, the authors
tend to exclude that the manipulations of 5-HT transmission act by changing the
rewarding impact of cocaine and favor the possibility that their effects on CPP are
due to an action on associative learning and, in support of this explanation, quote
not only the literature on the effects of 5-H'Ts receptor antagonists on autoshaping
(see Section X1) but also the evidence from the same laboratory (Mitchell et al.,
2007), that 5-HT's gene transfer into the dorsomedial CPu of the rat, but not in the
central CPu, impairs the acquisition of an instrumental response for food.

In drug discrimination studies, results consistent with the observations of
Frantz et al. (2002) were obtained by Pullagurla et al. (2004) who reported that in
rats trained to discriminate amphetamine or cocaine from saline, pretreatment
with the tryptamine 5-HT¢ antagonist MS-245 potentiated discrimination of the
amphetamine cue while, at 1.0 mg/kg, the antagonist did not affect and, at
2.0 mg/kg, it disrupted discrimination of the cocaine cue. In a later study, the
same group (Young ¢ al., 2006) reported that MS-245 also potentiated the dis-
criminative stimulus properties of nicotine (0.06 and 0.11 mg/kg s.c.) in rats
trained to discriminate 0.6 mg/kg of nicotine from saline.

MS-245 has nanomolar affinity not only on 5-HT¢ but also on D1 receptors
but is unclear whether it is an agonist or an antagonist of this subtype of
DA receptors. Studies with more specific antagonists of 5-HT¢ receptors are be
needed.

Xlll. Rewarding and Reinforcing Properties of 5-HT, Agonists

No information is available on 5-HT agonists. We have recently studied these
properties on ST1936, an agonist that dose dependently increases extracellular
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FiG. 5. Cumulative responses (nose-pokes) during ST1936 self-administration on fixed and progres-
sive ratio, and blockade by SB-271046. Inset graph shows daily breaking point in the progressive ratio
sessions. Results are expressed as mean &= SEM of cumulative nose-pokes in the active (circle) and
inactive (triangle) holes during each 1-h daily SA session (Ist-33rd). *p < 0.05 versus inactive nose-
pokes. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this chapter.).

DA and NA in the NAc shell and in the medial prefrontal cortex (Valentini et al.,
2010) (see Section VL.B).

ST1936, up to doses of 20 mg/kg, does not induce hypermotility. In contrast,
EMD-386088 (Mattsson et al., 2005), another agonist of 5-HT¢ receptors, elicits
hypermotility at doses of 5 and 10 mg/kg i.p. (Valentini et al, unpublished).
Another agonist of 5-HT receptors, WAY-181187 (Schechter et al., 2008), failed
to elicit hypermotility up to doses of 10 mg/kg 1.p. and i.v.

As shown 1n Fig. 5 ST1936 is self-administered i.v. by rats at unitary doses
of 0.5-1.0 mg/kg on a continuous reinforcement schedule (FR1) and on a
progressive ratio schedule with breaking point of about 4.0. SB-271046
(10 mg/kg 1.p.) reduced by about 80% responding for ST1936 (Valentini
et al., unpublished).

ST1936, at doses of 20 mg/kg 1.p., also induced CPP in a two-compartment
paradigm (Fig. 6) and a dose-dependent conditioned saccharin aversion (CSA)
(Fig. 7) (Fenu et al., unpublished).

These results show that ST1936 is provided with reinforcing properties, as it is
self-administered, and with rewarding properties, since it induces CPP. The
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receptor blockade. SCH39166 (0.1 mg/kg s.c.) or saline was administered 30 min (panel A) or 45 min
(panel B) after the 20-min saccharin drinking session. ST1936 or saline was given 45 min (panel A) or
60 min (panel B) after saccharin intake, during the conditioning phase (acquisition) of CSA. Each bar
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#p < 0.001 versus saline plus ST1936. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this chapter.).

property of inducing GSA might be an expression of the DA-releasing properties of
ST1936 in the NAc shell (Fenu et al., 2006, 2009, 2010). Consistent with this
possibility, ST1936-induced CSA 1s prevented by administration of the D1 antag-
onist SCH39166 (Fig. 8) (Fenu et al., unpublished).
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The DA releasing and mildly rewarding and reinforcing properties of 5-HT¢
receptor agonists might the basis for their mood-improving and antianhedonic
(antidepressant?) properties (see Chapter 3).

XIV. Conclusions and Future Directions

In spite of their high density in the striatum and in particular in the ventral
striatum, endogenous 5-HT¢ receptors do not appear to affect behaviors classically
related to the ventral striatum such as motivation and reward, by a direct action in
this area. Rather, the involvement of endogenous 5-HT§g receptors in these func-
tions seems to take place indirectly, via their influence on DA transmission. Thus,
some (e.g., ST1936 and EMD-386088), but not all (e.g., WAY-181187), agonists of
5-HTs receptors increase extracellular DA, specifically in the shell rather than in
the core of the NAc and this effect is associated with behaviors typically related to
stimulation of DA transmission in this area, namely, reinforcing and rewarding
properties. These differences in the behavioral effects of 5-HT receptor agonists
might be related to the fact that different agonists induce different conformations
in the 5-HT receptor with differential affinity for different transduction pathways.
Thus, depending on the agonist different transduction pathways and therefore
different behavioral effects can be elicited. A paradigmatic case of this kind is
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provided by agonists of 5-HT4 receptors, whose hallucinatory and psychotomi-
metic properties are dependent upon the ability to induce a coupling of the
receptor with Tyr kinase rather than phosphatidyl-inositol transduction pathways
(Gonzalez-Maeso et al., 2007). It might be just a casual circumstance but also the
5-HTg¢ receptor has multiple coupling transductional pathways, including Tyr
kinase and adenylate cyclase ones (see Section III).

We regard this as the frontier for future 5-HT¢ receptor research, together with
the development of highly selective agonists of 5-HTg receptors.
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l. Introduction

The dense expression of serotoning (5-HTg) receptors within dopaminergic
terminal regions of central nervous system (CNS) (striatum and nucleus accum-
bens), as well as the expression in hippocampal and cortical regions, is compatible
with the idea that this 5-hydroxytryptamine (5-HT) receptor subtype may be
mvolved in manifestation of psychosis symptoms and cognitive impairments
observed in patients with schizophrenia (Mitchell and Neumaier, 2005; Roberts
et al., 2002; Woolley et al., 2004). Furthermore, some antipsychotic drugs display
high affinity for 5-HT receptors in addition to their dopamine (DA) Dy antagonist
effects, although 5-HTg antagonism is not a unique feature (Arnt and Skarsfeldt,
1998; Schotte et al., 1996). The density of the drug target is unchanged, at least in
dorsolateral prefrontal cortex, in postmortem brains from schizophrenia patients
in the single available study (East ez al., 2002).

Schizophrenia is a heterogeneous syndrome, consisting of different symptom
clusters with distinct pathophysiology, usually referred to as positive, negative, and
cognitive symptom domains. The present overview attempts to summarize the
evidence for involvement of 5-HTg receptors in the symptomatology of
these domains, and for the therapeutic potential of 5-HT receptor ligands.
Schizophrenia is also commonly associated with affective disturbances, but since
there is little knowledge of disease biology of these, which are specific for schizo-
phrenia, this will not be described here. The reader is referred to Chapter 3 in this
book.

Il. Effects in Models of Positive Psychotic Symptoms and Extrapyramidal Symptoms (EPS)

A variety of animal models are available for the detection of antipsychotic
efficacy and EPS, the main feature being their sensitivity to DA antagonism in the
limbic and striatal DA areas, respectively (Arnt and Skarsfeldt, 1998). For simplic-
ity models used for antipsychotic efficacy will be referred to as models of positive
symptoms and include inhibitory effect on hyperactivity induced by a DA
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stimulant (amphetamine; cocaine or a DA agonist, e.g., apomorphine) or hyper-
activity induced by an N-methyl-p-aspartate (NMDA) antagonist (phencyclidine
(PCP) or dizocilpine (MK-801)). Reversal of other effects induced by DAergic and
glutamatergic compounds are also frequently used for predicting antipsychotic
activity, for example, inhibitory effects on latent inhibition and prepulse inhibition
(PPI) of sensory gating. These responses are not exclusively modeling positive
symptoms, as attentive and cognitive functions to some extent are involved as well
(Geyer, 2008; Moser et al., 2000). A classic and well-validated psychosis model is
inhibition of conditioned avoidance response (CAR), in which no pharmacological
tool is needed to induce disturbed behavior (Arnt, 1982; Olsen et al., 2008).

In contrast, EPS are most commonly modeled by measuring the cataleptic
response to an antipsychotic in rodents or, more rarely, by observing EPS features
in monkeys (dystonia and bradykinesia). While all DA antagonists are fully effica-
cious in models of positive symptoms, several second-generation antipsychotics
(with clozapine as the prototype) have additional target effects, which decrease or
prevent expression of EPS in rodents and nonhuman primates (Arnt and
Skarsfeldt, 1998).

Despite the high expression level of 5-HT receptors in DA-rich areas of the
brain, mainly associated with GABAergic neurons, there is limited evidence for
5-HTs agonist- or antagonist-induced effects in psychosis and EPS test models. An
overview of results obtained with 5-HT¢ antagonists is shown in Table I. The
5-HT¢ antagonist Ro 04-6790 did not influence amphetamine-induced circling
behavior in rats with unilateral 6-hydroxydopamine (6-OHDA)-induced lesions
and did not induce catalepsy. Furthermore, the effects of a single high dose of
SCH23390 (DA D, antagonist) and haloperidol (DA Dy antagonist) were not
modified by Ro 04-6790 (Bourson et al., 1998). In parallel experiments using the
6-OHDA lesion model, scopolamine-induced circling behavior was inhibited by
the 5-HT¢ antagonist, suggesting a preferential influence on cholinergic function,
consistent with studies reporting 5-HT antagonist-scopolamine interactions
mediating “stretching behavior” (Bentley e al., 1999).

In accordance with the Bourson et al. (1998) data, another study failed to detect
effects of Ro 04-6790 and Ro 65-7199 on PPI impairments induced by apomor-
phine, PCP, or lysergic acid diethylamide (LSD), and did not influence expression
of latent inhibition (Leng ez al., 2003). Some discrepant data also exist for Ro 04-
6790, showing inhibition of MK-801-induced hyperactivity and stereotyped
behavior (Pitsikas et al., 2008). A more recently developed compound from
Roche (Ro 43-68554) failed to influence PPI deficits induced by amphetamine,
MK-801, scopolamine, or neonatal hippocampus lesions (Mitchell and Neumaier,
2008; Schreiber et al., 2007), while PPI disruption induced by apomorphine was
antagonized (Mitchell and Neumaier, 2008). It had no effect on cocaine-induced
hyperactivity (Ferguson e al., 2008). SB-271046 from Glaxo was also found inef-
fective across most models, except for a reversal of amphetamine-induced PPI



Table 1
OVERVIEW OF 5-HT g ANTAGONIST PROFILES IN MODELS OF POSITIVE AND NEGATIVE PSYCHOTIC SYMPTOMS, SEDATION, AND EPS
6 5 5

Model Ro 04-6790  Ro 43-68554  Ro 65-7199  SB-271046  SB-258510A  Lu AE58054  5-HT KO mice

Positive symptoms
LMA, amphetamine NE (7) Incr (9) Incr (10) NE (14)
LMA, cocaine NE 4) NE (9)

LMA, MK-801 + (1)

LMA, isolation reared rats NE (11)
Circling, amphetamine NE (2)

Circling, scopolamine +(2)

CAR NE (12)
VTA population activity, 3 week NE (8)

(3) NE (5) +(7) NE (14)

PPI, apomorphine (3) + (6) NE (3)

PPI, PCP NE (3) NE (7)

PPI, MK-801 NE (3) NE (5)

PPI, LSD NE (3)

PPI, scopolamine N

PPI, neonatal hippocampus lesion ~ NE (3) N
Latent inhibition NE (3)

Negative symptoms
PCP, social interaction NE (7)

Subchronic PCP, social avoidance NE (13)

EPS and sedation
LMA, spontancous N
Catalepsy N

PPI, amphetamine

=

@ NE (7) NE (10)
@ NE (7) NE (12)

=

+: Significant effect (reference no. in parentheses); NE: no effect; Incr: increased or prolonged effect. References: (1) Pitsikas ez al., 2008; (2) Bourson et al., 1998; (3)
Leng et al., 2003; (4) Ferguson et al., 2008; (5) Schreiber ez al., 2007; (6) Mitchell and Neumaier, 2008; (7) Pouzet et al., 2002; (8) Minabe et al., 2004; (9) Frantz et al.,
2002; (10) Arnt, unpublished; (11) Fabricius et al., unpublished; (12) this chapter; (13) Neill ¢f al., unpublished; (14) Bonasera et al., 2006.
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deficits (Pouzet el al., 2002). Similarly, effects of SB-271046 on population DA
neuron activity in ventral tegmental area (VI'A) were investigated using electro-
physiological methods. In this model acute and subchronic (at least for 3 weeks)
treatment with antipsychotics increase or decrease, respectively, the number of
active DA neurons in VI'A (Bunney and Grace, 1978; Grace et al., 1997;
Skarsfeldt, 1992). SB-271046 had no effects on DA neuron activity
(Minabe et al., 2004). However, in the once-daily dosing regimen for 3 weeks it
1s unknown whether drug exposure and, accordingly, receptor occupancy was
sufficient to ensure detection of a potential effect, as SB-271046 is known to have
limited brain penetration (Upton e/ al., 2008).

Finally, Table I summarizes published and unpublished data generated with a
more recently developed 5-HTj antagonist, Lu AE58054 (Arnt et al., 2010). The
compound was ineffective across various models. It is to our knowledge, the only
5-HTj antagonist that has been tested in the CAR model (Figs. 1 and 2).
Amphetamine hyperactivity data were inconclusive, as we discovered that Lu
AE58054 increased plasma and brain amphetamine concentrations. Accordingly,

T
100 I
i
80 -
60 -
40 |
20 +
LU | | T
0 0

Haloperidol (30 min, s.c.) 0 0.02 0.02 0.02 0.04 0.04 0.04 0.08 0.08 0.08
AE58054 (1h, p.o.) 0 3 10 0 3 10 0 3 10 0 3 10

Avoidance (%) versus pretest

F1G. 1. Conditioned avoidance response (CAR) in rats after treatment with Lu AE58054 alone and
in combination with haloperidol. Lu AE58054 (3 or 10 mg/kg, p.o.) or its vehicle (10% solution of HP-
f-cyclodextrin) was administered 1 h before test, and haloperidol (0.02, 0.04, and 0.08 mg/kg, s.c.) or its
vehicle (saline added minimum of tartaric acid) was injected 30 min before test. Avoidance responding
was tested as described in detail (Olsen ez al., 2008). Ordinate indicates percentage avoidances compared
with a pretest session (mean/SEM, n = 6-23). Lu AE58054 had no effect when given alone, but the
10 mg/kg dose enhanced the effect of haloperidol 0.04 mg/kg. **P < 0.01, ***P < 0.001 (two-way
ANOVA, followed by Student-Newman—Keuls post hoc test).



146 JORN ARNT AND CHRISTINA KURRE OLSEN

100 |
T

80
T
40
56
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0 0

Risperidone (30 min, s.c.) 0 0.08 0.08 0.08 0.16 0.16 0.16 0.31 0.31 0.31
AE58054 (1 h, p.o.) 0 3 10 0 3 10 0 3 10 0 3 10

Avoidance (%) versus pretest

F16. 2. Conditioned avoidance response (CAR) in rats after treatment with Lu AE58054 given alone
and in combination with risperidone. Lu AE58054 (3 or 10 mg/kg, p.o.) or its vehicle (10% solution of
HP-B-cyclodextrin) was administered 1 h before test, and risperidone (0.08, 0.16, and 0.31 mg/kg, s.c.)
or its vehicle (saline added minimum of diluted hydrochloric acid) was injected 30 min before test.
Avoidance responding was tested as described in detail (Olsen ¢ al., 2008). Ordinate indicates percent-
age avoidances compared with a pretest session (mean/SEM, n = 8-23). Lu AE58054 had no effect
when given alone, but both doses enhanced the effect of risperidone 0.31 mg/kg. **P < 0.01,
*#*P < 0.001 (two-way ANOVA, followed by Student-Newman—Keuls post hoc test).

the amphetamine hyperactivity response was prolonged (Arnt, unpublished obser-
vations). Such pharmacokinetic (PK) interactions are rarely controlled for in the
pharmacology literature, are specific for each compound, and may thus contribute
to some of the inconsistencies shown in Table I. In another model using rats reared
in 1solation, the rats show spontaneous DAergic hyperactivity that can be inhibited
by antipsychotics (Fone and Porkess, 2008). Lu AE58054 did not affect either the
hyperactivity in the isolated reared rats or the locomotor activity (LMA) in group-
housed control rats, at a dose leading to high receptor occupancy (Arnt ez al., 2010).
Risperidone preferentially reversed the hyperactivity response in rats reared in
1solation, as expected (Fabricius ¢f al., unpublished data).

Similar to the paradoxical enhancing effect of Lu AE58054 on amphetamine-
induced hyperactivity the same finding has been reported in another study using
the 5-HTg antagonist SB-258510A (Frantz et al., 2002). Cocaine-induced hyper-
activity was in contrast not modified. Exposure levels of amphetamine are
unknown 1in this study, but it is tempting to speculate whether the increased
amphetamine response is caused by a PK interaction for this drug combination
as well.
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In addition to antagonist experiments, a limited data set has been obtained
in mice with a genetic null mutation of the 5-HT; receptor gene. Again, these
mice had a normal PPI and amphetamine-induced hyperactivity response
(Bonasera et al., 2006).

Opverall, it is concluded that effects of 5-H'Ts antagonists in models of positive
psychotic symptoms and EPS are limited and of questionable clinical relevance.
The discrepant findings are likely caused by lack of specific 5-HTg-mediated
effects in the psychosis models, and the sporadic effects may be nonspecific for
various reasons (e.g., PK interactions; additional unknown effects of the assumed
selective antagonist). No clinical trials of selective 5-H'Ts antagonists in schizo-
phrenia monotherapy are available.

Another question is whether 5-HT¢ receptor antagonism influences the con-
sequence of an induced DA Dy receptor blockade and whether antipsychotics
modify density or function of 5-HT¢ receptors. There is no evidence for the latter:
two-week treatment with a number of antipsychotics (with and without affinity for
5-HTg receptors) fail to change their density in striatum and frontal cortex
(East et al., 2002). The former question is discussed in the following section.

Although some antipsychotics have receptor profiles including high affinities
for 5-HTs receptors, they are always associated with a variable range of additional
target effects (e.g., on other 5-H'T receptor subtypes and on a-adrenergic, musca-
rinic, and histaminergic receptors) (Arnt and Skarsfeldt, 1998; Schotte et al., 1996).
Accordingly, it is not possible to determine the precise contribution of 5-HTjg
antagonism to the antipsychotic profile. Specific combination experiments with
selective 5-H'Ts antagonists and antipsychotics (without 5-HTs antagonism) are
necessary to clarify this question. As mentioned earlier Ro 04-6790 did not modify
catalepsy and amphetamine-induced circling behavior in 6-OHDA-lesioned rats
(Bourson et al., 1998). No other studies are available in the public domain, but
unpublished studies of Lu AE58054 suggest that 5-HTg antagonism can moder-
ately enhance the effects of haloperidol and risperidone on CAR and on risperi-
done in the catalepsy test. Both of these antipsychotics are devoid of 5-HTj
antagonistic activity on their own. Iigures 1 and 2 show an increased CAR-
inhibitory effect of haloperidol and risperidone after combination with Lu
AE58054 (3 and 10 mg/kg, p.o.), while Figs. 3 and 4 show an enhanced catalepto-
genic effect of risperidone, but not haloperidol, after combination with Lu
AE58054 (10 mg/kg, p.o.). In each experiment plasma exposures of both com-
pounds were measured, ensuring that the effects were not due to PK interactions.
These results suggest that 5-HTg antagonism can contribute to the profile of
antipsychotics, although the changes are modest. Whether the differential
enhancement of risperidone on CAR ihibition and catalepsy reflects larger
5-HT¢ receptor influence on the effects of antipsychotics in psychosis-relevant
versus EPS-relevant models will need further substantiation. A crucial question
is whether the interactions in the CAR model can be translated to enhanced
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Haloperidol (1-6 h,s.c.) 0 0 0.16 0.16 0.16 031 031 0.31
AE58054 (1.5-6.5h,p.o) 0 10 0 3 10 0 3 10

FiG. 3. Cataleptogenic effect of haloperidol in rats given alone and in combination with Lu
AE58054. Lu AE58054 (3 or 10 mg/kg, p.o.) or its vehicle (10% solution of HP-B-cyclodextrin) was
administered 1.5 h, and haloperidol (0.16 and 0.31 mg/kg, s.c.) or its vehicle (saline added minimum of
tartaric acid) was injected 1 h before first catalepsy test. Catalepsy was evaluated on a vertical wire
netting once per hour for 6 h. Rats were at each time point scored 0 (active body movements), 1
(immobile, but with head movements), or 2 (full immobility for at least 15 s). Ordinate indicates the
additive score (mean/SEM, n = 8 per group; max score is 12). Haloperidol-induced dose-dependent
catalepsy, while Lu AE58054 was ineffective, both given alone and in combination with haloperidol.
P < 0.001 (two-way ANOVA, followed by Student-Newman—Keuls post hoc test).

antipsychotic activity or to an opportunity to reduce the minimum necessary
antipsychotic dose. Limited clinical information is available, but preliminary
results from a trial of Lu AE58054 added to a standard risperidone dose did not
suggest improved outcome on psychosis ratings (Lundbeck internal data; for
information see: http://www.lundbeck.com/investor/releases/ReleaseDetails/
Release_1412413_EN.asp).

The mechanism of action of the 5-HTg and DA Dy interaction is unknown, but
it1s speculated that 5-HT antagonists inhibit 5-HT-mediated excitatory control of
GABAergic neurons in striatum and nucleus accumbens and in this way influence
the functional consequence of DA Dy antagonism (Woolley et al., 2004). Available
evidence, based on 5-HT receptor mRINA expression, does not suggest specific
association with the direct or indirect output striatal pathway (Ward and Dorsa,
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Risperidone (1-6h, s.c.) 0 0 0
AE58054 (1.5-6.5h, p.o.) 0 1 3 10 0 1 3 10 0 1 3 10

Mean Catalepsy Score (max score 12)

FiG. 4. Cataleptogenic effect of risperidone in rats given alone and in combination with Lu
AE58054. Lu AE58054 (3 or 10 mg/kg, p.o.) or its vehicle (10% solution of HP-B-cyclodextrin) was
administered 1.5 h, and risperidone (2.5 and 5.0 mg/kg, s.c.) or its vehicle (saline added minimum of
dilute hydrochloric acid) was injected 1 h before first catalepsy test. Catalepsy was evaluated on a
vertical wire netting once per hour for 6 h. Rats were at each time point scored 0 (active body move-
ments), 1 (immobile, but with head movements), or 2 (full immobility for at least 15 s). Ordinate
indicates the additive score (mean/SEM, n =8 per group; max score is 12). Risperidone induced
moderate catalepsy. Lu AE58054 was ineffective when given alone but the 10 mg/kg dose enhanced
the risperidone (5 mg/kg) effect. **P < 0.01, **P < 0.001 (two-way ANOVA, followed by Student—
Newman—Keuls post hoc test).

1996). Recent microdialysis data have shown that the 5-HT§ receptor agonist
WAY-181187 markedly enhance the output of y-amino-butyric acid (GABA) in
several brain regions (striatum and frontal cortex) in a pharmacologically specific
manner (Mork et al., 2010; Schechter et al., 2008). In parallel, a moderate decrease
of about 30% of extracellular DA levels was observed in striatum and frontal
cortex. Paradoxically, the GABA and DA levels were unchanged in nucleus
accumbens (Schechter ez al., 2008).

lll. Effects in Models of Negative Psychotic Symptoms

The negative symptom domain presents a large unmet medical need, but
remains a poorly covered area with respect to animal models and treatments.
As no “golden standard” treatment is available it is difficult to validate novel
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models with reference compound(s). Most commonly used models with “face” (i.e.,
symptom) validity involve studies of social interaction deficits between animals that
have been treated with acute or subchronic PCP or MK-801, or where NMDA
receptor number has been genetically reduced. It has been shown that some
second-generation antipsychotics can partly normalize the induced deficits
(Mohn et al., 1999; Sams-Dodd, 1999; Snigdha and Neill, 2008a). Only one study
of a selective 5-HT¢ antagonist has been published using SB-271046, which at the
doses 5 and 20 mg/kg failed to reverse the social interaction deficits induced by
acute treatment with PCP (Pouzet et al., 2002). In a recent yet unpublished study,
acute treatment with Lu AE58054 (10 mg/kg, p.o.) similarly failed to reverse the
social avoidance induced by subchronic PCP treatment for 1 week, followed by
1 week washout before conducting the experiment (Neill ez al., unpublished). In this
model, 5-HT 5 partial agonists and an SSRI (fluoxetine) show significant efficacy
(Snigdha and Neill, 2008b). Thus, there is presently no evidence for clinical
efficacy of 5-HTg antagonists on negative symptom-like symptoms.

Other animal models with some association with key features of negative
symptoms involve measuring effects on reinforcement and anhedonia. The reader
is referred to relevant chapters in this book for further discussion.

IV. Effects in Models of CIAS (Cognitive Impairment Associated with Schizophrenia)

The involvement of 5-HTs receptors in cognitive function 1s the most well-
established effect documented for this target and is the subject of some chapters in
this book. When focusing on cognitive responses in animal models relevant for the
impairment in schizophrenia, the number of preclinical (and clinical) studies of 5-HTj
antagonists is limited.

In the last 10-15 years there has been an increased focus on the cognitive
symptom domains in schizophrenia, as the integrity of these were found to have
the largest impact on functional outcome (Green, 2007). The measurement and
treatment research to improve cognition in schizophrenia (MATRICS) initiative
in USA (http://www.matrics.ucla.edu) was established as a shared effort between
academia, government, and industry to optimize and harmonize preclinical and
clinical measures of cognition, as well as to identify and validate the most prom-
ising drug targets. This has enhanced the interest for CIAS as a possible separate
indication for new drugs as adjunct treatments to antipsychotics. Accordingly, the
activity level from both preclinical and clinical side of drug discovery and devel-
opment has markedly increased, in order to improve translational (= predictive)
value of models and tests to identify novel treatments of CIAS. The MATRICS
initiative has classified cognitive measures relevant for CIAS into seven classes:
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working memory, attention/vigilance and preattentive processing, verbal learning
and memory, visual learning and memory, speed of processing, reasoning and
problem solving (including executive function), and finally social cognition. Each
class has its individual phenomenological and neurobiological characteristics, but
all are more or less impaired in most schizophrenia patients.

For the purpose of reviewing the literature on CIAS animal models it is
important to distinguish between animal models and fests to avoid confusion. The
model is associated with the manipulation of the animal, in order to mimic path-
ophysiological mechanisms of CIAS, although it is acknowledged that no model
possibly can replicate all aspects of this heterogeneous symptom domain. The
models used involve either selective or combined pharmacological (e.g., acute or
subchronic treatment of adult animals with PCP or other NMDA antagonists),
neurodevelopmental (e.g., perinatal treatment with PCP; prenatal methylazoxy-
methanol (MAM) treatment of pregnant females; neonatal hippocampal lesions),
environmental (e.g., isolation rearing after weaning of pups), or genetic manipu-
lation (e.g., NMDA receptor knockdown; striatal DA Dy receptor overexpression;
modification of risk genes for schizophrenia) (Broberg et al., 2009; Desbonnet e al.,
2009; Featherstone et al., 2007; Fone and Porkess, 2008; Jentsch and Roth, 1999;
Kellendonk et al., 2009; Kirby et al., 2009; Mohn et al., 1999; Rodefer et al., 2008;
Tseng et al., 2009). In contrast, the fest is the cognitive response measure, for
example, spatial learning in a water maze, working memory in a maze or in an
operant chamber, executive function as measured by attentional set-shifting,
attention performance measured in a 5-choice box, and so on. The specific
combination of model and fest determines the relevance of a specific study for the
indication or symptom dimension in question. In the following, the available
preclinical studies will be reviewed.

The literature on effect of 5-HTs antagonists in models of CIAS is scarce, and
data on recently developed 5-H'T agonists in relevant models are not yet available
(Table II). The table shows the few studies in cognitive tests, using induced deficits
in rats with relevance for schizophrenia. Preclinical studies of impaired cognition
relevant for aging and dementia (e.g., induced by scopolamine or by using aged
rats) will be discussed in Chapter 7.

Ro 04-6790 improves delayed novel object recognition (NOR), and this effect
1s reversed by combination with MK-801 (King ¢t al., 2004). The study is, however,
more relevant in the attempt to elucidate glutamatergic mechanisms involved in
the 5-HT{ antagonist-mediated improvement of memory retention than for val-
idation of CIAS indication. But consistent with the result, another study of the
same drug combination showed that Ro 04-6790 prevented the impairment of
NOR induced by acute treatment with MK-801 (Pitsikas ¢/ al., 2008).

Most studies in CIAS models have been performed using the so-called sub-
chronic PCP model. The dose regimen used in the model is most often treatment
with PCP for 1 week, followed by at least 1 week of withdrawal before conducting



Table 11

OVERVIEW OF 5-HTg ANTAGONIST AND AGONIST PROFILES IN RAT MODELS oF CIAS

Model (Model, Test) Ro 04-6790  SB-271046 SB-399885 SB-258585  SB-742457  Lu AE58054  WAY-81187"  E-6801"
MK-801, NOR +(1,2)
SubPCP, attentional set-shifting +(3,4) +4)
SubPCP, NOR + (10
SubPCP, reversal learning +(9) +(11)
Naive rats, attentional NE (4), (+) (5)  + (4, 5) NE (8) +(8)
set-shifting”
Naive rats, NOR" +(2) +(6) +(6)
Naive rats, social cognition +(7) +(11)

deficit induced by 5-HTg

oonist”
agonis

NE: No effect; +: significant reversal of deficit. References: (1) Pitsikas et al., 2008; (2) King et al., 2004; (3) Rodefer et al., 2008; (4) Wunsch et al., 2006; (5)
Hatcher et al., 2005; (6) Kendall ¢z al., 20105 (7) Loiseau ef al., 2008; (8) Burnham ¢z al., 20105 (9) Idris et al., 2010; (10) Arnt e/ al., 20105 (11) Neill ef al., unpublished.

* 5-HTg agonist.

P General cognitive test — not CIAS specific.
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the cognitive testing after acute or repeated treatment with the potential CIAS
drug candidate. With this dose regimen rats develop some long-term changes
similar to those seen in brains of schizophrenia patients, including a decrease in
expression of parvalbumin in frontal cortex and hippocampus (Abdul-Monim
et al., 2007; Reynolds e al., 2004). Parvalbumin is a calcium-binding protein
expressed in a population of GABAergic interneurons in these brain areas, and
1s important for proper functioning of excitatory-inhibitory networks (Lewis and
Moghaddam, 2006; Lewis et al., 2008). Similar changes are seen in adult rats
treated with PCP in early life (Wang ez al., 2008) and in offsprings from rats treated
during gestation (day E17) with the antimitotic compound, MAM acetate (Lodge
and Grace, 2009; Lodge et al., 2009; Penschuck et al., 2006).

Subchronic PCP, neonatal PCP, and MAM consistently induce long-term
impairments of cognitive performance in some cognitive tests relevant for deficits
seen in schizophrenia patients, such as attentional set-shifting (test of executive
function), NOR with short intertrial responses (test of episodic memory), and
reversal learning (test of problem solving and reasoning) (Birrell and Brown,
2000; Broberg et al., 2009; Egerton et al., 2008; Featherstone et al., 2007,
Goetghebeur and Dias, 2009; Idris et al., 2010; Rodefer e al., 2005).

Only few selective 5-HT antagonists have been studied in CIAS models: in
the attentional set-shifting task acute treatment with SB-271046 and SB-399885
reversed the subchronic PCP-induced extradimensional (ED) shift deficits, while
the latter also improved reversal learning and ED shifts in the subchronic
vehicle-treated rats as well (Rodefer et al, 2008; Wunsch et al., 2006).
Repeated treatment with SB-399885 and SB-271046 have also been tested in
drug-naive rats and showed improved performance of reversal of acquisition of
compound discrimination as well as ED shifting (Hatcher et al., 2005). In
contrast, a recent study has shown that a full 5-HT; agonist (WAY-181817)
paradoxically can improve ED shift learning in drug-naive rats, while the 5-HTjg
antagonist SB-399885 was ineffective, except for preventing the agonist effect
(Burnham et al., 2010). These results suggest that 5-HTs receptor-mediated
control of cognitive performance is more complex than originally believed.
The apparent discrepancies may be due to several factors: it may implicate
presence of 5-H'T receptors with opposite functional outcome at different sites
in the neuronal network regulating cognition. As such, there is no evidence for
molecular heterogeneity of 5-HTg receptors. Alternatively, the discrepancy may
depend on state-dependent 5-H'T tonus at 5-HT's receptor-expressing synapses.
There is a need for tonic activity in order to reveal an effect of an antagonist,
except if the receptor shows constitutive activity. The latter has not been
demonstrated m vivo for 5-HT receptors. In contrast, the effect of an agonist
would theoretically be easier to demonstrate in conditions of low or absent tonic
activity. So far, the efficacy of a 5-HTg agonist has only been demonstrated in
normal rats with intact cognitive performance, while antagonists have shown
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consistent effects both in normal rats (with few exceptions) and in rats with
impaired performance, for example, after subchronic PCP treatment.

Results with 5-H'Ts antagonists in the subchronic PCP model are available from
two other tests: in the NOR test of episodic memory, Lu AE58054 has been shown
to reverse PCP impairment (Table II) (Arnt e al., 2010). In an operant reversal
learning test rats previously treated with subchronic PCP fail to perform correctly in
the reversal part of the test session, without showing deficits in the reference
memory part of the test (Abdul-Monim et al., 2006). SB-742457 reversed the deficit
in a recent study applying the operant reversal learning task, as did the 5-HTo,
antagonist M 100907 (Idris e/ al., 2010). In addition, Lu AE58054 has shown full
reversal in this model (Table II) (Neill ez al., unpublished data). The effects of Lu
AE58054 in the subchronic PCP-impaired rats were observed at high 5-HTjg
receptor occupancies (>65%), when plasma exposures were compared between
animals subject to cognition testing and i vivo receptor binding (Arnt et al., 2010).

These models have been widely used for evaluation of various antipsychotics
(with and without 5-HTg receptor affinity), and in general second-generation
antipsychotics have shown similar efficacies (though with variable effective dose
windows limited by response inhibition at higher doses). Two studies have found a
differentiation within second-generation antipsychotics, where sertindole, but not
risperidone, olanzapine, and clozapine, had efficacy in the attentional set-shifting
test. In contrast, first-generation antipsychotics (haloperidol, chlorpromazine) lack
efficacy (Abdul-Monim et al., 2003, 2006; Goetghebeur and Dias, 2009; Grayson
et al., 2007; Idris et al., 2010; Rodefer et al., 2008). It can therefore be argued that
the outcome of these tests may lack predictive value and emphasize the need for
improved models and tests, since several second-generation antipsychotics are
considered to have limited or almost no efficacy on cognitive impairment in
schizophrenia patients (Keefe ¢t al., 2007). However, it must be remembered that
the preclinical studies are performed using animals with well-defined impairments,
while the patient populations used in clinical trials most often are chronic schizo-
phrenics. These comprise a much more heterogeneous symptom group, and may
show progressive decreases in cognitive function, less amenable for improvement
by drugs.

Since, as earlier mentioned in the section on psychotic symptoms, some sec-
ond-generation antipsychotics have high 5-HTj receptor affinities (Arnt and
Skarsfeldt, 1998; Bymaster et al., 2001; Schotte el al., 1996), it may contradict
the promise of developing selective 5-H'Ts antagonists for adjunct treatment of
CIAS. However, the 5-HTg-active antipsychotics, in particular clozapine and
olanzapine, have several additional target effects that may mask the consequences
of 5-HTg antagonism, such as antimuscarinic and H; antihistaminergic activity
(Schotte et al., 1996; Zhang and Bymaster, 1999). If this is correct, 5-HT antago-
nists will not be relevant add-on treatment to all antipsychotics. Particularly those
with antimuscarinic effects should be avoided, since this effect opposes 5-HT}
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actions. For other antipsychotics, add-on treatment with a selective 5-HTg antag-
onist has potential, as it enables the clinician to optimize the balance of 5-HTj
effect and DA Dy antagonism to the benefit of the individual patient.

A neglected point in preclinical validation of potential CIAS treatments is that
most compounds will be used as add-on treatments with antipsychotics, since they
lack efficacy on psychotic positive symptoms. Almost exclusively, however, vali-
dation of new compounds in CIAS models has been investigated using monother-
apy. A major problem is that antipsychotics may confound the efficacy evaluation
of a CIAS compound, since they can inhibit learning and/or memory as well as
decrease response rate in cognitive tests that often are dependent on a motor
response. This has, for example, been shown with several antipsychotics for spatial
learning in the Morris water maze (Skarsfeldt, 1996). It should be noted that the
mhibitory effects of antipsychotics on cognition may not only be due to too potent
DA Dy antagonism but also depend on additional effects built into antipsychotics
(e.g., antimuscarinic and H, antihistaminic activity), leading to reduced motiva-
tion, learning ability, and/or sedative effects. Even though the second-generation
antipsychotic olanzapine can improve performance in subchronic PCP-treated
rats there 1s only a small efficacy window. Increasing dose levels subsequently
markedly impair response rate and accuracy in the test (Abdul-Monim et al.,
2006). Accordingly, it will be a challenge to demonstrate ability to reverse impaired
cognition in a CIAS model in combination with antipsychotics. A further issue in
this respect is the relatively small efficacy window generally presented in most of
the animal models of CIAS, making it statistically difficult to demonstrate added
value of a CIAS drug candidate to a second-generation antipsychotic if the latter
already has some efficacy in the model. No add-on studies of 5-H'T; antagonists
with antipsychotics have been published so far, but unpublished results (Neill ez al.,
unpublished) with Lu AE58054 suggest that its efficacy in NOR and reversal
learning is maintained in the presence of a moderate dose of haloperidol
(0.05 mg/kg) that produces sufficient DA Dy receptor occupancy to induce func-
tional relevant effects on DAergic activity (Arnt, 1995; Idris e al., 2005).

Finally, most animal studies of CIAS treatments have used acute drug treat-
ment, which contrasts sharply to the long-treatment duration (i.e., several months)
in clinical trials. No animal studies of 5-HTg antagonists using repeated drug
treatment have, to our knowledge, been performed, and only a few studies of
repeated dosing with antipsychotics are available using the attentional set-shifting
test when treatment is started affer the PCP-induced impairment (McLean ez al.,
2008; Rodefer et al., 2008). In the Rodefer et al. study, acute and 3 weeks’ treatment
with either olanzapine or sertindole was compared in the standard subchronic
PCP model. No differences between acute and subchronic treatment were
observed: sertindole significantly reversed impairment, while olanzapine produced
a nonsignificant reversal. In the McLean ez al. study risperidone and clozapine
improved attentional set-shifting performance of subchronic PCP-impaired rats
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after 1-week treatment, while acute treatment was not studied. The apparent
similarity of acute versus repeated dose efficacy of antipsychotics on attentional
set-shifting performance suggests that both effects are symptomatic rather than
depend on a change in neuroplasticity. This could be mediated through acute
changes in neurotransmitter availability or function, particularly of DA, GABA,
acetylcholine, and glutamate in hippocampus and cortex (Dawson et al., 2001;
Lacroix et al., 20045 Li et al., 2007; Mork et al., 2009; Schechter et al., 2008) - effects,
which have not yet been studied in disease-relevant CIAS models. We also lack
studies exploring whether the reversal of cognitive impairment is associated with
parallel long-term changes in disease-related marker(s), for example, expression of
parvalbumin. It has been shown that subchronic treatment with 5-HT antago-
nists can increase polysialylation of rat neural cell adhesion molecule (NCAM) in
hippocampus and cortex, a mechanism thought to be involved in memory con-
solidation (Foley et al., 2008). This result suggests that 5-HT antagonists can
indeed induce long-term CNS changes in drug-naive rats, but the phenomenon
needs to be studied in CIAS-relevant models as well.

V. Summary and Conclusions

The available information does not support that 5-HTg antagonists have
significant potential for treatment of psychotic symptoms of schizophrenia as
monotherapy. However, the robust efficacy demonstrated by 5-H'Ts antagonists
for cognitive improvement in general, and more specifically in CIAS models,
appears promising. Thus, well-controlled clinical trials are awaited with high
mterest. There are still many uncertainties regarding the molecular mechanisms
of action, as most studies addressing this question have been made in animals
without impaired behavior. Animals with induced deficits may have very different
neurotransmitter dynamics compared with the normal state, which can be
involved in the contradictory similar findings with antagonists and agonists in
some studies.
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I. Introduction

Age-related dementia is a huge public health issue that will undoubtedly
increase along with the average age of the world’s population. Because of the
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huge financial and emotional burdens dementia causes, pharmaceutical, biotech-
nology, and academic labs are continually increasing their efforts toward effective
therapies using a wide range of targets. Three main approaches have been con-
ceived for antidementia drugs: those that are curative, which actually reverse
pathology and brain dysfunction causing dementia, those that are palliative, which
delay progression of disease but do not cure it, and preventative treatments, which
avert pathological changes but are ineffective when pathology has already
occurred.

Despite the huge impetus for breakthroughs, only a few drugs are cur-
rently approved for Alzheimer’s patients, and almost all of them have the
same mechanism of acetylcholinesterase inhibition, which may only be palli-
ative and not curative. Pharmaceutical companies have so far been wholly
unsuccessful in bringing to market a disease-modifying therapy for many
reasons: mainly because of the many heterogeneous causes of neurodegenera-
tion, but also because of the many unforeseen, toxic side effects of drugs that
reverse or block putative pathological pathways such as amyloid processing.
Pharmaceutical researchers are currently revisiting palliative therapies as less
risky avenues of drug development. 5-HT§ ligands are attractive propositions
for treating dementia for several reasons: (1) almost all 5-HTg antagonists
have been shown to improve memory performance in aged or cholinergically
compromised animals (Mitchell and Neumaier, 2005); (2) 5-HT¢ antagonists
appear to have little toxicity or negative side effects on physiology or brain
function (Upton et al., 2008); (3) 5-HT'¢ receptors are found almost wholly in
the brain, and thus “most antagonists” are inactive on peripheral targets,
decreasing chance of side effects (Geldenhuys and Van der Schyf, 2009). (4)
Since 5-HTg antagonists improve memory via a different mechanism than
current dementia treatments, they can be used as adjunct treatments. A final
emerging, although not yet validated, reason for developing 5-HTg drugs is
the possibility of curative as well as palliative actions, and this will be
addressed later in this chapter.

Despite the above-mentioned positive attributes relatively few 5-HTg
antagonists have progressed to clinical trials. This chapter will review the most
current research on 5-HTg mechanisms for attenuating dementia, the status of
drugs in clinical development, and controversial issues of 5-HT drug efficacy,
most notably the contradictory procognitive data for both 5-HTs antagonists
and agonists.

5-HTg receptors are found in many brain regions and affect many neurotrans-
mitter systems including acetylcholine, norepinephrine, dopamine, glutamate,
and GABA (Mitchell and Neumaier, 2005). Because they are most abundantly
expressed in GABAergic neurons of the striatum, nucleus accumbens, cortex, and
hippocampus (Roberts ¢ al., 2002), 5-HT¢ receptors likely modulate cognition via
GABAergic signaling in basal ganglia and limbic circuits.



5-HT3 RECEPTOR LIGANDS AS ANTIDEMENTIA DRUGS 165

II. Studies Using Animal Models of Dementia

A. PHARMACOLOGICAL MODELS (ANTICHOLINERGIC AND ANTIGLUTAMATERGIC)

One of the hallmarks of Alzheimer’s disease, along with amyloid plaque and
tau tangle formation, is the attenuation of acetylcholine signaling (Sambeth et al.,
2007). Thus, cholinergic antagonists are used to model this deficiency in order to
evaluate putative antidementia drugs.

The most predominantly used model of disrupted cholinergic function is
scopolamine administration before or after a learning task. Scopolamine, a M1
muscarinic antagonist, causes amnesia in young animals at moderate doses
(0.2-0.4 mg/kg) and in older animals at smaller doses (0.1-0.2 mg/kg). Dose must
be carefully monitored, since scopolamine can cause sedation and decreases in
motor activity at higher concentrations.

A yawning and stretching phenomenon caused by the 5-HTg antagonist, RO
046790, implied a cholinergic influence of the 5-HTg receptors (Bourson et al.,
1995). However, the first pharmacological demonstration of cholinergic-mediated
procognitive effects of 5-H'Ts antagonists was reported (Meneses, 2001a), using
autoshaping, an instrumental learning task. RO 046790 (10 mg/kg i.p.) improved
learning consolidation alone and also ameliorated poor performance due to sco-
polamine (0.17 mg/kg 1.p.). Following this report, Woolley ¢/ al. (2003) demon-
strated that RO 046790 reversed the amnesic effects of scopolamine (but not
methyl-scopolamine) in a novel object recognition task, but had no effect on poor
memory consolidation due to administration of the D2 dopamine antagonist,
raclopride. Another 5-HT¢ antagonist, SB-271046, reversed scopolamine deficit
in fear conditioning tasks such as the passive avoidance task (Foley et al., 2004;
Leng et al., 2003). More recently another 5-HTg antagonist, SB-742457, improved
performance on a delayed nonmatch to sample (DNMS) task, which tests spatial
working memory (Callaghan et al., 2009).

In fact, many different types of cognition compromised by scopolamine have
been shown to be rescued by 5-HT¢ antagonists including latent inhibition, fear
potentiated startle, social recognition, and Morris water maze (Costa-Aze el al.,
2009; Foley et al., 2004; Mitchell and Neumaier, 2008; Mitchell ez al., 2006). Thus,
it can be concluded that 5-HT¢ blockade is highly effective in cholinergic models of
dementia; however, since AD is characterized by loss of cholinergic afferents,
lesions of the nucleus basalis of Meynert may be more appropriate for modeling
pathology and assessing 5-HT¢ ligands’ translational potential.

Interestingly, many studies using 5-HT antagonists in uncompromised ani-
mals (i.e., without scopolamine-induced amnesia) did not report improvements in
visual, episodic memory tasks such as novel object recognition (Hirst ez al., 2006;
King et al., 2004, 2006b), while all but one study reported enhanced autoshaping
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performance with 5-HT antagonists (Lindner e/ al, 2003; Liy-Salmeron and
Meneses, 2007; Meneses, 2001a, 2001b; Nelson, 2005). Such results suggest a
stronger influence of 5-HTg blockade on tasks involving the striatum, where
5-HT¢ receptor expression is high, versus tasks primarily involving the hip-
pocampus, where 5-HTjg receptor expression is moderate (Roberts et al.,
2002). Nevertheless, the above-mentioned results demonstrate the wide range
of 5-HT¢ antagonists on diverse cognitive tasks and functions.

Another class of drugs used to induce cognitive deficits acts via glutamatergic
blockade. MK-801, an NMDA antagonist, is a commonly used antiglutamatergic
drug, as is ketamine, another NMDA antagonist with less hypnotic effects
(Kelland et al., 1993). Serotonin-6 ligands have been less successful in alleviating
antiglutamatergic models of dementia (King e/ al., 2004; Pitsikas e/ al., 2008).
Several studies have reported significant rescue of MK-801-induced learning
impairment in novel object recognition and Morris water maze (King et al.,
2004; Marcos et al., 2008; Pitsikas et al., 2008). However, motor activity distur-
bances have sometimes been associated with MK-801 administration
(Ahlander et al., 1999), and may be responsible for the learning impairment rather
than direct changes on memory function. Ketamine (0.1 mg/kg 1.p.) was used to
induce memory deficits in an autoshaping task, and these deficits were reversed by
administration of SB-399885 directly into the hippocampus, cortex, or systemi-
cally (10 mg/kg 1.p.) (Liy-Salmeron and Meneses, 2007, 2008). These studies
demonstrate that 5-HTg antagonists may be ineffective against sedative-induced
learning deficits but do reverse the amnesic effects of direct NMDA inhibition in
the cortex and hippocampus.

Serotonin-6 ligands have been assessed with several other types of pharmaco-
logically induced memory impairment, such as chemical lesioning of 5-H'T affer-
ents or drugs that decrease serotonin or dopamine signaling. However, since these
methods are not traditionally used for modeling dementia they are beyond the
scope of this chapter.

B. AcGING ANIMAL MODELS

Animal models using chemically induced amnesia do not capture the time-
delayed and environmental onset of human neurodegeneration. Moreover, since
most amnesic drugs have highly defined thresholds of effectiveness it is difficult to
evaluate premorbid or presymptomatic aspects of dementia. Thus, it is also expe-
dient to use aged animals in assessing procognitive effects of 5-HTg ligands.

To date, only one study has thoroughly examined 5-HTg blockade on rodent
learning performance at several different life stages. Coosta ¢ al. (2009) used young
(3 months), mature (12 months), middle-aged (18 months), and old (21 months)
mice to evaluate the procognition effects of the 5-HT¢ antagonist, SB-271046,
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(10 mg/kg1.p.)in a Y maze. During the first trial, an animal is placed in a starting
arm and allowed to explore, although one of the two other arms is closed. During
the second trial, when all arms are accessible, an animal’s place memory is assessed
by measuring the amount of time spent in the previously blocked arm. Using
progressively longer intertrial intervals of 30, 60, 120, 240, and 360 min, saline-
treated mice retained memory of the novel arm up to 120 min later. However,
young mice given SB-271046 explored the novel arm more at 240 and 360 min.
Aged mice (21 months) had significant recall of the maze 60 min later and
SB-240146 improved acquisition memory in an I'TT of 240 min, but not 360 min.

The Y maze task allows several types of memory to be measured: acquisition,
consolidation, and retrieval. Like King ez al. (2004) reported previously, Costa et al.
(2009) found that SB-271046 administered postconsolidation was not as effective
as administration immediately before or after learning, and moreover this obser-
vation held for several age groups.

Chronic 5-HT antagonist treatment has also produced encouraging results in
aged animals SB-399885 (10 mg/kg). Foley et al. (2004) treated 18-month-old rats
with SB-271046 (10 mg/kg 1.p.) for 40 days and found that their ability to navigate
a Morris water maze was better than age-matched controls. Similarly Mitchell ez al.
(2009), examined the effects of 7-day treatment RO 4368554 (5 mg/kg 1.p.) on
15- to 18-month rats’ performance on a social recognition task, where rats showed
better recall of novel juveniles than controls. Interestingly, when Mitchell and
colleagues gave daily injections of RO 4368854 for 2 weeks and then tested the
rats’ memory 1 day after treatment had ended, the rats still performed significantly
better than vehicle-treated rats. This finding indicates that long-term treatment
causes changes in brain function that allow for better learning even without the
drug on board. This topic will be explored further in the biomarkers section below.

Serotonin-6 antagonists appear to improve working memory, as well as long-
term memory, in aged animals and indeed working memory may be more sensitive
to 5-HT¢ inhibition. Recently the operant DNMS test, a working memory task, and
a modified version of the Morris water maze were used to test middle-aged and
young rats given SB-742457 (Callaghan et al., 2009). Following a 6-week training
protocol in the DNMS task, both young (3 months) and middle-aged (12—14 months)
rats received chronic treatment (3 mg/day) of SB-742457, with the results that the
drug-treated middle-aged group matched the performance of the young control
group. In the maze task animals received treatment (3 mg/day) of SB-742457 24 h
before testing, but no change was seen in performance as compared to controls.

C. SuMMARY OF ANIMAL MODELS

5-HT§ antagonists are effective against learning impairment from anticholin-
ergic and antiglutamatergic models of dementia. Due to the purported low
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expression of 5-H'T§ receptors in the murine brain (Hirst et al., 2003), few studies
have employed this species. Earlier studies using mice found no procognition effects
of Lindner e al. (2003), although more recent studies have demonstrated that new
5-HTg ligands do appear to be therapeutically active (Costa et al., 2009; Schechter
et al., 2008). Indeed, later expression studies also showed abundant 5-HT receptor
expression in mice (Bibancos et al., 2007). It is not clear how to resolve the
contradictory findings, which may be due to various mouse strains showing differ-
ential 5-HT¢ receptor expression. In any case, it is clear that researchers must tread
very carefully in evaluating preclinical efficacy of 5-HTs antagonists in mice.

Since the most relevant Alzheimer’s disease models are transgenic mice, it is
surprising that no reports are available on 5-HTjg ligands in, for example, an
amyloid precursor protein (APP) overexpressing mouse. However, APP overex-
pression and other gene mutations in mice do not model sporadic dementia, and
are more useful for assessing therapies that target the amyloid system. In any case,
the lack of transgenic mouse data has not hindered the progress of 5-HT ligands.

There are other issues with predicting how effective 5-HT ligands will be in
humans based on current animal data. For instance, rodents sleep during light
hours and are active during dark periods, and yet drugs are often tested during
their inactive times. Disturbances in rats’ natural circadian rhythm may cause
inconsistent performance. Moreover, there 1s also evidence that the 5-HT antag-
onist RO 4368554 increases sleep duration and decreases waking in rats when
given during the middle of the dark (active) period (Morairty e/ al., 2008). Since
Alzheimer’s disease 1is associated with sleep problems, which may be affected by
5-HT¢ antagonists, it is important to understand the possible circadian effects from
5-HT blockade. Another interesting issue is the weight-decreasing effects of
some 5-HTg ligands (Halford ez al, 2007; Heal et al., 2008), which may present
problems in some demented patients, who often have poor appetite.

Dementia progression in humans is a highly variable process that demands
many types of animal models to assess the diverse pathological mechanisms at
work. As seen in the section above, only a select number of animal models of
dementia have been employed to study the cognitive effects of 5-HT¢ ligands.
Because of this limitation, it 1s difficult to predict the efficacy of 5-HTg ligands on,
for example, vascular dementia, which requires animal models exhibiting infarcts
and oxidative damage.

ll. Biomarkers of 5-HT, Receptors’ Antidementia Effects

This section gives an overview of signaling molecules and receptors that have
been implicated in 5-H'Tg mechanism of action. Since many of these molecules are
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also associated with learning and memory, it may be possible to predict clinical
efficacy with these putative “biomarkers.”

A. FyN

Fyn, a Src family tyrosine kinase with roles in aging pathogenesis, forms
complexes with 5-HT¢ receptors, which mediates phosphorylation of extracellular
signal-related kinase-1/2 (ERK1/2) (Yun et al., 2007). Part of the phosphokinase A
(PKA) signaling pathway, Fyn has been implicated in key molecular changes
during memory consolidation, most notably via regulation of synaptic growth
(Braithwaite et al., 2006; Lim et al., 2009). Interestingly, overexpression of APP
causes synaptotoxicity via Fyn (Chin ¢ al., 2005). Conversely, Fyn also has been
implicated in establishing fear conditioned learning, since Fyn-knockout mice fail
to acquire fear conditioning, while in wild-type mice Fyn is upregulated immedi-
ately after contextual fear (Isosaka et al., 2008).

Because of Fyn’s exacerbation of neurodegenerative mechanisms, inhibition of
this pathway via chronic 5-HTg antagonist treatment may provide therapeutic,
not just palliative, benefits. No studies have yet reported on whether 5-HTjg
antagonists affect Fyn activity during normal or pathological conditions.
However, it must also be noted that Fyn recruits NMDA receptors to the synapse
and has roles in long-term potentiation (LTP) (Pena et al., 2010; Xu et al., 2006).

It still remains to be seen what the functional implication of Fyn-5-HTg
complexes may be in terms of memory formation. Fyn has been associated to
worsening cognitive pathology in Alzheimer’s patients’ brains, and inhibition of
Fyn is currently being investigated as a treatment for dementia (Braithwaite e al.,
2006). However, it is possible that Fyn’s direct association with 5-H'Ts receptors
may cause it to be less active in mediation of neurotoxic pathways; further studies
will likely reveal whether this is the case.

B. BDNF axp Arc

The brain-derived growth factor (BDNF) is one of the most extensively studied
molecules in neuronal growth and memory formation, and is also a target for
neurodegenerative disease therapy. BDNF protein expression as well as Arc, an
immediate early gene, has been reported to be increased after acute administration
of a 5-HTg agonist, LY-586713 (1 mg/kg 1.p.), in the hippocampus (De Foubert
et al., 2007). This effect is specific to 5-HTg activity, since 5-HTg antagonist
administration blocked BDNF expression. However, LY-586713 at a higher dose
(10 mg/kg) had no effect on BDNF expression. It is not immediately apparent
how 5-HT§g receptor activation upregulates BDNF and how this reconciles with
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the fact that 5-HTs blockade is procognitive while 5-H'T stimulation is generally
not. Nonetheless, patents have been filed for 5-H'T'; agonists as neurodegenerative
therapeutics specifically for their ability to induce BDNF. A follow-up study on
what types of neurons exhibit increased BDNF expression after 5-HT¢ stimulation
may shed more light on therapeutic applicability.

C. JuN-AcTIVATING DOMAIN BINDING PROTEIN 1 (JABI)

The Jun-activating domain binding protein 1 (Jabl) has been studied exten-
sively for its interactions with hypoxia-inducible factor (HIF)-1alpha. Recently, a
paper suggested that Jabl has a role in preventing neurodegeneration, since
suppression of Jabl decreases HIF-1alpha activity during inflammation, causing
downturns in VEGF (Lungu et al., 2008). Interestingly, downregulation of Jabl
expression decreases 5-HTg receptor expression, an effect also observed after
memory training in rats (Yun e/ al., 2010). Conversely, stimulation of 5-HTg
receptors induces the translocation of Jabl into the cell nucleus and increases
c-Jun phosphorylation. Lastly, in this same paper, 5-HT§ receptors and Jabl were
also shown to be upregulated in middle cerebral artery occlusion (MCAO)-
induced focal cerebral ischemic rats and in hypoxic cultured cells, suggesting
possible protective roles for 5-HTg receptors and Jabl.

D. 5-HTg RECEPTOR EXPRESSION

Considering that inhibition of 5-HTg receptors generally produce procog-
nitive effects especially in aged animals, what is the functional relevance of
variations in endogenous receptor levels? Given that blockade of 5-HT¢ recep-
tors enhances memory; would decreased receptor expression signify better
learning capacity? To date two studies have examined the functional role of
5-HTg receptor expression in human brains. Garcia-Alloza e al. (2004) corre-
lated serotonin receptor expression patterns in the brains of Alzheimer’s
patients to cognitive and noncognitive symptoms reported during treatment.
As measured by the Present Behavioral Examination (PBE), hyperactive behav-
ior was associated to lower temporal cortex 5-HTj receptor density, and
aggressive behavior was associated to higher ratios of 5-HTg receptors to
cholinacetyltransferase (ChAT) in the frontal cortex. No correlation was found
for mental ability as measured by the Mini Mental State Examination (MMSE),
which may be due to the low sensitivity of the MMSE in detecting subtle
changes in cognition. A more recent study examined 5-HT§ receptor expres-
sion and activity in postmortem Alzheimer’s patients’ brains. Cortical 5-HTj
receptor density was lower in AD brains as compared to controls, and cAMP
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accumulation after direct simulation with a 5-HTg agonist, E-6801, was also
decreased (Marcos et al., 2009). Reduced cAMP accumulation was correlated
with increased psychotic symptoms as reported by patient caretakers, most
notably in females. These above-mentioned results indicate more promising
applications for schizophrenia treatment than dementia. However, many
Alzheimer’s patients also exhibit behavioral and psychological syndromes of
dementia (BPSD) such as depression, agitation, and poor sleep. Thus, it may be
concluded that 5-HTg antagonists have potential for treating BPSD.

Several studies have examined changes in 5-HT receptor expression in
animals during aging, learning, and drug administration. Successive days of
Morris water maze training decreased 5-HTg receptor protein and mRNA
receptor expression in the rat hippocampus (Marcos et al., 2009). The func-
tional implication of this i1s not clear, but it does suggest a temporary feedback
mechanism in which to enhance learning by receptor downregulation.
However, this finding reflects changes in expression after just one type of
learning in just one brain region, and did not investigate whether expression
eventually goes back to baseline. This same study reported that systemic SB-
271046 increased phosphorylated cAMP response element binding protein-1
(CREB-1), a signaling factor strongly linked to memory consolidation and
plasticity, but not CREB-2 (Marcos et al., 2009). While pCREB-1 did not increase
after training, there was an additive effect of learning on SB-271046-induced
pERK1/2. A more recent study examined the effects of striatum-based learning
and acute 5-HTj antagonist treatment; autoshaping training and SB-399885
increased 5-HTg receptor mRNA expression in the striatum and cortex
(Huerta-Rivas et al., 2010). Thus, the duration of 5-HT¢ blockade and the type
of learning task seem to regulate 5-HT receptors differentially, although it must be
noted that mRNA expression does not always completely correspond to protein
expression.

E. PSA-NCAM

The polysialated neural cell adhesion molecule (PSA-NCAM) is involved
in structural plasticity initiated by LTP. Chronic 5-HTj antagonist treatment
(SB-271046) increases PSA-NCAM 1n the cortex and subgranular dentate gyrus
(Foley et al., 2008). Upton et al. (2008) recently suggested that upregulation of PSA-
NCAM via 5-HT blockade may be occurring via inhibition of GABA release on
glutamatergic neurons in the hippocampus. A subsequent increase in glutamater-
gic signaling would in turn promote the survival of neural progenitors, whose
expression of PSA-NCAM increases as they mature into functioning neurons.
Since PSA-NCAM is necessary for synaptogenesis and synaptic remodeling, such
young neurons may be the primary mediators of strong memory traces during
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learning. If such a proposed mechanism can be more conclusively demonstrated
(i.e., with quantification and colocalizaton of immature neuronal markers and
PSA-NCAM in treated animals) then a stronger case is built for long-term func-
tional changes with 5-HTs antagonist therapy. Indeed, as reported in a conference
abstract, another 5-HT antagonist, RO 4899237-002, increased LTP in the CAl
region but not in the dentate gyrus, and this same concentration was also shown to
decrease LTD in the CAl region (Robillard and Christie, 2007). However, the
finding that 5-HTs antagonist treatment may decrease 5-HT receptor expression
in the hippocampus (Huerta-Rivas et al., 2010) suggests that PSA-NCAM expres-
sion may not be sustained over time.

F. MTOR

The mammalian target of rapamycin (mTOR) has recently garnered ample
attention as a regulator of protein synthesis at the translational level. Interestingly,
the inhibition of mMTOR 1is a potential target mechanism for antiaging therapies,
via more efficient processing of proteins, thereby preventing deposition of protein
fragments such as beta-amyloid. In an abstract, Meflre e/ al. (2010) reported that
the 5-HT§g receptor agonist, WAY-181187, increased phosphorylation of mTOR
(Ser2448) in the striatum and prefrontal cortex. Two mTOR-related signaling
factors, phosphatidylinositol 3-kinase catalytic subunit type 3 and neurofibromin,
were also reported to be activated by 5-HTg stimulation. WAY-181187 also
increased phosphorylation of a downstream target of mTOR, the ribosomal
protein S6, which was abolished by the 5-HT¢ receptor antagonist, SB-258585.
Rapamycin, the well-characterized inhibitor for which mTOR is named, pre-
vented the decrements in social recognition memory elicited by WAY-181187
administration, giving further credence to the amnesic effects of 5-HTg receptor
activation via mTOR. It should be noted that studies have reported controversial
findings of rapamycin inhibiting L'TP and memory consolidation (Blundell ¢ al.,
2008), while other studies found no effect of rapamycin on memory (Hoeffer and
Klann, 2010). Nonetheless, careful gauging of mTOR inactivation via 5-HTjg
agonists may be required to elicit antiaging benefits without detriment to
cognition.

An intriguing implication from the above-mentioned study is the possible use
of 5-HT antagonists for inhibition of mTOR, which suggests that therapeutic
effects may not simply be temporary changes in acetylcholine or glutamate sig-
naling, but also long-term protection against aging neurodegeneration through
inefficient protein synthesis. Rapamycin itself is not an appropriate preventative
agent, due to side effects such as those listed above. However, 5-HT¢ antagonists
may offer a brain-specific intervention for more efficient regulation of protein
synthesis, and preserved neuronal function.
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G. SUMMARY

The molecules discussed above are emerging biomarkers of clinical efficacy in
translational models of dementia such as aged rodents. The best marker of clinical
utility is improved cognition, yet it is increasingly important for drug developers to
also pinpoint mechanistic indicators of efficacy. Additionally, since many behav-
loral measures may give inconsistent results due to poorly chosen parameters, high
signal-to-noise ratio, or inappropriate baseline, biomarkers can also provide clues
on what types of cognition tests should be used and also what type of subjects may
benefit best from treatment. Due to the difficulty of measuring brain-based sig-
naling factors, it is unlikely that any of the above-mentioned molecules would be
used to assess efficacy in humans. However, this section does highlight potential
biomarkers for future 5-HT ligand testing.

IV. Clinical Studies of 5-HT, Antagonists

The number of 5-HT's antagonists in clinical studies is quite large, considering
the fact that most drugs currently being developed are curative, and 5-HTjg
antagonists’ proposed action is palliative. However, only one Phase II clinical trial
of a 5-HT antagonist has been reported in detail (Maher-Edwards e al., 2009),
and the results show SB-742457 to be as efficacious as donepezil, an acetylcho-
linesterase inhibitor that is currently the most prescribed drug for Alzheimer’s
dementia. However, the clinical significance of these results was mixed and it is still
not clear what potential 5-HT ligands will have for Alzheimer’s patients. Still,
5-HTg antagonists may have the potential to augment donepezil and several
clinical trials are currently assessing 5-HTg antagonists as adjunct therapy for
Alzheimer’s patients currently taking acetylcholinesterase inhibitors, and these
results are eagerly awaited. This section describes 5-HT¢ antagonists currently
in clinical studies.

A. AVINEURO

AVN-322 is one of the leading molecules for Avineuro, a biotechnology com-
pany in California. In animal studies AVN-322 was shown to be as effective as
memantine, tacrine, SB-742457, and PRX-07034 in restoring performance after
scopolamine or MK-801 administration (Tkachenko ez al., 2009). AVN-322 signif-
icantly restores both scopolamine- and MK-801-induced cognitive dysfunction. In
a Phase I trial Avineuro’s 5-HTj antagonist, AVN-322, demonstrated good
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tolerability and no adverse event in a range of dose levels (Clinical Trials.gov, 2010).
Plans for a Phase II trial are underway and it is expected to begin in late 2010.

B. BioviTRuM/PROXIMAGEN

Biovitrum has run several Phase I studies on BV'T.5182, which was found to be
safe and well tolerated (Garfield and Heisler, 2009). While Biovitrum is currently
focused on antiobesity uses of 5-HT ligands, it recently sold clinical development
rights for cognition applications to Proximagen (http://www.proximagen.com/
RINS30-10-09.shtml). One of Biovitrum’s 5-HTs antagonists will likely be chosen
for Phase II trials for antidementia efficacy sometime in the next 3 years.

C. Erix

Epix’s leading 5-HT; antagonist, PRX-07034, is a novel arylpiperazine with
potent antagonism (A; = 4.0 nM) and good preclinical efficacy (Upton et al., 2008).
Specifically, PRX-07034 improved memory consolidation in novel object recog-
nition in rats by itself and in conjunction with donepezil (King ¢t al., 2006a). PRX-
07034 also improved cognitive functioning in both aged and scopolamine-treated
animals in tasks assessing working memory and executive function, as well as long-
term memory. However, PRX-07034 (10 mg/kg i.p.) failed to reverse impaired
instrumental learning in rats overexpressing striatal 5-HT¢ receptors, which was
reversed by SB-258585 (5 mg/kg i.p.). Moreover, PRX-07034 did not enhance
mstrumental learning in normal rats (unpublished data, Neumaier lab). It is
difficult to understand why PRX-07034 failed to have a specific effect on a
5-HTg-mediated change in instrumental learning when a purportedly less bio-
available ligand was effective.

Only Phase I studies had been completed so far for PRX-07034, where it
proved to be safe and moderately appetite-suppressing. A 28-day Phase Ib clinical
trial with 33 moderately obese, but not cognitively impaired, adults showed
significant improvement with a Cogscreen measurement tool.

Cogscreen is a computer-administered and scored testing battery of atten-
tion, memory, reaction time, and problem solving, using the following subtests:
Backward Digit Span (BDS) traditional math word problems, Visual Sequence
Comparison (VSC), Symbol Digit Coding (SDC), Matching to Sample (MTS)
recognition of patterns, and Manikin, which measures mental rotation.
Subjects are also tested with a Divided Attention Task (DAT) and Auditory
Sequence Comparison (ASC), a visual sequencing and scanning task that
requires respondents to sequence numbers, letters, and an alternating set of
numbers and letters.
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Subjects’ speed and accuracy, as measured by a Cogscreen pooled endpoint
parameter, was improved significantly with a 600 mg X 2 daily dose of PRX-07034,
and thus this finding is the only indication that 5-HT¢ antagonists may act as
cognition enhancers in healthy people. Interestingly, Cogscreen AE, an aeronau-
tical pilot performance version, has been used to demonstrate efficacy of so-called
cognition enhancers such as Adderall™ (Kay, 2004), which purportedly improve
performance in mentally and physically healthy adults (de Jongh et al., 2008). In the
Epix Phase I trial, Cogscreen was used as a secondary endpoint in clinically healthy,
yet obese adults. However, obesity is increasingly linked to impaired cognition.
Thus, it remains to be seen whether improvement seen was due to weight loss or
specific 5-HTg effects.

In 2009, Epix Pharmaceuticals closed its labs due to lack of funding. Its catalog
of drugs in clinical trials was sold at auction. The development status of PRX-
07034 1s currently unknown.

D. GraxoSmitHKLINE SB-742457

GlaxoSmithKline has finished two Phase II trials to study the effects of SB-
742457 and has completed recruitment for two more.

The main finding of the recently completed Phase II study was that SB-742457
performed as well as donepezil in key cognition parameters. This is important
since, if approved, SB-742457 will likely compete for market share with donepezil
(marketed as Aricept by Pfizer). Thus, SB-742457 was tested against donepezil, as
well as in a monotherapy study using endpoints from the original clinical trials for
donepezil.

Specifically, SB-74257 performed as well as donepezil in the Clinician’s
Interview-Based Impression of Change-plus Caregiver Input (CIBIC+) after
24-week treatment. SB-742457 alone (15, 35 mg) or added to donepezil treatment
produced moderate results on several parameters of the ADAS-Cog in subjects
with mild-to-moderate AD (MMSE 12-24). A 5 mg dose had no significant effects.
Overall cognitive improvement from SB-742457 treatment was statistically signif-
icant, but clinically insignificant. Additionally, there was no separation between
drug and placebo treatments on the specific ADAS-Cog scale. However, a sub-
group with moderate AD showed greater, but not statistically significant, improve-
ments in the ADAS-Cog compared to placebo. The fact that the subjects on
placebo showed unexpected improvements may be a possible confound for the
overall results.

The ongoing Phase II trials will expand the positive results reported from the
initial Phase II study. This trial will assess cognition and global function in
patients after 24 weeks treatment with SB-742457 (15 or 35 mg/kg) as com-
pared to donepezil treatment or placebo, completed recruitment in summer
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2010. This trial also includes secondary outcome measures of depressive symp-
toms as well as pharmacokinetics and exploratory pharmacogenetics (such as
interactions with the APOEepsilon4 genotype) (Maher-Edwards, personal com-
munication). A parallel trial, which also recently completed recruitment, is
assessing SB-742457 at the same two doses given as adjunct therapy to patients
already taking donepezil.

E. LuNDBECK

Lundbeck is more aggressively pursuing 5-H'Ts antagonists for schizophrenia
than dementia. Thus, there are no available data on clinical efficacy of its lead
candidate antagonist, Lu AE58054. A clinical Phase II study consisting of 270
patients will investigate whether 24 weeks of Lu AE58054 treatment improves
cognition and functional outcomes in patients with moderate Alzheimer’s disease
that are already in treatment with donepezil (Clinical Trials.gov, 2010).

F. MEMORY PHARMACEUTICALS

MEM 68626, a 5-HT antagonist, improved memory in 344 rats. Rowe et al.
(2008) demonstrated improved performance in spatial memory using novel object
recognition and radial maze. Memory Pharmaceuticals had nominated MEM
68626 as a lead development candidate for clinical trials; however, due to setbacks
in funding this biopharmaceutical company (cofounded by Eric Kandel) merged
with Roche in 2008. There is currently no public information available on devel-
opment plans for MEM 68626.

G. PrizerR/WYETH

SAM-531, a potent 5-HT§ antagonist, 1s Plizer/Wyeth’s lead compound for
Alzheimer’s and related dementia. A Phase I trial assessing safety and tolerability
of SAM-531 was successfully completed where subjects had no adverse effects and
suitable plasma concentrations. Another Phase I study evaluated interactions
between SAM-531 and gemfibrozil, a cytochrome P-450 2C8 inhibitor (clinical-
trials.gov, 2010). Gemfibrozil is used to treat high triglycerides and cholesterol. It is
unclear what interactions are expected from this study, but it is possible that SAM-
531 has unfavorable effects on blood lipids, or alternatively, gemfibrozil is acting as
a bioavailability modulator. SAM-531 will also be assessed for interactions with
verapamil in a Phase I trial, where verapamil is likely enhancing SAM-531brain
bioavailability through inhibition of p-glycoprotein transporter efflux. Multiple
doses of verapamil on the safety and plasma concentrations of a single dose of
SAM-531 will be examined in healthy subjects.
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Pfizer/Wyeth recently initiated a 52-week study of AD patients, which will test
three doses (1.5, 3, or 5 mg) of SAM-531 or donepezil using the ADAS-Cog,
Disability Assessment for Dementia (DAD), CANTAB, and the Alzheimer’s
Disease Cooperative Study-Clinical Global Impression of Change (ADCS-
CGIC), with a planned finish in 2011.

The CANTAB is a computer-based neuropsychological test battery measuring
aspects of vigilance, attention switching, working and long-term memory, and
visual perception. For clinical trials tracking dementia, the CANTAB Paired
Associate Learning (PAL), a visuospatial learning and episodic memory test, is
often a primary outcome measure, due to its sensitivity in showing dementia
progression (Yurko-Mauro e al., 2010).

The ADCS-CGIC is a behavior and cognition assessment tool designed for
clinic or home use flexibility for tracking patient progress. Because of its semiun-
structured format, clinicians, subjects, or family members can focus on specific
areas of dysfunction, which may make the ADCS-CGIS more sensitive than
traditional AD measures.

Pfizer is also testing SAM-531’s effects on physiological parameters of
sleep quality in a separate study with healthy adults, using sleep electroen-
cephalogram (EEG) and quantitative wake EEG (qEEG). Both SAM-531 (1, 3,
10 mg) and the active control, donepezil (5 mg), significantly increased sleep
onset latency, latency to stage 1 sleep, latency to persistent sleep and percent
time awake, or drowsy in the first time interval; thus indicating an alerting
effect for both drugs. The QEEG results also supported this supposition.
However, the main endpoint, duration of total REM sleep, was unchanged
(Baird-Bellaire et al., 2010).

H. Suven

Suven has done extensive preclinical research on its lead 5-HT antagonists,
SUVN-502 and SUVN-507. SUVN-502 increases acetylcholine and glutamate
levels in the rat hippocampus and frontal cortex (Bhyrapuneni ez al., 2008). SUVN-
502 has also been shown to enhance performance, as compared to vehicle, in the
novel object recognition task and Morris water maze in young, unimpaired rats as
well as those given scopolamine or MK-801 (Vishwakarma et al., 2007).

Suven recently completed a Phase I clinical trial in Switzerland using a double-
blind, placebo-controlled, randomized, ascending single-dose design in healthy
males. The safety and tolerability of single ascending doses of SUVN-502 was
found to be acceptable in terms of clinical chemistry, hematology, ECG, and
urinalysis (Nirogi e/ al., 2009). The pharmacokinetic profiles of single ascending
doses of SUVN-502 and its active metabolite were shown to be appropriate for
once-daily dosing and no adverse events were reported. A Phase II proof-of-concept
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(POC) study 1s expected to start in 2010, although there has been some speculation
that funds for such a trial have not been yet allocated.

I. Synosia

SYN-120, a potent and selective antagonist of the 5-HT receptor, was dis-
covered by Roche and is now under clinical development by Synosia. SYN-114
has completed a Phase I single ascending dose and multiple ascending dose study,
and SYN-120 has completed a single ascending dose study (Clinical Trials.gov).
Both studies showed that the drugs were well tolerated and reported no adverse
effects. The company plans to begin another Phase I trial of SYN-120 examining
several doses and their effects on selected biomarkers in late 2010 (http://www.
synosis.com/pipeline.html).

V. Clinical Studies with 5-HT, Agonists

A. 5-HTg AGONISTS

Due to the technical challenges of developing a specific, highly potent 5-HTg
agonist, less i1s known about neurochemical and behavioral effects of 5-HTjg
stimulation. However, in the last 5 years several selective 5-HTs agonists have
been identified and are now in clinical development.

The best studied 5-HTg agonist is WAY-181187, which, at doses of 3-30 mg/kg
s.c., iIncreases GABA release in the hippocampus, as shown via microdialysis, and
attenuates stimulated glutamate (Schechter ez al., 2008). WAY-181187 had also
been shown to increase GABA in frontal cortex (10-30 mg/kg) but decrease sero-
tonin and dopamine release (30 mg/kg s.c.). Additionally, extracellular GABA is
augmented in the striatum with systemic application of WAY-181187, but this same
drug has no effect on GABA in the nucleus accumbens or thalamus. Such upregula-
tion of inhibitory transmission in key learning regions suggests that 5-HT agonists
deleteriously affect hippocampal functioning. Indeed, WAY-181187 has been
shown to attenuate hippocampal LTP over 100-300 nM (West ¢ al., 2009).

Several studies on 5-HT¢ agonists corroborate the expectation that 5-H'T
activation is cognition-impairing. WAY-181187 disrupted Morris water maze
performance in adult rats and impaired social recognition (i.p. or in cortex) while
SB-271046 when applied directly to the cortex, but not striatum or nucleus basalis
magnocellularis, reversed this effect (Loiseau et al., 2008).

Interestingly, WAY-181187 had no effect on Morris water maze performance
in old rats, suggesting that age-related changes in memory processing may be


http://www.synosis.com/pipeline.html
http://www.synosis.com/pipeline.html

5-HT3 RECEPTOR LIGANDS AS ANTIDEMENTIA DRUGS 179

adaptive to the pharmacological effects of 5-HT§ stimulation. At any rate, this
finding indicates that agonists will not be noticeably impairing in older brains.
Novel object recognition (1 or 24 h intertrial interval or passive avoidance (1 or
24 h intertrial interval) performance in adult rats was also unchanged by WAY-
181187 administration. WAY-181187 is currently being developed as an antide-
pressant (Carr ¢/ al., 2010), which may prove to be useful in treating the BPSD in
Alzheimer’s patients.

There is a conference report and also two journal articles showing 5-HTg
agonist treatment as procognitive. The agonist, E-6801, and the inverse antago-
nist, E-6669, improved novel object recognition (4h ITI) in adult rats
(Pauwels et al., 2006). In a more recent study, E-6801 (2.5 and 5 mg/kg) was
compared to donepezil (0.03 and 1 mg/kg) and found to be as effective in reversing
scopolamine deficits in a novel object recognition test (Kendall et al., 2010).
However, this was shown only at an I'l'T of 1 min and with a scopolamine dose
of 0.5 mg/kg, a dose that may cause changes in motor activity. The authors
proposed that 5-HT§ receptors on glutamatergic and cholinergic neurons were
stimulating release of neurotransmitters and enhancing learning. This explanation
does not account for the fact that a majority of 5-H'Ts receptors appear to be on
GABAergic neurons, or why other 5-HT¢ agonists cause impairment in learning.
There may be differences in potency of these agonists, where low activation has
some learning enhancement but higher activation causes detriments.

B. DmMEBOLIN

Dimebolin is antihistamine with diverse pharmacology for many receptors,
one of them being a potent 5-HT inhibition. Dimebolin, currently prescribed in
Russia for hay fever, demonstrated highly robust results in a Phase II-equivalent
clinical trial in moderate AD patients. However, a more extensive clinical Phase II
trial attempting to replicate these effects was recently reported to show no differ-
ence between dimebolin and placebo in AD subjects. Roughly 600 drug-free AD
patients were given placebo, 15, or 60 mg dimebolin (licensed as Dimebon). Scores
on the ADAS-Cog and CIBIC+ revealed no differences between groups. On the
Neuropsychiatric Inventory (NPI), the Dimebon group showed a nonsignificant
improvement over placebo but the ADCS-ADL (Alzheimer’s Disease Cooperative
Study-Activities of Daily Living) scores were similar across all groups.

Dimebolin has been described as a small-molecule mitochondrial permeability
transition pore (MPTP) blocker, as well as an NMDA receptor antagonist and
cholinesterase inhibitor. However, its action on other receptors and acetylcholin-
esterase are in the pM range, and thus not potent enough to explain the strong
cognitive effects observed in the Russian trial. Yet, dimebolin was also reported to
be a potent 5-HT's antagonist in cAMP assays of recombinant receptors (50 nM).
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Dimebolin has less affinity (10-fold less potent) for 5-HTg receptors than other
antagonists such as SB-399885, but both improve social recognition at similar
doses, which may be due to the complex pharmacological profile of dimebolin. In
any case, dimebolin presents an example of possible increased efficacy due to
multiple actions on key receptors and enzymes, and should be considered an
example of how palliative monotherapies for dementia will undoubtedly fall by
the wayside in favor of cocktails with diverse activities.

VL. Issues in Clinical Evaluation of 5-HT, Ligands

A. CEILING EFFECTS AND ADJUNCT THERAPY

Clinical studies of 5-HT¢ drugs have targeted patients with mild-to-moderate
dementia. Subject selection of such patients 1s difficult, since the diagnosis of mild-
to-moderate dementia uses tools that do not fully assess different types of cognitive
ability. Therefore, the variability of cognitive ability in trial subjects can be quite
high, and thus may obscure smaller scale benefits from a treatment. Additionally,
the progress rate of disease can also be quite broad. The proposed palliative nature
of 5-HT¢ antagonists means that the drugs will likely show weak effects in a subject
whose disease progression is slow, since cognition needs to be decreasing at a fairly
consistent rate in order to show a drug’s protective efficacy. Not surprisingly
pharmaceutical companies have undertaken to add extra testing time points and
extra tests that measure more complex cognition than the MMSE, that has
traditionally been used to assess a drug’s efficacy on Alzheimer’s and other related
dementia.

Since 5-HT ligands will not have a substantial effect on Alzheimer’s pathol-
ogy, they will likely be more efficacious during the same disease stages as acetyl-
cholinesterase inhibitors, when the cholinergic system is still somewhat intact.
However, as seen with animal models, young unimpaired rodents generally do
not exhibit improvements in memory performance with 5-HTg antagonists. Such
results imply that most 5-HT§ ligands may not be as powerful as donepezil in
modulating acetylcholine, since their action is indirect rather than direct. It may be
that there is a narrow window when cholinergic function is compromised, but is
not severely compromised in which 5-HT¢ antagonists may be expected to work.
Several clinical studies are underway where subjects received 5-HTg antagonists as
adjunct therapy to donepezil, operating on the theory that a differential mecha-
nism of action on cholinergic function will allow synergistic enhancement.
However, it is still not clear whether this combination will have additive effects
on an already compromised supply of acetylcholine. Indeed, a recent study
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reported in abstract form suggests that some 5-HTg antagonists do not have
significant effects on hippocampal or cortical acetylcholine levels as measured
by microdialysis with SLLV347, a 5-HTs antagonist, compared to donepezil
(De Groote et al., 2010). While donepezil (1 mg/kg p.o.) produced potent ACh
increases in the hippocampus and prefrontal cortex, SLV347 (up to 30 mg/kg p.o.)
had no effect on ACh, even though this dose reversed scopolamine deficits in a
novel object recognition task (De Groote ¢t al., 2010). This finding suggests that,
although 5-HT6 modulation of Ach has been touted as a primary mode of action,
noncholinergic mechanisms may be key for the procognitive effects observed with
5-HTs blockade.

B. PEeriPHERAL EFFECTS

Although there are few 5-HT¢ receptors in the periphery, side effects may still
occur from metabolism and nonspecific action of 5-HT ligands. Animal models
such as rodents often have markedly different metabolic activities on certain
groups of molecules than humans. A major concern is the extent of metabolite
generation after a drug is administered, which often causes unforeseen side effects.
Decreases in experimental drug blood concentration, as indicated by initial phar-
macokinetic studies, can be controlled for by administering higher amounts.
However, it 1s more difficult to predict if unique metabolites not seen in rodents
will be formed in clinical bioavailability studies. The similar structure of some
metabolites can sometimes cause them to behave in a similar manner, perhaps
even synergizing with the original drug. Conversely, some uniquely human meta-
bolites may have the opposite effect on a target as the parent drug, canceling out all
therapeutic action. Thus far, no Phase I studies using 5-HT§ ligands have
reported unanticipated metabolites or unacceptable side effects. The main side
effect of 5-HT§g ligands appear to be liver toxicity, which was initially observed
in rodent testing and thus precluded some ligands from clinical development
such as RO 4368554 (R. Schrieber, personal communication).

C.. BIOAVAILABILITY

Initial evaluation of 5-HTy antagonists on various aspects of cognition
produced mixed results (Mitchell and Neumaier, 2005; Rogers and Hagan,
2001; Woolley et al., 2003), so much so that there was substantial reason to
believe that 5-HTg receptors had insignificant roles in learning. Further examina-
tion of bioavailability of RO 046790 raised doubts on the brain penetration of the
ligand; however, this was only demonstrated conclusively after it was tested in
parallel with newer ligands. Indeed, RO 046790 and RO 657199, compounds
found to be inferior to the more bioavailable SB-270146, had no effect on latent
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inhibition (Leng et al., 2003). Later it was shown that many of the earliest 5-HT}
compounds had low brain penetration, which accounted for the conflicting reports
of 5-HT¢ receptor blockade on animal cognition. This problem of bioavailability is
still a considerable issue, since several drugs developed as Alzheimer’s therapy,
which achieved promising results in animal studies, have also been shown to have
low brain penetration when administered to humans. This was the case for SB-
271046, whose brain to blood ratio in humans was rather poor, as compared to
ratios seen in rodents (0.5:1). SB-271046 was the first 5-H'Ts antagonist to be tested
in Phase I trials; however, this trial had to be halted due to the unexpected lack of
blood-brain barrier permeability (Garfield and Heisler, 2009).

D. ParniaTive VERSUS CURATIVE PROPERTIES OF 5-HTg LiGANDS

Due to the strong evidence of cholinergic action, 5-HT¢ antagonists and
agonists were considered to have primarily palliative potential. Manipulation of
5-HT receptors, as with many other Gs-protein-coupled receptors, was hypoth-
esized to have little influence on the pathological biomarkers of Alzheimer’s:
buildup of beta-amyloid and tau deposition. Yet it still not clear whether amyloid
is the primary cause of the disease or simply a consequence of a more global
mechanism of dementia such as nonspecific protein deposition in neurons,
decreased regenerative capability, or immune system dysfunction. However, there
are some small findings that point to curative properties of 5-HTg¢ ligands. The
strongest indications of long-term palliative action come from the findings of
5-HT receptor modulation of signaling factors controlling growth and energy
use such as mTOR and Jabl. Additionally, some animal behavior data suggest
that chronic 5-HT¢ blockade may improve cognitive function even after the drug
has washed out (Mitchell ez al., 2009). However, it must be noted that any potential
curative 5-HT effects are likely to be quite subtle compared to those needed to
effectively combat Alzheimer’s pathological mechanisms. Indeed, all treatments
currently in development thus far may not be powerful or safe enough to reverse
the heterogeneous and complex pathology of dementia. Thus it 1s within the best
mterest of all those at risk for dementia (i.e., everyone) that many types of treat-
ments, even those with subtle efficacy, become available for dementia treatment.

VIIl. Conclusion

Many promising 5-HT ligands are currently being investigated either pre-
clinically or via human trials. However, with the current constraints on drug
development, including funding, lack of sensitive evaluation tools, and
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increasing bureaucracy in all stages of research, it is uncertain whether any of
these drugs will reach the market. 5-HT ligands have many potential applica-
tions, improving not just long-term memory, but also attention, working mem-
ory, and behavioral issues such as depression (BPSD). Thus far most 5-HTjg
ligands completing Phase I clinical trials have been well tolerated with minimal
side effects. What remains to be seen is the extent of their clinical efficacy
in ameliorating dementia progression. Pharmaceutical companies are now
exploring 5-HT¢ ligands as adjunct therapy. With further mechanistic under-
standing of 5-HT¢-mediated cellular signaling via preclinical research, clinical
studies can be designed with more sensitive tests, appropriate endpoints, and
patient populations; thus, 5>-HT¢ drugs may soon be available to patients in the
coming years.
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The role of 5-HT§ receptors has been investigated for the treatment of depres-
sion, anxiety, schizophrenia, cognitive disorders, obesity, and addiction.
Moreover, there is evidence that 5-HT receptors may also play a role in animal
models of Parkinson’s disease (PD), convulsive states, inflammation, and sleep.

I. Animal Paradigms to Test Potential Antiparkinson’s Disease Drugs

PD is a chronic, progressive neurodegenerative disorder, characterized by a
gradual loss of dopaminergic neurons in the pars compact of the substantia nigra
and subsequent depletion of dopamine (DA) in the striatum. Due to the fact that
5-HT4 receptors may differently influence DA in the various brain areas (Dawson,
2011; Di Chiara et al., 2011), only experiments dealing with striatal DA are
considered in this paragraph.

One of the behavioral paradigms to measure drug activity in PD is the behav-
ior that 6-OHDA-treated rats display after unilateral 6-OHDA injection into
medial forebrain bundle, which contains dopaminergic fibers that impinge stria-
tum. 6-OHDA is a neurotoxin that destroys dopaminergic fibers. After an appro-
priate period of time, when striatal postsynaptic dopaminergic receptors become
hypersensitive, the administration of the antiparkinson drug benserazide + levo-
dopa induces contralateral rotations. Muscarinic antagonists and amphetamine, in
contrast, induce ipsilateral rotations. In such rat animal model, intraperitoneal
administrations of the 5-HT¢ receptor antagonist Ro 04-6790 reduced atropine-
and scopolamine-induced ipsilateral rotations (Bourson e al., 1998) but neither
modulated amphetamine-induced ipsilateral or levodopa-induced contralateral
rotations (Bourson ez al., 1998) nor induced contralateral or ipsilateral turnings
per se (Bourson et al., 1998).
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Another model used as an animal paradigm of PD is haloperidol-induced
catalepsy, whose principle is based on dopaminergic receptor blockade in basal
ganglia. In contrast to levodopa, Ro 04-6790 did not modulate haloperidol-
induced catalepsy in mice (Bourson ez al.,, 1998). However, Ro 04-6790 does not
bind to mouse 5-HTg receptors (Hirst e/ al., 2003), which may well account for its
mnefficacy in mice.

When the 5-HTg receptor antagonist SB-271046 was administered subcuta-
neously in rats, the neurochemical effects of amphetamine on striatal DA were
increased (Dawson ¢/ al, 2003). In the same experiment, it was shown that
SB-271046 did not change DA levels in the striatum.

Thus, the role of 5-HT¢ receptor antagonists is not well definite and under-
stood as possible involvement in PD.

Il. Miscellanea

The 5-HT¢ receptor antagonists SB-271046, SB-258510, and Ro 04-6790
(Routledge ¢t al, 2000), SB-399885 (Hirst et al, 2006), and SB-357134
(Stean et al., 2002) were reported to exert anticonvulsant effects against electro-
shock-induced seizures.

The 5-HT§ receptor antagonists, Ro4368554 was reported to promote sleep
(Morairty et al., 2008), and SB-258585 and SB-399885 to exert anti-inflammatory
effects (Castaneda-Corral et al., 2009).
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